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ABSTRACT 
 
 
 

THE SEX-DEPENDENT INTERPLAY OF INTEGRIN ALPHA1BETA1  
AND EPIDERMAL GROWTH FACTOR RECEPTOR  

IN REGULATING OXIDATIVE STRESS IN ARTICULAR CARTILAGE 
 
 
 

James Thomas Haskins              Advisor: Dr. A. Clark 
University of Guelph, 2018 
 
 The collagen receptor integrin a1b1 slows cartilage degradation in mouse models of 

osteoarthritis. Epidermal growth factor receptor (EGFR) signalling appears to affect multiple 

aspects of cartilage health, although whether integrin a1b1 regulates EGFR and downstream 

superoxide production has not been demonstrated in chondrocytes. We examined how integrin 

a1b1/EGFR interplay regulates superoxide levels in ex vivo articular chondrocytes of male and 

female mice. Through confocal microscopy, we determined that chondrocytes of male mice had 

elevated levels of superoxide compared to female mice. Only male mice demonstrated a condyle 

effect, with greater superoxide levels in the medial condyles, whereas female mice showed a 

genotype effect, whereby integrin a1b1 restricted superoxide abundance. Inhibition of EGFR 

with erlotinib dampened superoxide levels in the medial condyles of male mice but exacerbated 

superoxide abundance in wild-type female mice. These findings indicate a need for the 

consideration of sex and compartment when assessing cell signalling in cartilage.	
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Chapter 1: Literature Review 

1.1 Articular cartilage 

 Within the mammalian body, there are several connective tissues made up of 

cartilaginous matrices, each with unique properties that offer specific structure and function. 

Articular cartilage, found at the articulating surfaces of bones at many joints, is one such 

connective tissue. Articular cartilage is paramount in providing joint structure and function, and 

understanding how it is maintained is critical in preventing and treating joint disease. 

Chondrocytes are distributed sparsely throughout the articular cartilage (Muir, 1995). These cells 

are the only cell type in cartilage, with the important role of producing and remodelling the 

surrounding collagens and proteoglycans in the pericellular matrix (PCM) and extracellular 

matrix (ECM). With chondrocytes, form relates to function: chondrocytes are discoidal in the 

superficial zone and surrounded by collagen fibres that extend parallel to the cartilage surface; 

spherical in the middle zone, with randomly oriented collagen fibres; and round in columns in 

the deep zone, surrounded with collagen fibres perpendicular to the articular surface (Guilak et 

al., 1995; Gadjanski et al., 2012). Beneath the deep zone lies the calcified cartilage and 

subchondral bone. In articular cartilage, collagens II, IX, and XI comprise the majority of ECM 

collagens, with collagen II being the most abundant, and collagen VI being largely confined to 

the PCM (Goldring, 2012). Additionally, chains of aggrecan, a key proteoglycan in cartilage, 

have branches of chondroitin sulphates and hyaluronic acid that contribute structure and 

reinforcement in the cartilage (Sztrolovics et al., 1997). Smooth gliding of the articular surfaces 

is permitted by the presence of proteoglycan 4 (Kwiecinski et al., 2011). Unfortunately, as often 

indicated by gradual damage of the articular cartilage, joint homeostasis is not well maintained in 

many individuals (Buckwalter and Martin, 2006). In fact, an estimated 14.2% of Canadians aged 
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≥ 30 years in 2012 had some form of osteoarthritis [OA; (Birtwhistle et al., 2015)]. 

 

1.2 Osteoarthritis 

1.2.1 Phenotype 

 Despite being a heterogeneous disease due to its various causes, OA cases have 

remarkably similar changes in tissue composition as the disease progresses to the same end stage 

phenotype (Buckwalter and Martin, 2006). Specifically, OA involves cartilage erosion but also 

anabolism, subchondral bone remodelling, and often inflammation of the synovium (Buckwalter 

and Martin, 2006). Erosion of the cartilage means a loss of the smooth, low-friction surface for 

the bones to rub against during the movement of the joint, with a progressive loss of joint space 

between the bones (Buckwalter and Martin, 2006). This erosion includes changes in the 

contributing levels of various collagens to the cartilage and a decrease in glycosaminoglycan 

content, mediated in part by degradative enzymes, such as matrix metalloproteinases and 

hyaluronidase (Goldring and Goldring, 2016; Funato et al., 2017). Concurrently, advanced 

glycation end products (AGEs) can form from reduced sugars reacting with proteins and can 

build up within the ECM, affecting the structural integrity of the cartilage (Courties et al., 2015). 

Further, the chondrocytes around lesions in osteoarthritic cartilage often exhibit a senescent 

phenotype, in which their ability to maintain homeostasis is compromised, leading to heightened 

production of cartilage-degrading enzymes and inflammatory products (Jeon et al., 2018). 

Beneath the cartilage, subchondral bone remodelling can alter the structural integrity of the 

osteochondral unit (Peters et al., 2018), and formation of bony spurs, known as osteophytes, can 

occur at the joint margins (Buckwalter and Martin, 2006). Also, the synovium and joint capsule 

can become thicker and inflamed, with the encapsulated synovial fluid increasing in 
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inflammatory markers (Lepetsos and Papavassiliou, 2016). Together, these various tissues can 

cross-talk, continuing the progressive deterioration of the joint. Consequently, OA often results 

in severe pain and a loss of, or aversion to, mobility for the patient (Nguyen et al., 2016b). 

 

1.2.2 Risk Factors 

 As a disease primarily of the cartilage and subchondral bone, OA can develop from a 

multitude of factors relating to biomechanical and biochemical components of the joint. 

Excessive joint loading, often due to obesity, can put strain on the joint and predispose 

individuals to OA (Buckwalter and Martin, 2006); however, studies in rats suggest that nutrient 

intake and the gut microbiome can also exert negative changes to the health of the joint in 

obesity (Collins et al., 2015). Engagement in intense physical activity can also be a risk factor, 

specifically for post-traumatic OA (PTOA), where injury or trauma leads to damage of joint 

tissues and, subsequently, to OA (Buckwalter and Martin, 2006). There is some evidence that 

intense sport and occupational labour each increase the risk of OA (Lequesne et al., 1997). In 

meta-analysis, males were shown to have a 45% and a 36% lower incident rate of knee OA and 

hip OA compared to females, respectively (Srikanth et al., 2005). A wealth of research points to 

a loss of circulating estrogens as a key factor in older women’s risk for developing OA, as 

estrogen levels naturally decline at menopause (Srikanth et al., 2005; Hussain et al., 2014). 

Lastly, age plays a prominent role in OA, especially spontaneous (developing with age) OA, as 

the ability of a joint to maintain homeostasis declines. Of the patients visiting a physician 

between 2011 and 2012 in Canada, an estimated 20.4% of individuals aged 60-69 years old had 

some level of OA, with that statistic increasing to 35.1% in patients ≥ 80 years old (Birtwhistle et 

al., 2015). Again, a sex disparity can be seen in these data, where 30.0% of males ≥ 80 years of 
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age had OA but 38.2% of females of the same age group had OA (Birtwhistle et al., 2015).  

 

1.2.3 Treatments  

 From 2000-2001, hospital visit expenditures in Ontario for the average OA patient was 

double that of the average non-OA patient (Tarride et al., 2012). With trajectories suggesting 

Canada will have 6 million individuals with OA by 2031 (Sharif et al., 2015), it is critical that 

work be done now to understand how articular cartilage transitions from a healthy state to an 

osteoarthritic state, to find specific treatments to slow or reverse OA. In an attempt to replace lost 

proteoglycans, oral consumption of chondroitin sulphates and glycosaminoglycan has been a 

strategy adopted by many, although a large cohort study of the effects of consumption of these 

supplements showed little to no effect on slowing joint space reduction in the knee (Sawitzke et 

al., 2010). Conversely, intra-articular injections of hyaluronic acid provide some assistance in 

decreasing pain and improving function in knee OA in humans (Nguyen et al., 2016a). 

Treatment of pain with over-the-counter or prescribed analgesics mostly masks symptoms, yet 

more than 50% of Ontarians with OA use non-steroidal anti-inflammatory drugs and 33% take 

narcotics (Birtwhistle et al., 2015). Physiotherapy, again, may alleviate certain symptoms and 

improve mobility (Gaudreault et al., 2011), but does not specifically stop OA progression. If a 

meniscal or ligamentous trauma is the culprit, surgery may be performed to remedy the damage 

and restore joint function, yet PTOA still commonly occurs within a decade or two after anterior 

cruciate ligament reconstruction (Lohmander et al., 2007). Replacement of the joint is an 

invasive and costly strategy for resolving joint degeneration, though sometimes a final option for 

treatment; however, the replacement joints often require maintenance and/or revision within a 

decade (Emerson et al., 2016). Biocompatible implants with autologous chondrocytes from nasal 
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cartilage have been shown to potentially remedy cartilage erosion in human clinical trials 

(Mumme et al., 2016). Mesenchymal stem cells that can regulate chondrocytes, indicate another 

new avenue of OA treatment, although this regenerative medicine is still in the process of 

optimization (Wyles et al., 2015). A more targeted approach to stop progression of OA involves 

elimination and removal of senescent chondrocytes. Senolytics and senomorphics – drugs for 

killing or modifying senescent cells, respectively – are currently under investigation as a 

promising avenue for less invasive treatment (Jeon et al., 2017; McCulloch et al., 2017). 

Understanding what leads to chondrocyte senescence, and how to prevent that from occurring, is 

fundamental in supporting this endeavour and in comprehending the pathophysiology of OA. 

 

1.3 Oxidative stress 

1.3.1 Reactive oxygen species 

 Key mediators of chondrocyte senescence include various forms of reactive oxygen 

species (ROS), compounds containing oxygen that can readily react with other chemicals, lipids, 

carbohydrates, nucleic acids, and proteins within the cell. ROS have a somewhat hormetic role 

within the cell: at low levels, they can assist with enzyme activation; at high levels, they damage 

enzymes and structural proteins (Lepetsos and Papavassiliou, 2016). Oxidative stress occurs 

when the cell does not have the ROS controlled at a level conducive to cellular function. To 

maintain homeostasis both within the chondrocyte and throughout the PCM and ECM, multiple 

regulators, such as NADPH oxidase and ROS scavengers, are present to produce or limit the 

abundance of ROS, respectively (Lepetsos and Papavassiliou, 2016). 

 Superoxide, a diatomic oxygen molecule with an extra electron, is one of the initial ROS 

compounds produced in a cell. Mitochondrial generation of ROS often starts at the electron 
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transport chain, where electrons may bind to oxygen, resulting in the formation of superoxide 

(Koike et al., 2015). Chemical inhibition of the electron transport chain at various steps, through 

the use of rotenone or paraquat, can affect superoxide production (Goodwin et al., 2010; Koike 

et al., 2015). Alternatively, NADPH oxidase in the plasma membrane of chondrocytes can 

produce superoxide upon activation (Moulton et al., 1998). Formation of the NADPH oxidase 

complex at the membrane begins with the cytosolic p47phox subunit being phosphorylated and 

interacting with the cytosolic p40phox and p67phox subunits, which translocate to complex with 

the membrane-bound Rac and cytochrome b558 (Moulton et al., 1998; El-Benna et al., 2009). 

While AGEs can be stimuli for cells to activate downstream production of inflammatory 

cytokines and ROS (Courties et al., 2015), glycoxidation reactions during the formation of AGEs 

can also be a source of superoxide (Ahmad et al., 2014). If superoxide is able to interact with 

nitric oxide, peroxynitrite anion forms and reacts with proteins to create nitrotyrosine, which 

might impede enzymatic activity or affect protein structure (Lepetsos and Papavassiliou, 2016). 

For clearance of superoxide, superoxide dismutases (SODs) can convert superoxide to hydrogen 

peroxide and oxygen that the cell can remove through further reactions, although hydrogen 

peroxide is itself considered a ROS (Lepetsos and Papavassiliou, 2016). Fortunately, humans 

produce or ingest various ROS scavengers that can limit the oxidative burden within the cell; 

some of which include the reduced form of glutathione, methylsulfonylmethane, and vitamin E 

(Del Carlo and Loeser, 2003; Mickiewicz et al., 2016; Tantavisut et al., 2017).  

 

1.3.2 Role in osteoarthritis 

 Over time, the ability of the chondrocyte to clear excess ROS decreases, resulting in an 

association between aging and oxidative stress in the joints (Jeon et al., 2018). For example, 
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oxidized glutathione was much more abundant than reduced glutathione, the antioxidant form, in 

chondrocytes isolated from cartilage from elderly individuals without OA but not in 

chondrocytes from young adults (Del Carlo and Loeser, 2003). This decline in antioxidant 

capacity was reflected in nitrotyrosine being present throughout the aged chondrocytes (Del 

Carlo and Loeser, 2003), while nitrotyrosine presence in the cartilage was associated with aging 

of cynomolgus monkeys and in older, osteoarthritic human cartilage samples (Loeser et al., 

2002). In mice bred for longevity, the presence of nitrotyrosine, matrix metalloproteinase 13, and 

collagen cleavage products gradually increased over the lifespan of the mice (Hui et al., 2016). 

Using mouse chondrocyte-like ATDC5 cells, Funato et al. (2017) demonstrated that NADPH 

oxidase-generated ROS do not affect expression of Col2a1, encoding collagen II a1 chain; Acan, 

for aggrecan; nor Hyal1, for hyaluronidase; yet ROS do enhance hyaluronidase enzymatic 

activity that leads to degradation of the ECM. In a small cohort study in patients with clinical 

OA, Ozcamdalli et al. (2017) demonstrated that an intra-articular injection of hyaluronic acid 

was effective in improving joint pain, stiffness, and functionality. In the same study however, 

injection with the less explored antioxidant N-acetyl-cysteine was equally effective in the 

aforementioned criteria with the added benefit of limiting collagen II degradation, as indicated 

by fewer degradation products in the synovial fluid (Ozcamdalli et al., 2017). In bovine 

osteochondral explants, N-acetyl-cysteine treatment post-blunt force impact limited chondrocyte 

death and was able to protect cartilage from glycosaminoglycan loss, even at the impact site 

(Martin et al., 2009). In patients awaiting knee replacement surgery, oral consumption of the 

antioxidant vitamin E improved pain, functionality, and stiffness scores, and was associated with 

lower nitrotyrosine levels in the cartilage compared to that of the placebo group (Tantavisut et 

al., 2017).  
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 While exercise can prevent cartilage loss seen in sedentary mice, the localization of 

extracellular superoxide dismutase (EC-SOD) to the ECM for superoxide clean-up is critical for 

stopping load-induced cartilage damage, even when nitrotyrosine levels seem unaffected 

between mice with normal and lower levels of ECM-localized EC-SOD (Pate et al., 2015). In 

fact, OA patients have significantly less EC-SOD in the cartilage and fluids of the affected joint, 

compared to non-OA patients (Regan et al., 2005, 2008). Destabilization of the medial meniscus 

(DMM), which induces PTOA in animal models, leads to overloading of the cartilage and a 

subsequent increase in mitochondrial superoxide production but a decrease in transcript and 

protein levels of SOD2 (Koike et al., 2015). The importance of superoxide clearance is visible in 

mice with conditional knockout of SOD2. These mice have severe cartilage erosion at 12 months 

of age without surgical destabilization of the medial meniscus, and accelerated surgically-

induced PTOA (Koike et al., 2015). As such, the regulation of ROS is critical for preventing 

spontaneous and post-traumatic OA. Therefore, it is necessary to investigate signalling pathways 

in chondrocytes responsible for providing fine-tuning of ROS, such as those downstream of 

integrin a1b1. 

 

1.4 Integrin a1b1 

1.4.1 Structure and ligands 

 To sense and adhere to the ECM, chondrocytes express several types of glycoprotein 

transmembrane receptors, including integrins. Integrin subunits have an extracellular domain for 

ECM adhesion, a transmembrane domain to secure the protein into the plasma membrane, and a 

cytoplasmic domain with activity that can be regulated by ligand binding. These heterodimeric 

receptors are composed of an a and a b subunit. Within chondrocytes, expression of integrin 
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subunits includes a1-6, aV, b1, b3, and b5 (Woods et al., 1994; Loeser et al., 2000; Tian et al., 

2015). In a closed conformation, the cytoplasmic domains of the a and the b subunits interact 

with each other. The a1 subunit exclusively heterodimerizes with the b1 subunit, and ubiquitous 

integrin a1-knockout (a1KO) mice exist as a loss-of-function model for the study of integrin 

a1b1 (Gardner et al., 1996). Integrin b1-knockout mice also exist, although this model requires 

tissue-specific knockout to avoid lethality and does not implicate specific integrin complexes 

with the physiological outcomes, as the b1 subunit can interact with the I-domain-containing a1, 

a2, a10, and a11 subunits, and with the a3-9 and aV subunits, which do not have an I-domain 

(Tian et al., 2015). It is the I-domain of integrin a1 that permits the interaction of the subunit 

with the ECM, with binding of divalent magnesium or calcium to the I-domain of a1 serving to 

enhance collagen affinity (Brown et al., 2018). In chondrocytes, integrin a1b1 has been shown 

to bind collagens II and VI, although it is the dominant receptor only for collagen VI (Loeser et 

al., 2000). Upon ligand binding, the integrin subunits turn into an open conformation, allowing 

exposure of the cytoplasmic tails for interaction with various proteins involved in actin 

cytoskeleton modulation and regulation of other signalling pathways. Expressed by chondrocytes 

and epithelial cells, integrin a1b1 facilitates inside-out signalling to adhere to the ECM, and 

outside-in signalling to respond to changes in ECM ligand-binding and to regulate intracellular 

signalling accordingly (Tian et al., 2015). 

 

1.4.2 Role in osteoarthritis 

 In young adult wild-type BALB/c mice, integrin a1 is most heavily expressed in deep 

zone cartilage, but this begins to expand through the middle and superficial zones of articular 

cartilage and hypertrophic zones of growth plate chondrocytes as aging progresses through and 
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past 9 months of age (Zemmyo et al., 2003). Pooling data from both sexes, Zemmyo et al. (2003) 

found that 7-month old, a1KO mice begin to have significantly greater cartilage degeneration 

compared to wild-type mice, while reduced cellularity and accelerated cartilage and 

glycosaminoglycan loss is present in the a1KO mice relative to controls at 9 months. 

Interestingly, integrin a1 expression and production by chondrocytes increases over the course 

of days in cell culture on plates not coated with ECM components, which may mirror the 

heightened levels of integrin a1 presence in degrading articular cartilage from macaque 

monkeys, starting in the early stages of OA (Loeser et al., 1995) and with aging in BALB/c mice 

(Zemmyo et al., 2003). Results from our laboratory have demonstrated that a1KO male mice 

have thicker subchondral bone at 10 months compared to age-matched wild-type mice, whereas 

articular cartilage erosion was noted at 12 months (Shin et al., 2012). These findings showed a 

later onset of spontaneous OA compared to the earlier findings of Zemmyo et al. (2003) with 

pooled data from mice of both sexes. In PTOA, a genotypic effect was not observed in male 

mice, which had cartilage degradation appearing at 4 weeks post-surgery, while a1KO females 

had observable damage at 8 weeks post-surgery compared to 12 weeks post-surgery in wild-type 

females (Shin et al., 2016). Additionally, synovitis was slightly greater in a1KO mice, yet there 

was no genotype effect on ossified tissue in PTOA (Shin et al., 2016). These findings are 

interesting, considering integrin a1b1 limited spontaneous OA but not PTOA in males, and the 

tissues (ossified tissues in spontaneous OA only; cartilage, spontaneous and post-traumatic OA) 

affected by integrin a1b1 differed between the two forms of OA (Shin et al., 2012, 2016). 

 To understand why integrin a1b1 limits the progression of OA in a context-specific 

manner, it is necessary to look at the roles integrin a1b1 has at the cellular level. Integrin a1b1 

dampens type II TGFb receptor (TGFbRII) and thus prevents fibrosis and Smad-dependent 
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overproduction of collagens I and IV in the collecting duct of kidneys (Chen et al., 2014), 

demonstrating a role for integrin a1b1 affecting collagen levels, albeit ones more relevant to 

bone and other non-cartilaginous tissue. Recent research from our lab has demonstrated that 

integrin a1b1 is possibly involved in dampening collagen VI production (Li et al., 2018). The 

absence of integrin a1b1 corresponds to increased penetrance of collagen VI production in the 

articular cartilage and menisci of integrin a1KO mice (Li et al., 2018). With the TGFbRII, it is 

interesting to note that our lab demonstrated that an absence of integrin a1b1 potentiates the 

effect of transforming growth factor b (TGFb), a ligand for TGFbRII, on the number of ex vivo 

chondrocytes responding with transient calcium flux (Parekh et al., 2014). In comparison, 

integrin a1b1 seemed to be necessary for the inflammatory cytokine interleukin-1a to evoke a 

change in the number of chondrocytes with transient calcium flux (Parekh et al., 2014).  

Similarly, integrin a1b1 is necessary for ex vivo and in vitro chondrocytes to respond to hypo-

osmotic stress with calcium flux transients (Jablonski et al., 2014). In OA, heightened interleukin 

1a stimulates cartilage degradation that TGFb can counteract (van Beuningen et al., 1993; 

McNulty et al., 2013) or induce (Bush and Beier, 2013), while loss of proteoglycans exerts 

osmotic stress on chondrocytes (Bush and Hall, 2005). Together, these findings suggest that, 

even in the absence of OA, integrin a1b1 plays various roles in modifying the chondrocyte 

response to stimuli in the microenvironment. These roles may in turn affect the ability of the 

cartilage to withstand local trauma, as in PTOA, or to maintain homeostasis over the course of 

aging, as in spontaneous OA. 

 

1.4.3 Role in regulating oxidative stress 

 The role of integrin a1b1 in regulation of oxidative stress has not been thoroughly 
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examined in chondrocytes and articular cartilage, although study in other cells and tissues 

provides some insight as to what might be occurring. The ligand-bound form of integrin a1b1 

has the integrin a1 cytoplasmic tail exposed, which facilitates its regulation of signalling 

pathways responsible for ROS production. The strongly positive integrin a1 tail recruits and 

activates T-cell protein tyrosine phosphatase (TCPTP), also known as protein tyrosine 

phosphatase non-receptor 2 (PTPN2), which can dephosphorylate and inactivate receptor 

tyrosine kinases, such as TGFbRII and epidermal growth factor receptor [EGFR; (Mattila et al., 

2005; Chen et al., 2014)]. The addition of the recombinant integrin a1 cytoplasmic tail, or of the 

polyamine spermidine, to cells can similarly interrupt the autoinhibitory interactions between the 

N- and C-termini of TCPTP, thus activating TCPTP to rescue the wild-type phenotype in a1KO 

cell lines (Mattila et al., 2005, 2010). The importance of the integrin a1/TCPTP signalling axis is 

exemplified in mesangial cells of the kidney, where integrin a1KO had elevated levels of 

phosphorylated EGFR that caused heightened Rac-mediated ROS generation (Chen et al., 2007). 

This ROS production could create a positive feedback loop that activation of integrin a1/TCPTP 

could possibly disrupt (Chen et al., 2007). Integrin a1b1 causes increases in caveolin-1 

transcript and protein levels in mesangial cells, which can also contribute to reducing phospho-

EGFR levels and EGFR-mediated ROS production (Chen et al., 2010), while the integrin 

a1/TCPTP axis can limit phospho-caveolin-1 levels that would otherwise contribute to ROS 

production as well (Borza et al., 2010). In addition to finding heightened EGFR and Rac 

activation in a1KO mesangial cells, Wang et al. (2015) demonstrated that there is also a greater 

proportion of phosphorylated p47phox. Knockout of p47phox limited superoxide production in 

wild-type cells, but this effect was even greater in a1KO cells, suggesting that integrin a1b1 is 

important in regulating receptor tyrosine kinase activities that have several downstream 
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transducers for ROS production. A recent study from our laboratory demonstrated that serum 

metabolite profiles differed between wild-type and a1KO mice that had undergone DMM for 

PTOA or sham surgery, including markers for amino acid and sulfur metabolism that could play 

into regulation of oxidative stress, such as glutamine and dimethyl sulfone (Mickiewicz et al., 

2016). Similarly, mice treated with the EGFR inhibitor erlotinib had similar elevated levels of 

dimethyl sulfone (Mickiewicz et al., 2016). Together with the kidney research, these findings 

encourage the analysis of the integrin a1b1/EGFR axis in chondrocytes, to determine if a 

regulatory pathway exists to limit oxidative stress and potentially slow OA progression. 

 

1.5 Epidermal growth factor receptor 

1.5.1 Ligands and activation 

 EGFR, also known as ErbB1, is from the ErbB family of receptor tyrosine kinases 

(Schneider and Wolf, 2009). This transmembrane receptor has a ligand-binding extracellular 

domain, a transmembrane domain securing it in the plasma membrane, and a kinase domain 

extending in the cytoplasm. Ligands for EGFR include epidermal growth factor (EGF), 

transforming growth factor a (TGFa), amphiregulin, and heparin-binding epidermal growth 

factor (HB-EGF) [reviewed in (Schneider and Wolf, 2009)]. Upon ligand binding, EGFR can 

homodimerize and autophosphorylate in trans to activate the receptor. Adaptor proteins can then 

be recruited to the phosphorylated tyrosines for transduction of signalling cascades. Additionally, 

EGFR can heterodimerize with other members of the ErbB family of receptor tyrosine kinases, 

including HER2 or ErbB2, which lacks a ligand-binding extracellular domain but can act as an 

oncogene in breast cancers (Yu et al., 2017). Further, an abundance of ROS within the cell can 

lead to heightened activation of EGFR, whereas ROS scavengers have been shown to limit 
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phosphorylated EGFR levels (Chen et al., 2007). To inactivate EGFR, TCPTP and other 

phosphatases can dephosphorylate the tyrosine residues (Mattila et al., 2005), or EGFR can be 

internalized for degradation (Villaseñor et al., 2015). 

 

1.5.2 Roles in cell cycle, survival, and ROS production 

 Activation of EGFR is one of the first steps in several signalling pathways important for 

cellular activities. Through the phosphoinositol 3 kinase pathway, EGFR activation can lead to 

phosphorylation of Akt, a kinase responsible for limiting apoptosis (Beier and Loeser, 2010), that 

is also implicated in chondrocyte senescence (Jeon et al., 2018). The mitogen activated protein 

kinase signalling axis uses the extracellular signal-regulated kinases (ERK1/2) as transducers to 

activate various effectors in the cell, including transcription factors that contribute to matrix 

metalloproteinase expression (Beier and Loeser, 2010). Perhaps relevant to sex differences, 

ERK1/2 can also activate the canonical estrogen receptor, estrogen receptor a (Chen et al., 

2002). With regards to ROS, ERK1/2 can also phosphorylate p47phox, the activating subunit of 

NADPH oxidase (El-Benna et al., 2009). Also, it is important to note that Rac is a Rho GTPase 

that can be activated downstream of EGFR for potential incorporation in NADPH oxidase and 

subsequent superoxide production (Chen et al., 2007). Although not well described yet – and 

perhaps not exclusively EGFR-mediated (Conradt et al., 2011) – treatment of cancerous cells 

with the small molecule inhibitor erlotinib can result in an overabundance of ROS (Orcutt et al., 

2011; Shan et al., 2016). These activities demonstrate that EGFR has a complex involvement in 

cellular activity. 
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1.5.3 Role in osteoarthritis – conflicting accounts 

 With its many roles in cellular health and function, it is no surprise that EGFR plays vital 

roles in chondrocyte homeostasis and has been implicated in OA. Transcript levels for Tgfa, the 

gene encoding TGFa, were elevated more than 3-fold in rat knees with surgically-induced OA 

while protein levels nearly doubled (Appleton et al., 2007a). To a lesser extent, TGFA transcripts 

were heightened in 5 out of 12 elderly human OA patients (Appleton et al., 2007b). More recent 

genome-wide association studies have indicated that certain TGFA haplotypes are correlated 

with an increased risk for hip OA (Castaño-Betancourt et al., 2016). In situ analysis of articular 

cartilage from rats with PTOA has shown heightened levels of both TGFa and phosphorylated 

EGFR (Appleton et al., 2007b). Conversely, a clear reduction in phosphorylated EGFR staining 

was seen in human cartilage samples with early OA compared to healthy controls, as was shown 

in mice 1-month post-DMM surgery compared to sham surgery (Jia et al., 2016). In comparison, 

Hb-egf transcript levels were increased in the articular cartilage from 12-month old mice 8 weeks 

post-DMM compared to sham controls, while humans with OA had significantly elevated HB-

EGF expression relative to normal cartilage samples (Long et al., 2015).  Additionally, HB-EGF 

immuno-stained strongly in cartilage samples from elderly human OA patients but not in elderly 

non-osteoarthritic cartilage, yet normal adult medial meniscus had strongly positive staining too 

(Long et al., 2015). In vitro, TGFa causes increased chondrocyte proliferation and a fibroblast-

like phenotype, along with greater Mmp13 expression for matrix metalloproteinase 13 and drops 

in Col2a1 expression and total collagen production (Appleton et al., 2007b). In this context, 

negative regulation of collagen production is transduced by ERK1/2 (Appleton et al., 2010). A 

similar effect on Col2a1 transcript and protein levels is observed in human fibrochondrocytes 

with TGFa stimulation in vitro, whereas insertion of scaffold treated with the EGFR inhibitor 
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gefitinib was able to limit OA progression and cartilage degradation in rabbits post-

meniscectomy (Pan et al., 2017). Interestingly, Tgfa knockout mice that underwent DMM at 10-

weeks old had significantly lower OARSI histopathology scores at 7 weeks post-surgery 

compared to heterozygous littermates, with cartilage erosion in the heterozygous mice possibly 

due to the more abundant staining of matrix metalloproteinase 13 that could account for  the 

presence of the catabolic product collagen II neoepitope (Usmani et al., 2016). Such a genotype 

effect on PTOA was not observed 7 weeks post-surgery in mice that had DMM surgery at 6-

months of age, nor in a spontaneous OA model at 18 months of age (Usmani et al., 2016), 

suggesting that TGFa plays a role in cartilage health earlier in the lifespan but is less involved at 

other timepoints. It is important to note that stimulation of EGFR with the ligand EGF, too, has 

been shown to restrict Col2a1 and aggrecan expression in rat articular chondrocytes (Klooster 

and Bernier, 2005), although the transcript levels for Egf were decreased in rat articular cartilage 

in PTOA (Appleton et al., 2007a). 

 While ligand-dependent activation of EGFR seems to limit ECM production, induce 

chondrocyte proliferation, alter morphology, and often be associated with OA progression, 

assessment of EGFR inhibition has had varied results. In one study assessing PTOA with 

inhibition of EGFR through the use of the antimorphic, kinase-dead EgfrWa5 allele or the 

pharmacological inhibitor gefitinib, mice underwent DMM at 3 months of age and were assessed 

3 months post-surgery (Zhang et al., 2014). Mice heterozygous for EgfrWa5 had the greatest level 

of cartilage erosion, while gefitinib treatment in wild-type mice had a similar but reduced effect 

(Zhang et al., 2014). In EgfrWa5/+ and in gefitinib-treated mice, TUNEL-staining indicated 

greater rates of apoptosis and immunohistochemistry detected increased levels of aggrecan 

degradation products that were associated with the presence of matrix metalloproteinase 13 and 
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ADAMTS5 in the cartilage, relative to control (Zhang et al., 2014). In sham-operated knees, 

reduced EGFR activity led to more than twice the frequency of chondrocyte hypertrophy seen in 

wild-type controls (Zhang et al., 2014). Another study went a step further, examining Col2-Cre; 

EgfrWa5/flox mice, with conditional knockout of Egfr in Col2-expressing cells accompanied by the 

EgfrWa5 allele for minimal EGFR signalling and thus survival through development (Jia et al., 

2016). In the conditional knockout mice, chondrocyte hypertrophy was similarly observed, along 

with more than an 80% reduction in cellularity in the superficial zone at 2-months of age 

compared to wild-type controls (Jia et al., 2016). Loss of EGFR signalling was also accompanied 

by a lower abundance of hyaluronic acid and proteoglycan 4, while PTOA in conditional 

knockout mice at 3 months post-surgery resulted in a near complete erosion of articular cartilage, 

with initial erosion being noted at 2 months post-surgery in the medial compartment (Jia et al., 

2016). Conversely, cartilage-specific deletion of Mig6, a gene encoding for Mitogen-inducible 

gene 6 (Mig6) that negatively regulates EGFR activity, results in heightened collagen II 

presence, with elevated levels of phosphorylated EGFR and phosphorylated ERK (Shepard et al., 

2013; Staal et al., 2014). Interestingly, mice with conditional knockout of Mig6 have an initial 

thickening of the articular cartilage and ligaments, with little subchondral bone present, but 

progressive degradation of articular cartilage by 16 weeks (Shepard et al., 2013). The more 

active EGFR was correlated with a four-fold greater level of proliferating cells at 6- and 12-

weeks of age compared to controls, and the downstream activation of aggrecanases likely caused 

the progressive cartilage degradation (Shepard et al., 2013). Induction of PTOA in 4-week old 

Mig6 conditional mice also led to accelerated joint damage compared to wild-type controls 

(Joiner et al., 2014). Clearly, fine-tuning of EGFR activity is critical for maintenance of cartilage 

health, yet the requirements of EGFR signalling for chondrocyte homeostasis can vary based on 
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whether OA is developing spontaneously or as a result of injury. 

 

1.5.4 Influence of sex on integrin a1b1 and EGFR interplay in osteoarthritis 

 A recent study from our laboratory examined the possible interplay between integrin 

a1b1 and EGFR in regulating PTOA progression (Mickiewicz et al., 2016; Shin et al., 2016). At 

4 months of age, mice underwent DMM and were given 50 mg/kg erlotinib – an FDA-approved, 

small-molecule inhibitor of EGFR – or vehicle by oral gavage daily. This erlotinib treatment 

affected PTOA in a sex-specific manner (Shin et al., 2016). Specifically, females benefitted from 

erlotinib treatment, with decreased PTOA-induced bone remodelling. In comparison, EGFR 

inhibition in males did not limit PTOA and in some cases exacerbated signs. Males, however, 

had a greater proportion of chondrocytes staining positively for phosphorylated EGFR compared 

to females. Despite this, erlotinib treatment limited cartilage degradation in male and female 

integrin a1KO mice, but this protective effect was not seen in cartilage of WT mice (Shin et al., 

2016). Metabolic serum profiles from these mice showed that absence of integrin a1 and, 

separately, erlotinib treatment in both males and females resulted in a significant increase in 

dimethyl sulfone (Mickiewicz et al., 2016), also known as methylsulfonylmethane, which has 

some antioxidant properties similar to dimethylsulfoxide (Butawan et al., 2017), its metabolic 

precursor. These findings indicate that integrin a1b1 and EGFR interplay may be affecting OA 

progression in part through regulation of oxidative stress, and that sex is an important factor to 

account for in studying cartilage health. 

 

1.6 Summary 

 OA is a multi-faceted disease, with bone, synovium, and cartilage becoming inflamed 
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and their homeostasis imbalanced. Within the cartilage, chondrocytes must limit oxidative stress 

in order to prevent cartilage degradation and metabolic dysregulation. Mitochondria and NADPH 

oxidase are key producers of ROS, particularly superoxide, and investigation must be directed to 

comprehend how the chondrocytes regulate the amount of superoxide generation. The collagen 

receptor integrin a1b1 is known to slow the onset and severity of both PTOA and spontaneous 

OA. Of interest, integrin a1b1 can negatively dampen EGFR activity to prevent downstream 

ROS production (Figure 1.1), yet there is currently no study demonstrating that ROS is affected 

by integrin a1b1/EGFR interplay in OA or, more specifically, in chondrocytes. EGFR plays 

several roles in both maintenance and destruction of articular cartilage, with disparities in these 

roles seen across OA models and between sexes. However, current research in articular cartilage 

has not thoroughly examined the sex differences likely present in integrin a1b1, EGFR, and 

oxidative stress signalling pathways. Not only is such study warranted for better understanding 

of these signalling pathways, but it is necessary due to the disproportionate incidence of certain 

forms of OA in women. Therefore, investigation into the sex-specific interplay of integrin a1b1 

and EGFR in regulating superoxide production in articular chondrocytes may yield important 

findings for targeting and treating OA. 
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Figure 1.1. Proposed signalling pathways for integrin a1b1 regulation of EGFR-mediated ROS 

production. Direct (solid line) or indirect (dashed line) activation (bright green arrows) and 

inhibition (red T) are indicated. Integrin a1b1/TCPTP axis (orange): binding of collagens (dark 

green) by integrin a1b1 exposes the integrin a1 tail that recruits and activates TCPTP. TCPTP 

negatively regulates the EGFR/ERK signalling pathway (grey-green). EGFR/ERK signalling: 

ligands (e.g. TGFa) bind to the extracellular domain of EGFR, inducing the phosphorylation 

(PO4-) of EGFR. Downstream, ERK is activated, which can activate transcription factors, 

including estrogen receptors (ERa/b), that translocate to the nucleus for transcriptional 

regulation that may affect expression of regulators of oxidative stress. Additionally, ERK can 

activate p47phox of the NADPH oxidase complex (blue), resulting in production of superoxide 

(O2•-). Superoxide can interact with nitric oxide (NO) to form peroxynitrite (ONOO-) that 

damages proteins, or it can react with other ROS to lead to increased activation of EGFR. 
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1.7 Research proposal 

OBJECTIVE: The goal of this project was to measure the influence of integrin a1b1/EGFR 

interplay on downstream ROS production in articular chondrocytes, and the role of sex in the 

resultant phenotypes.  

 

HYPOTHESES: Based on the literature and recent results from our laboratory (Mickiewicz et 

al., 2016; Shin et al., 2016), we hypothesized the following: 

1. Integrin a1b1 limits oxidative stress by dampening EGFR signalling and downstream 

ROS production in chondrocytes. 

2. ROS are more abundant in chondrocytes in the male vs. female knee. 

 

SPECIFIC AIMS: 

To test and refine the above hypotheses, we pursued the following specific aim: 

1. Measure superoxide production in chondrocytes in the intact femoral condyles of integrin 

a1-null and wild-type, male and female mice treated with the EGFR inhibitor erlotinib. 
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Chapter 2: Integrin a1b1 and EGFR differentially regulate oxidative stress in articular 
cartilage in male and female mice 

2.1 Introduction 

 Osteoarthritis (OA) of the knee includes gradual erosion of the articular cartilage, leading 

to decreased joint space between the tibia and femur, poor joint mobility, and pain for the 

individual (Buckwalter and Martin, 2006). OA differentially affects women, with meta-analysis 

indicating women aged 55 years or older having an approximately 54% greater risk of knee OA 

compared to men in the same age bracket (Srikanth et al., 2005). At primary care facilities in 

Canada from 2011 to 2012, OA was suggested to affect 14.2% of patients aged ≥ 30 years, 

increasing to 38.2% of women aged ≥ 80 years (Birtwhistle et al., 2015). Although the exact 

mechanisms of OA have not been uncovered, there is some evidence that oxidative stress 

contributes to chondrocyte and cartilage damage, leading to cellular senescence and proteoglycan 

degradation (Funato et al., 2017; Jeon et al., 2018). Further, correlations between oxidative stress 

and aging in cartilage have been shown in human and animal studies (Loeser et al., 2002; Hui et 

al., 2016). 

 Integrin a1b1, a heterodimeric transmembrane collagen receptor, is expressed by 

chondrocytes mainly in the deep zone of the articular cartilage in mice, and offers protection 

against OA (Zemmyo et al., 2003). Prior to the onset of clinical signs of OA, expression of 

integrin a1b1 expands throughout the middle and superficial zones of articular cartilage, in mice 

and in macaque monkeys (Loeser et al., 1995; Zemmyo et al., 2003). Itga1-knockout BALB/c 

mice were originally developed by Gardner et al. (1996). These mice lack the integrin a1 

subunit, and thus have an absence of integrin a1b1 due to the exclusive pairing of the a1 and b1 

subunits in all tissues. Integrin a1-null mice developed sings of spontaneous knee OA 2 to 5 

months prior to wild-type controls (Zemmyo et al., 2003; Shin et al., 2012), suggesting that 
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integrin a1b1 protects against OA. The specific mechanisms through which integrin a1b1 limits 

OA development are currently unclear. When integrin a1b1 binds to collagen, the cytoplasmic 

tail of integrin a1 can recruit and activate the T-cell protein tyrosine phosphatase [TCPTP; 

(Mattila et al., 2005)]. It is through this phosphatase that integrin a1b1 can exert negative 

regulation of receptor tyrosine kinases, including epidermal growth factor receptor (EGFR) and 

transforming growth factor b receptor type II [TGFbRII; (Mattila et al., 2005; Chen et al., 2010, 

2014)]. It is currently unknown, however, if integrin a1b1 is involved in the regulation of EGFR 

signalling in articular chondrocytes.   

 Recently, EGFR has been gaining recognition for its role in cartilage health and the 

development of OA. TGFA, which encodes for the EGFR ligand TGFa, is upregulated in a 

subset of OA patients (Appleton et al., 2007b). Activation of EGFR in chondrocytes by TGFa 

has been shown to stimulate activation of matrix metalloproteinases that cleave the extracellular 

matrix (Appleton et al., 2007b), suggesting that TGFa may be a prognostic biomarker for OA. 

Increased activation of EGFR signalling due to cartilage-specific deletion of the EGFR inhibitor 

Mig6 leads to increased articular cartilage thickness and chondrocyte proliferation, followed by 

osteophyte formation and cartilage deterioration (Shepard et al., 2013). In contrast though, 

reduced EGFR signalling activity in knee articular cartilage is not clearly associated with 

protection against OA progression. Jia et al. (2016) showed, for example, that EGFR activation 

was diminished in early post-traumatic OA induced by destabilization of the medial meniscus, 

and conditional knockout of EGFR progressively reduced cartilage thickness and chondrocyte 

abundance in superficial zones in spontaneous OA (Jia et al., 2016). Similarly, male mice with 

dominant-negative EGFR or mice treated with gefitinib, a pharmacological EGFR inhibitor, saw 

earlier onset of post-traumatic OA (Zhang et al., 2014). Together, these studies suggest that some 
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level of EGFR signalling is important for cartilage health and that a balance of positive and 

negative regulation of EGFR may prevent OA. 

 Recent results from our laboratory demonstrated that use of the EGFR pharmacological 

inhibitor erlotinib actually slowed cartilage degradation in integrin a1KO mice that had 

undergone destabilization of the medial meniscus, but this protective effect was not seen in wild-

type mice with the same surgery and treatment (Shin et al., 2016). The same study showed that 

erlotinib treatment diminished signs of post-traumatic OA specifically in the tissues of female 

mice, with little to no benefit, or even harmful effects, seen in certain tissues of males (Shin et 

al., 2016). At present, it is not clear how EGFR might be differentially affecting the progression 

of cartilage deterioration in males and females. Downstream of EGFR, the extracellular-signal 

regulated kinases (ERK1/2) can activate the p47phox subunit of NADPH oxidase, leading to 

production of superoxide and other reactive oxygen species [ROS; (El-Benna et al., 2009)]. In 

non-cartilaginous tissues such as the kidney, integrin a1b1 has been shown to limit EGFR-

mediated ROS production (Chen et al., 2007; Wang et al., 2015). Whether oxidative stress is 

similarly influenced by integrin a1b1 and EGFR interplay in chondrocytes has not yet been 

examined. 

 The objective of this research therefore was to determine the sex-specific roles of integrin 

a1b1 and EGFR in modulating oxidative stress in knee articular chondrocytes. We hypothesized 

that integrin a1b1 limits oxidative stress by dampening EGFR signalling and downstream ROS 

production in chondrocytes. Further, we expected that ROS levels would be elevated in 

chondrocytes in the male compared to female knee. To observe these phenotypes, we examined 

superoxide levels in ex vivo chondrocytes from wild-type and integrin a1-null, male and female 

mice.  
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2.2 Methods 

2.2.1 Animals 

 All animal use was approved by the University of Guelph’s Animal Care Committee 

(AUP 3655). Twelve wild-type (WT) or integrin a1-null (a1KO), male or female BALB/c mice 

(3 per group) were used for the main experiments, with an additional 3 a1KO male mice being 

used for the control experiment. Genotype was determined through a multiplex polymerase chain 

reaction (PCR) using DNA extracted from ear notches. Mice were weighed and euthanized at 18 

+/- 1 weeks via cardiac puncture, under isofluorane anesthesia, to remove blood that might 

autofluoresce under the confocal microscope. Hindlimbs were then removed and used for the 

respective experiments.  

 

2.2.2 Ex vivo imaging of superoxide levels in femoral condyles 

 Left and right femora were dissected from male and female, wild-type and integrin a1-

null BALB/c mice. Femora were cleaned free of muscle and ligaments, and kept hydrated with 

phosphate buffered saline during dissection, before being placed in 2 ml of iso-osmotic (300 

mOsm), phenol red-free media (83% (v/v) high glucose Dulbecco’s modified eagle medium, 13 

mM HEPES, 0.87 mM sodium pyruvate, and 3.48 mM L-glutamine (all sourced from Thermo 

Fisher Scientific, Mississauga, ON)) in a 24-well plate and stored at 37˚C and 5% CO2. Phenol 

red-free media was used to limit the interference of phenol red fluorescence in imaging 

experiments. To test the ability of the experimental set up to detect changes in superoxide levels, 

a control test was performed in which femora from three a1KO male mice were individually 

incubated for 20 min in 4 µM calcein AM (live cell stain; Thermo Fisher Scientific), with left 

femora being treated with 2.5 µM rotenone (Sigma-Aldrich, Oakville, ON) in DMSO (Sigma-



	 26 

Aldrich); and right legs serving as vehicle (DMSO) controls. This resulted in a final 

concentration of 0.2% DMSO in the media of the control test. Rotenone has been established in 

the literature to disrupt normal function of the electron transport chain in mitochondria, and can 

thus be used to manipulate oxidative stress in cells (Heinz et al., 2017). Following a successful 

control test, the main experiment was conducted where left femora were treated with 5 µM 

erlotinib hydrochloride (EGFR inhibitor; Genentech, San Francisco, CA) in 0.5% (w/v) 

hydroxypropyl methylcellulose (Sigma-Aldrich, St. Louis, MO) and 0.1% (v/v) Tween 80 in 

distilled water; and right femora served as vehicle controls. All femora were then incubated for 

30 min in 10 µM dihydroethidium (DHE; Calbiochem, Etobicoke, ON), which reacts with 

superoxide to form 2-hydroxyethidium (2-OH-E+), and then washed for 5 min in media prior to 

imaging. During imaging, femora were placed anterior facedown in a 10 mm Falcon® 

polystyrene petri dish (Fisher Scientific, Mississauga, ON) and submerged in 37˚C media, 

maintained at 37˚C by a heat ring (Warner Instruments, Hamden, CT) with temperature feedback 

provided by a thermistor (Warner Instruments). Z-stack images of individual femoral condyles 

were generated using a 63x/0.9N.A. water immersion lens (Leica Microsystems, Concord, ON) 

connected to an upright Leica DM 6000B confocal microscope and a Leica TCS SP5 scanner 

system (Leica Microsystems) with a pinhole set to 0.5 Airy units (74.25 µm). Stains were excited 

using a 488 nm laser. Calcein fluorescence was captured at 505-525 nm; 2-OH-E+, at 615-635 

nm. Z-stacks had a resolution of 1024 x 1024 pixels; a lateral sampling frequency > Nyquist; an 

axial sampling frequency > 2x Nyquist; and a step size allowing 2x coverage in the Z-axis. To 

mitigate the effects of time post-staining on differences in 2-OH-E+ fluorescence in condylar 

differences, the order of imaging was alternated between medial or lateral condyle being first per 

replicate. Image files were created using LAS AF software (Leica Microsystems).  
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2.2.3 Image analysis 

 To measure cell viability in femoral condyles stained with calcein AM and DHE, 2-D Z-

projections of each condylar Z-stack were made using FIJI software [v2.0.0-rc-59/1.51k; 

(Schindelin et al., 2012)]. Using the cell counter plugin (FIJI), cells were binned manually in one 

of two categories: live (green present, calcein present throughout), or dead (green not present or 

green speckled, indicating cell lysis). For cells that were difficult to categorize based on the Z-

projections, the original Z-stacks were cross-referenced to confirm category. To measure 2-OH-

E+ fluorescence, Z-stacks of 30 individual live cells per condyle were generated from each of the 

original condyle Z-stacks. 2-OH-E+ fluorescence in individual chondrocytes was summated, 

background fluorescence was calculated as the extracellular fluorescence and subtracted from the 

entire image, and mean intensities in the cells were measured (APPENDIX B).  

 

2.2.4 Statistical analysis 

 Cell viability counts from each condyle were pooled into the respective experimental 

group, and Pearson’s Chi-square tests for independence were performed, with post hoc 2x2 Chi-

square tests. For the post hoc 2x2 Chi-square tests, Bonferroni corrections were applied to the 

minimal p-value for significance, to account for multiple comparisons. For measurements of 

basal superoxide and, separately, of erlotinib-treated condyles, multi-factorial ANOVA was 

performed using TIBCO StatisticaTM statistical software (Tibco, Palo Alto, CA), with sex (F/M), 

genotype (WT/a1KO), and compartment (medial/lateral) as independent variables; mean 2-OH-

E+ fluorescence as the dependent variable; and mass as a continuous predictor. Tukey’s HSD 

was performed post hoc, while Pearson’s correlation coefficients were calculated for continuous 

predictors. Relative differences were calculated for treatment group fluorescence levels 
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normalized to vehicle control group fluorescence levels [Eq. 1] and reported as percent relative 

difference +/- propagated standard deviation [Eq. 2]. Treatment effect was analysed using 

Student’s t-tests for individual groups, and Cohen’s d was calculated for effect size. 

 

[𝐸𝑞. 1]	()*+,	-./01*23*,3*)5678597:5;()*+,	-./01*23*,3*)<7=>?@7
()*+,	-./01*23*,3*)<7=>?@7

 * 100 

 

[𝐸𝑞. 2]	Percent	relative	difference ∗ 	O(	 PQ>RR767:?7
ST--*1*,3*	0-	U*+,2

	)V + (	 P<7=>?@7
)*+,	0-	X*YT3.*

	)V * 100,  

where s is standard deviation. 

 

2.3 Results 

2.3.1 Animals 

 At time of death, mice did not exhibit signs of osteoarthritis such as limping gait or 

swollen or painful hindlimbs. Sex had a significant effect on mass when the male a1KO mice 

from the control experiment were included in (F1,11 = 10.00, p = .0091), or excluded from (F1,8 = 

6.15, p = .0382), analysis. In both sets of analyses, genotype did not have a significant effect on 

mass (p > .05). In the analysis of all mice (N = 15), post hoc analysis indicated that male a1KO 

mice (32.1 g, 95% CI [28.5, 31.6]) weighed significantly more than female a1KO mice (27.2 g, 

95% CI [23.4, 31.0], p = .0351; Figure 2.1) as expected. 
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Figure 2.1. Mean mouse mass including mice from all experiments. Mice were weighed before 

euthanasia. Bars represent mean +/- 95% confidence intervals, for female wild-type (WT, N = 3), 

female integrin a1KO (a1KO, N = 3), male wild-type (N = 3), and male integrin a1KO (N = 6) 

mice. Different letter indicates significantly different group (p < .05). 

 

2.3.2 Dihydroethidium is an effective stain for measuring superoxide in ex vivo chondrocytes 

 To determine whether the ex vivo staining and imaging parameters could detect changes 

in superoxide levels, we incubated control femora from male a1KO mice in rotenone, an 

electron transport chain inhibitor. Estimations of cell viability indicated that femoral condyles 

treated with rotenone or DMSO alone, contained 90.5 – 97.4% (pooled percentage) live cells, 

with no significant association found between experimental group and live cell count (c23 = 4.29, 

p = .2318) (Figure 2.2A). The rotenone treatment effect on 2-OH-E+ fluorescence was not 

significant (F1,355 = 3.53, p = .0610) in the male a1KO mice, but a significant condyle effect 
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(F1,355 = 10.28, p = .0015) and a condyle*treatment interaction (F3,355 = 54.97, p < .0001) were 

observed. Mass was positively correlated with 2-OH-E+ fluorescence (F1,355 = 62.99, p < .0001, r 

= .36). Post hoc analysis indicated that rotenone treatment in medial condyles resulted in a 

significant reduction in 2-OH-E+ fluorescence compared to control (60.00, 95% CI [51.52, 

68.48] vs. 92.29, 95% CI [83.74, 100.84], p < .0001), but rotenone led to heightened 2-OH-E+ 

fluorescence in lateral condyles relative to control (74.62, 95% CI [68.65, 80.59] vs. 55.39, 95% 

CI [48.81, 61.96], p = .0005) (Figure 2.3AB).  

 

   
 
Figure 2.2. Live cell count estimates. Live cells in each Calcein AM/DHE-stained condyle were 

counted and normalized to total cells visible. Counts were compared for the rotenone control 

experiment (A), the erlotinib vehicle control groups (B), and the erlotinib-treated groups (C). 

Bars represent pooled live cell counts from 3 condyles (n ≥ 1337 total (live or dead) cells 

counted per group), expressed as a percentage. Different letter indicates significantly different 

group at Bonferroni corrected level (p < .0083 for (A); p < .0018 for (B-C)). 
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Figure 2.3. Inhibition of mitochondrial activity with rotenone demonstrates ability to measure 

differences in superoxide. Representative Z-projections of rotenone or rotenone vehicle (DMSO) 

treated male integrin a1KO lateral condyles, with live (calcein), superoxide (2-

hydroxyethidium), and merged images presented (A). Mean 2-hydroxyethidium fluorescence for 

medial and lateral condyles treated with rotenone or rotenone vehicle (DMSO) (B). Bars 

represent mean 2-hydroxyethidium fluorescence of 90 live chondrocytes from 3 condyles (30 per 

condyle) with 95% confidence interval error bars. Different letter indicates significantly different 

group (p < .05). 
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2.3.3 Integrin a1b1 limits superoxide in female mice 

 2-OH-E+ fluorescence was then analysed in erlotinib- and erlotinib vehicle-treated male 

and female, a1KO and WT condyles (Figure 2.4). In condyles incubated with the erlotinib 

vehicle, groups had an estimated range of 84.1 – 95.9% live cells, and a Chi-square test for 

independence indicated a significant association between live cell count and experimental group 

(c27 = 16.09, p = .0243). Post hoc analysis demonstrated that pooled live cell counts only 

differed significantly between the medial condyles from wild-type males and the medial 

condyles of a1KO females (c21 = 11.78, p = .0006) (Figure 2.2B). Mass, though weakly 

positively correlated (r = .09), was not significantly associated with 2-OH-E+ fluorescence (F1,711 

= 3.64, p = .0567). A sex effect was observed in basal (vehicle control) 2-OH-E+ fluorescence 

levels (F1,711 = 50.99, p < .0001), with 2-OH-E+ fluorescence levels typically being greater in 

males (pooled mean = 149.04, 95% CI [139.08, 158.99]) compared to compartment- and 

genotype-matched condyles from female mice (pooled mean = 104.43, 95% CI [97.34, 111.52]). 

Chondrocytes from female a1KO mice had significantly greater basal 2-OH-E+ fluorescence 

compared to WT females in both the medial (144.55, 95% CI [123.34, 165.76] vs. 84.97, 95% CI 

[76.93, 93.02], p < .0001) and lateral (115.38, 95% CI [103.57, 127.18] vs. 72.82, 95% CI 

[66.78, 78.87], p = .0037) condyles, but differences between genotype-matched condyles were 

typically not observed (Figure 2.4A). Conversely in males, chondrocytes in medial condyles had 

significantly more basal 2-OH-E+ fluorescence than those in lateral condyles (p < .0001), 

regardless of genotype.  
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Figure 2.4. Measurement of basal levels of 2-OH-E+ fluorescence and with EGFR inhibition. 

Mean 2-hydroxyethidium fluorescence for erlotinib vehicle-treated condyles (HPMC) (A) and 

erlotinib-treated condyles (B) of female and male, wild-type (WT) and integrin a1KO (a1KO) 

mice. Bars represent mean 2-OH-E+ fluorescence of 90 live chondrocytes of 3 condyles (30 

chondrocytes per condyle) with 95% confidence interval error bars. Different letter indicates 

significantly different group (p < .05). Relative difference of 2-OH-E+ fluorescence in erlotinib-

treated condyles vs. vehicle control (HPMC) reference (C). Error bars represent propagated 

standard deviation, with (*) indicating significance (p < .0001). 

 

2.3.4 EGFR signalling has sex-dependent effects on superoxide levels 

 To examine the role of EGFR in the regulation of superoxide, femora were treated with 

erlotinib hydrochloride to inhibit EGFR activity. Estimates of live cell counts per erlotinib-

treated condyle group ranged 92.3 – 99.1%, but there was no significant association between 

experimental group and live cell count (c27 = 5.00, p = .6600) (Figure 2.2C). In erlotinib-treated 

condyles, chondrocytes of medial condyles of wild-type females had significantly greater 2-OH-

E+ fluorescence (178.23, 95% CI [164.05, 192.40]) compared to all other groups (p < .001) 

(Figure 2.4B). To determine how treatment affected specific subject groups, 2-OH-E+ 

fluorescence levels were directly compared to matched vehicle controls. Erlotinib treatment 
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5.29, p < .0001, d = -0.79, 95% CI [-1.09, -0.49]) and a1KO mice (-30.7% +/- 50.7%, t178 = 

5.95, p < .0001, d = -0.89, 95% CI [-1.19, -0.58]) (Figure 2.4C). A similar magnitude of 

treatment effect size was seen in the lateral condyles of wild-type female mice (d = 0.76, 95% CI 

[0.45, 1.06]), but treatment resulted in an increase in 2-OH-E+ fluorescence relative to vehicle 

control (54.2% +/- 103.6%, t178 = -5.10, p < .0001). The largest treatment effect was observed in 

the medial condyles of wild-type female mice (d = 1.69, 95% CI [1.35, 2.04]), with the erlotinib-

treated condyles having double the 2-OH-E+ fluorescence compared to matched vehicle controls 

(109.7% +/- 104.2%, t178 = -11.37, p < .0001). In all other groups, there was no significant 

difference between treatment and vehicle control (p > .05).  

 

2.4 Discussion 

 The objective of this research was to establish if integrin a1b1 and EGFR interplay 

regulate superoxide levels in the articular condylar chondrocytes of male and female mice. It is 

known that integrin a1b1 negatively regulates EGFR signalling through the recruitment and 

activation of TCPTP (Mattila et al., 2005), and we therefore expected the EGFR inhibitor, 

erlotinib, to have a larger effect on superoxide levels in a1KO chondrocytes compared to wild-

type. In contrast, however, erlotinib only affected superoxide levels in a1KO chondrocytes from 

the medial condyles of male a1KO mice, and instead resulted in changes to superoxide levels in 

most wild-type chondrocyte populations. We demonstrated here that erlotinib treatment resulted 

in an increase in superoxide levels in both condyles of female wild-type mice and a decrease in 

superoxide levels in chondrocytes from the medial condyles of male mice. These results seem to 

contradict what has been shown in post-traumatic OA, where integrin a1KO mice of either sex 

gavaged daily with erlotinib saw decreased cartilage degradation compared to mice gavaged with 
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vehicle, a treatment effect not seen in wild-type mice (Shin et al., 2016). Differences in findings 

between the in vivo and ex vivo studies could possibly be due to drug dose (50 mg/kg body 

weight daily vs. 5 µM in media for 20 min), drug exposure in the actual chondrocytes (erlotinib 

gavaged vs. incubation in drug-containing media), duration of treatment (12 weeks vs. 20 min), 

and output measures examined (histopathology scores vs. superoxide levels). Erlotinib has been 

extensively shown to function as an EGFR inhibitor (Hardie et al., 2008; Orcutt et al., 2011; 

Shan et al., 2016), but it can also bind to other kinases, as tested in pancreatic ductal 

adenocarcinoma (Conradt et al., 2011). It is possible that erlotinib may be interacting with 

proteins other than EGFR in chondrocytes, or that integrin a1b1 and EGFR interplay differs 

between males and females. 

 The lack of response to erlotinib in chondrocytes from a1KO females and lateral 

condyles of males indicates that superoxide presence is likely due to other cellular processes in 

addition to EGFR signalling. For example, inhibition of the mitochondrial electron transport 

chain with rotenone was able to decrease superoxide abundance in the medial condyles of the 

a1KO mice. Similar inhibition has been shown to limit oxidative stress in cartilage explants, 

with the additional effect of preventing impact-induced cell death (Goodwin et al., 2010). Blunt 

force impact can cause increased production of superoxide, although it was estimated that most 

of the groups in the current ex vivo study did not differ in cell viability. Inflammatory cytokines, 

such as interleukin-1b, can upregulate expression of components of NADPH oxidase and ROS 

(Rousset et al., 2015), and interleukin-1b is also associated with nitrotyrosine presence in 

osteoarthritic cartilage (Loeser et al., 2002). Interestingly, our laboratory has previously 

demonstrated that a1KO chondrocytes have a decreased response to interleukin-1a, as measured 

by intracellular calcium transient (Parekh et al., 2014). Further study of the contributions of both 
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EGFR- and non-EGFR-mediated oxidative stress is required to establish how oxidative stress is 

created and eliminated in articular chondrocytes. 

 Our data also demonstrate that sex significantly influences both the magnitude and 

direction of the effect of erlotinib treatment on superoxide levels. In female mice, for example, 

erlotinib increased chondrocyte superoxide levels by 0.5-2 fold, yet erlotinib reduced superoxide 

levels by a third in the medial condyles of male mice. In mouse studies examining the role of 

EGFR and cartilage degradation in OA, the influence of sex is often overlooked and only males 

are studied for their more robust presentation of OA signs. In one study investigating the serum 

of male and female mice that were treated with erlotinib after destabilization of the medial 

meniscus, Mickiewicz et al. (2016) showed erlotinib treatment affected metabolite levels, but 

males had more metabolites significantly decreased with erlotinib treatment compared to 

females. Previous research from our laboratory indicated that erlotinib treatment in female mice 

with destabilized medial meniscus led to less severe signs of post-traumatic OA, yet the same 

treatment in males had little or no beneficial effect in certain tissues, while some worsening 

symptoms including subchondral femoral bone thickness (Shin et al., 2016). In wild-type male 

mice treated with gefitinib, another small molecule inhibitor of EGFR, post-traumatic OA was 

similarly worse than that of males administered vehicle, while mice with a dominant-negative 

EGFR allele had even greater cartilage damage relative to wild-type control mice in an 

experiment with no drug administration (Zhang et al., 2014). Therefore, it is surprising in the 

present study that erlotinib treatment to inhibit EGFR resulted in the expected decrease in 

superoxide production in the condyles of males only, but it led to an increase in superoxide in 

condyles of wild-type females.  

 Expression differences in EGFR and pathway-related genes have been noted between 
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males and females in the pituitary gland (Chen et al., 2017), the liver (Wang et al., 2016), and 

the kidney (Liu et al., 2016). Moreover, immunohistochemical analysis in the post-traumatic OA 

study from our laboratory showed that female mice had fewer articular chondrocytes staining 

positively for phosphorylated EGFR than the counts seen in males. It is possible that the erlotinib 

treatment in the current ex vivo experiment dampened EGFR activity in condyles from males to a 

level that inhibited EGFR-mediated ROS production, whereas the same dosage in condyles from 

wild-type females brought EGFR activity beneath a beneficial threshold and thus led to ROS 

production. As integrin a1KO cells elsewhere in the body have been shown to have heightened 

EGFR signalling (Wang et al., 2015), it is possible that erlotinib treatment did not decrease 

EGFR signalling in the chondrocytes of female integrin a1KO mice to the same level as seen in 

wild-type chondrocytes. Further, erlotinib treatment in cancerous cells leads to inhibition of 

EGFR and a resultant increase in ROS and apoptosis (Orcutt et al., 2011), again suggesting that 

some balance of EGFR signalling is important for limiting oxidative stress.  

 Sex differences in the effectiveness of EGFR inhibitors has been shown previously, 

wherein gefitinib was effective in reducing symptoms and causing radiographic regression of 

non-small cell lung carcinoma in a significantly higher proportion of women compared to men 

(Kris et al., 2003). Also, disparities in how erlotinib, EGFR, and integrin a1b1 regulate 

superoxide levels in males and females might be in part due to the activity of estrogen receptors, 

which can be activated through a ligand-independent manner by transducers downstream of 

EGFR (Chen et al., 2002). Estrogen supplementation in media has been shown to upregulate 

activity of antioxidative enzymes, including superoxide dismutases, in breast cancer cells 

(Mobley and Brueggemeier, 2004), and estrogen supplementation can limit human chondrocyte 

telomere shortening in vitro (Breu et al., 2011). In a post-traumatic OA study with 129S6/SvEv 
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mice, Ma et al. (2007) demonstrated protective effects of orchiectomy in males and harmful 

effects of ovariectomy in females, exemplifying the role of sex hormones in OA. The isolated 

femora used in the present study were not incubated in media supplemented by estrogens or 

other sex hormones, although differential protein levels and activity may still have persisted 

throughout the acute trial that might have contributed to the variation in superoxide levels 

between groups. Meta-analysis of epidemiological studies demonstrates that post-menopausal, 

elderly women are at a greater risk of knee OA compared to men of the same age bracket 

(Srikanth et al., 2005), and it would be interesting for further studies to pursue the possible 

relationships between EGFR and sex in cartilage, especially considering the availability of small 

molecule inhibitors for possible targeted therapies.  

 Unique to this ex vivo experimental setup was the ability to measure chondrocytes of both 

condyles of the same femur. In the control experiment, rotenone treatment limited superoxide 

levels in the medial condyles but increased them in the lateral condyles of the integrin a1KO 

male mice. In a similar manner, erlotinib treatment limited superoxide levels in the medial 

condyles but had no effect on the chondrocytes in the lateral condyles of male mice. It is possible 

that the differential effects of treatments between the medial and lateral condyles may be 

influenced by differences in the metabolism of these chondrocyte populations and/or in the 

loading exerted on either condyle in vivo. Loading is known to drive mitochondria-derived 

superoxide production (Koike et al., 2015), while dynamic loading in vitro alters metabolic 

activity of primary human OA chondrocytes (Zignego et al., 2015). Additionally, destabilization 

of the medial meniscus to induce post-traumatic OA in mouse studies might in fact mask some of 

these condylar differences between males and females, forcing increased loading on the medial 

compartment, possibly explaining why sex did not seem to influence the difference in histology 
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scores between the medial and lateral condyles in our laboratory’s recent post-traumatic OA 

study (Shin et al., 2016). Despite this, OA is often more prominent in the medial compartment 

(Ledingham et al., 1993; Loeser et al., 2002), and human OA patients typically have increased 

loading on their medial compartment relative to healthy controls during walking (Kumar et al., 

2013). In the healthy population, the medial condyle sometimes has 4-fold greater loads placed 

on it relative to the lateral condyle throughout a walking motion (Kumar et al., 2013). The 

patella, too, has been shown to respond differently to anterior cruciate ligament transection 

compared to the opposing cartilage in the femoral groove (Clark et al., 2005). Together, these 

studies suggest that chondrocyte activity may be influenced by compartment and by loading. Our 

laboratory has also noted a difference in the length of primary cilia of chondrocytes in the medial 

condyles compared to the lateral condyles of female wild-type BALB/c mice (Rich and Clark, 

2012), which did not exhibit a condylar difference in the current study. Regardless, these 

findings support the need for the consideration of condyle and compartment in both the planning 

and interpretation of articular cartilage research.  

 The influences of genotype, sex, and condyle on superoxide levels was not only present 

in the chondrocyte responses to erlotinib treatment, as discussed above, but were also apparent in 

the basal levels of superoxide measured in this study. For example, in support of our hypothesis, 

integrin a1b1 was shown to limit basal superoxide levels, although this was specific to female 

mice. This role for integrin a1b1 has been established previously in the kidney, where integrin 

a1KO cells and kidneys had an abundance of ROS, caused by overactive EGFR signalling that 

led to NADPH oxidase-driven superoxide production (Chen et al., 2007; Wang et al., 2015). 

Furthermore, chondrocytes from males typically had greater basal superoxide levels relative to 

genotype- and condyle-matched females. Although male a1KO mice were significantly heavier 
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than female a1KO mice, this did not result in differences in basal superoxide levels in the lateral 

condyles of the a1KO mice, and mass was a poor predictor of basal superoxide levels. In male 

mice, basal superoxide levels were greatest in the medial condyles, regardless of genotype, and 

this phenomenon was observed in both the control (rotenone) and experimental (erlotinib) 

experiments, as previously discussed. These findings further demonstrate the existence of sex 

differences in cartilage, suggesting that basic research and drug studies should consider how sex 

may influence cartilage homeostasis in a compartment-specific manner. Here, integrin a1b1 

limited oxidative stress in females in a condyle-independent manner, yet the medial condyles of 

males had the greatest superoxide levels with no discernible influence from integrin a1b1. 

 In this study, we examined oxidative stress in ex vivo chondrocytes in intact femoral 

condyles, through the use of the superoxide stain dihydroethidium. Dihydroethidium has been 

used in many tissues as an indicator of superoxide (Qian et al., 2009; Parfenova et al., 2012; Kim 

et al., 2013), including in cartilage explants (Coleman et al., 2017). Cao et al. (2013) previously 

noted greater mitochondrial superoxide flashes in cultured chondrocytes compared to femoral 

head chondrocytes ex vivo, finding also that mitochondrial density decreases with depth in the 

femoral head. To our knowledge, the research presented herein is the first study that performed 

semi-quantitative measurements of superoxide abundance in individual chondrocytes ex vivo 

within intact femoral condyles that accounts for compartment differences. Analysis of 

superoxide within the condyle is important not only because chondrocytes alter their metabolism 

and produce more ROS in vitro (Heywood and Lee, 2008), but because it has allowed the 

findings of site-specific differences in superoxide levels. Dihydroethidium was limited in its 

uses, as it allowed visibility of intracellular superoxide but did not permit discrimination based 

on subcellular location. Although dihydroethidium produces 2-OH-E+ when reacting with 
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superoxide (Zhao et al., 2003), there is the possibility that dihydroethidium may also be reacting 

within the chondrocytes to produce additional oxidant products that are known to contribute to 

fluorescence at the measured wavelengths (Nazarewicz et al., 2013). However, dihydroethidium 

was an effective stain for allowing observation of possible differences between condyle groups 

herein. Further research with stains that could assess subcellular location of superoxide and also 

the presence of other ROS in chondrocytes would allow clearer interpretation of the cellular 

source and implications of the sex-dependent integrin a1b1/EGFR interplay in the articular 

cartilage. Nitrotyrosine, for example, is a marker of oxidative stress on proteins in the cell, which 

is associated with aging and OA (Hui et al., 2016). Since superoxide is an initial form of ROS in 

the cell, it might be useful to target when attempting to improve cartilage health. Additional 

future research could examine the specific mechanisms involved in the integrin a1b1/EGFR 

interplay and how these signalling pathways may differ by sex and, where possible, by 

compartment. 

 In summary, this study presents evidence of sex-specific interplay of integrin a1b1 and 

EGFR for the regulation of oxidative stress in articular chondrocytes. Imaging of superoxide 

levels with and without erlotinib treatment indicated that EGFR signalling is a contributor to 

oxidative stress in articular chondrocytes, increasing superoxide in a condyle-specific manner in 

males and decreasing superoxide in wild-type females. Additionally, further evidence of the 

protective role of integrin a1b1 in chondrocytes was presented, wherein integrin a1b1 limits 

superoxide levels in femoral condyles of female mice. The unexpected variable effects that 

erlotinib had in males and females demonstrate the need for targeted, personalized therapies in 

treating cartilage diseases. Together, these findings support the importance of considering sex 

and site when studying signalling pathways in chondrocytes and OA as a whole. 
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Chapter 3: Discussion 

3.1 Hypotheses and Specific Aims 

 The objective of this thesis was to examine the role of integrin a1b1 and EGFR interplay 

in regulating ROS production in articular chondrocytes, while considering the influence of sex. 

We hypothesized that integrin a1b1 decreases oxidative stress by negatively regulating EGFR 

signalling and downstream ROS production in chondrocytes. We further hypothesized that 

chondrocytes of male mice would have greater levels of ROS compared to females. To test these 

hypotheses, we examined superoxide levels in condylar chondrocytes of ex vivo femora isolated 

from wild-type and integrin a1KO, male and female mice, in the presence of the EGFR inhibitor 

erlotinib. 

 

3.2 Summary of Key Findings 

 In femoral condylar chondrocytes, males typically have greater levels of superoxide 

compared to genotype- and condyle-matched condyles from female mice. In males, a condyle 

effect was observed, whereby superoxide was more abundant in the medial condyles relative to 

the lateral condyles, but integrin a1b1 did not seem to affect ROS. Conversely, there was no 

notable condyle effect in females, but integrin a1b1 limited superoxide presence. For females at 

least, these results suggest that integrin a1b1 might offer protection against oxidative stress.  

 The influence of EGFR signalling on superoxide in chondrocytes is somewhat less clear, 

as erlotinib treatment had sex-specific effects. In the males, inhibition of EGFR decreased 

superoxide presence only in the medial condyles. This supports the concept of EGFR-mediated 

signalling leading to downstream ROS production in chondrocytes that can be regulated by a 

small molecule inhibitor. The lack of response in the lateral condyles suggests that there may be 
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some anatomical and/or biomechanical differences in the condyles of males that make them 

unresponsive compared to the medial condyles. As superoxide abundance was often higher in 

males compared to females, it is possible that EGFR signalling is more prominent in males, if it 

were assumed that superoxide production is induced by EGFR signalling. Working against this 

notion is that erlotinib treatment amplified chondrocyte superoxide levels of wild-type female 

mice but erlotinib treatment had no detectable effect on chondrocytes of integrin a1KO female 

mice. This genotype effect in females was unexpected, as we predicted integrin a1KO 

chondrocytes would have elevated levels of phosphorylated EGFR that would benefit from 

erlotinib treatment. Without the in situ evidence, it is difficult to infer what reasons exist for 

these unexpected responses to erlotinib treatment, but perhaps the results support the hypothesis 

that greater basal superoxide levels in males compared to females is due in part to heightened 

EGFR signalling. Phosphorylated EGFR levels may be greatest in the chondrocytes from males, 

and erlotinib treatment might reduce the EGFR-mediated ROS production. The basal levels of 

EGFR activity might not be harmful in the chondrocytes of females of either genotype, but 

erlotinib treatment could cause EGFR activity to drop low enough to cause the ROS production 

in wild-type cells. At present, more research must be done to test this refined hypothesis of 

EGFR signalling being harmful when too high (in males) or too low (in wild-type females when 

erlotinib present). Importantly, these findings highlight the need for consideration of sex and 

condyle when analysing articular cartilage. 

 

3.3 Strengths and Limitations 

3.3.1 Animal model 

 Due to its multifaceted form and integration with the underlying subchondral bone, 
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cartilage is not easy to produce in a lab setting, so cartilage must be harvested from humans or 

animal models. Although human tissue samples would offer insight into the mechanisms of 

oxidative stress in human articular cartilage, these tissues must be gathered from surgical 

samples or cadavers, are limited in selection with regards to age and quality of the tissue, and 

have additional ethical restrictions to their use. Porcine and bovine samples from an abattoir may 

offer thicker cartilage samples, but these samples and human samples may have genetic variation 

between samples that are unaccounted for in interpretations of results. Mouse breeder colonies 

offer a reduction in genetic variability between biological replicates, and their genome can be 

manipulated, allowing creation and use of integrin a1KO mice to compare to wild-type mice. 

Additionally, murine femora are easy to dissect, treat, and image intact, and the thinner articular 

cartilage relative to large animals enables dye penetration through to the mid-deep cartilage 

layers and thus imaging of a large number of chondrocytes for analysis. 

 To limit animal use, there were only 3 biological replicates per experiment; left and right 

femora were placed in separate treatment groups; and multiple observations were made per 

biological replicate. Use of the left and right femora from each individual meant that differences 

between a treatment group and the matching vehicle control would be more due to effects of the 

treatment and not due to differences between individuals. To counteract the small number of 

biological replicates, a high number of cells were analysed per tissue sample, thus increasing the 

overall sample size and possibly providing a more representative estimation of the mean 

superoxide levels in the femoral condyles of each group.  

 One weakness of using the integrin a1KO mouse is that the gene is deleted in the entire 

body. While this guarantees that there is no mosaicism occurring due to use of an inefficient 

and/or leaky tissue-specific Cre-Lox system (Nakamura et al., 2006), other organs could possibly 
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influence cartilage and bone health through systemic effects. For example, loss of integrin a1 

leads to an abundance of ROS throughout mesangial cells of the kidney (Chen et al., 2007), 

which could possibly affect ROS scavenger levels in the blood filtered through the kidney. The 

contribution from kidney dysfunction may be somewhat analogous to what occurs in secondary 

OA, where a pathology elsewhere in the body leads to development of OA, as has been shown 

with metabolic syndrome (Courties et al., 2015). However, cartilage is avascular, which would 

reduce the susceptibility of this tissue to systemic influences. The ex vivo set-up of the 

experiment would have further limited the effects of other organs on superoxide levels, 

especially with regards to how erlotinib treatment affects superoxide levels. Further, previous 

results from our laboratory have demonstrated that integrin a1b1 is necessary for intracellular 

calcium transient responses to inflammatory molecules ex vivo (Parekh et al., 2014) and to 

osmotic stress both in vitro and ex vivo (Jablonski et al., 2014), indicating that integrin a1b1 

plays a role in chondrocyte activity and that these roles are not restricted to in vivo experiments 

where other organs lacking integrin a1b1 may contribute.  

 Importantly, the ubiquitous deletion of integrin a1 results in the bone, cartilage, and other 

organs developing without influence from integrin a1b1 prior to our assessment at 4 months of 

age. Despite the absence of integrin a1b1 in these mice, Zemmyo et al. (2003) reported that knee 

joints appear to develop normally up to 4 months of age in the a1KO mice. Also, our lab 

demonstrated that integrin a1KO mice around 4-6 months of age do not differ from wild-type 

controls in terms of femoral trabecular bone density or subchondral bone thickness, nor in the 

cellularity or thickness of the articular cartilage (Parekh et al., 2014). For the purposes of this 

thesis, 4-month old mice were selected because mice are considered adult around this time point 

and the skeletal growth is near maturity, although hindlimb bones in BALB/c mice can continue 
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changing past this age. For example, Willingham et al. (2010) found that bone volume density 

(contribution of mineralized bone to the total volume including soft tissue) in the proximal tibia 

peaks at 4 months. Femoral length and diaphyseal cortical tissue mineral density (contribution of 

mineralized bone to the total volume of bone without soft tissue), however, seem to increase 

from 4 to 7 months in BALB/c mice (Willinghamm et al., 2010). In comparison, tissue mineral 

density of the femoral neck increases until 4 months of age and then stabilizes through to 12 

months old (Willinghamm et al., 2010). In the cartilage, prior studies have suggested that 

integrin a1KO mice have some initial, though not significant, degeneration by 4 months of age 

(Zemmyo et al., 2003). This time-point may therefore be appropriate for showing the potential 

role of oxidative stress in the beginnings of OA, although the current methods did not allow 

examination of a relationship between superoxide levels and cartilage degradation at various 

timepoints.  

 Lastly, use of the mouse model allowed the consideration of sex as an influence on 

oxidative stress in articular cartilage. Sex differences not only lead to more women than men in 

the elderly population developing OA (Srikanth et al., 2005; Birtwhistle et al., 2015), but sex 

hormone levels affect the progression of cartilage degradation in mice (Ma et al., 2007). The 

findings presented in this thesis demonstrate that sex differences extend to oxidative stress in 

chondrocytes and how they are regulated. Despite the known sex disparities in OA, sex is 

commonly excluded as an independent variable in mouse studies, in favour of examining males 

only. However, the notion that fluctuations in sex hormones, as a result of estrous cycles, in 

females would impede findings of statistical significance due to large within group variability is 

not well supported (Prendergast et al., 2014). The results presented in this thesis indicated that 

female groups typically had greater standard deviations in 2-OH-E+ fluorescence, but this did not 
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translate to an inability to demonstrate statistical significance between other condyle test groups 

from male or female mice. On the contrary, analysis of sex differences was shown to be critical 

in these experiments, as integrin a1b1 only had a significant influence on superoxide levels in 

female mice, while compartment had a significant influence on superoxide abundance only in 

male mice. Erlotinib treatment, too, had a sex-specific effect on superoxide levels in the 

chondrocytes, which would have been undetected had female mice not been included in this 

study. Moreover, the mouse breeder colony produces approximately even numbers of male and 

female mice, warranting the use of both sexes, so neither sex is ignored nor euthanized without 

purpose. As such, the animal model was beneficial in permitting analysis of sex as a factor, and 

the findings demonstrate that other labs researching cartilage health with animal models should 

consider examining both sexes where possible.  

 

3.3.2 Dihydroethidium as a superoxide stain 

 To quantify superoxide levels in live chondrocytes, femoral condyles were incubated in 

dihydroethidium and imaged using confocal microscopy. Dihydroethidium is commonly used for 

superoxide staining in brain and cartilage (Parfenova et al., 2012; Koike et al., 2015; Coleman et 

al., 2017). In combination with superoxide, dihydroethidium reacts to form 2-hydroxyethidium, 

which intercalates with DNA in the nucleus (Nazarewicz et al., 2013). However, 

dihydroethidium can also convert spontaneously to ethidium when interacting with other ROS in 

the cell (Zhao et al., 2005; Nazarewicz et al., 2013). Nazarewicz et al. (2013) compared the 

relative contributions of 2-OH-E+ and ethidium to overall fluorescence and demonstrated that 

when equal concentrations of 2-OH-E+ and ethidium are excited at 480 nm, the ratio of 2-OH-E+ 

fluorescence to ethidium fluorescence is approximately 2:1. However, that is when equal levels 
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of ethidium and 2-OH-E+ are present. To validate their measurements of 2-OH-E+, some 

researchers performed additional DHE imaging assays using high pressure liquid 

chromatography (Chen et al., 2013). Although this approach added stringency and thus provided 

more accurate results, it also requires isolating cells from the cartilage, removing the 

chondrocytes from their natural environment, which itself would likely lead to additional stress 

on the cells that could affect the relative abundance of DHE-derived products. Despite criticisms 

of the quantitative power of measuring 2-OH-E+ fluorescence as an indicator of superoxide 

levels (Zhao et al., 2005), the purposes of the experiments presented in this thesis were to 

establish whether there were differences in oxidative stress between test groups. By keeping 

imaging parameters the same for each group, the relative contributions of 2-OH-E+, DHE, and 

ethidium should have been held fairly consistent across subjects. Additionally, the control 

experiment using the electron transport chain inhibitor rotenone solubilized in DMSO – a 

superoxide scavenger at high concentrations – offered evidence that the imaging study could 

detect changes in superoxide with the set imaging parameters. For these reasons, the DHE 

imaging assay was sufficient in estimating relative superoxide levels in live chondrocytes of 

femoral condyles.  

 

3.3.3 Ex vivo analysis of signalling pathways 

 The role of integrin a1b1 in activating TCPTP and dampening receptor tyrosine kinase 

activity has been firmly established in other cell types (Borza et al., 2010; Chen et al., 2014), so 

it is possible that the same process is at play in our study, dampening EGFR activity and 

subsequently ROS production in chondrocytes where integrin a1b1 is similarly expressed. The 

finding that loss of integrin a1 leads to heightened superoxide levels, though only in condyles of 



	 50 

females, supports this pathway. The lack of genotype influence in males is unexpected though, 

and indicates that the signalling pathways are much more complicated than explored in this 

thesis. At present, it is unclear if anatomical and biomechanical differences and/or molecular 

signalling pathways being differentially activated cause these differences. For example, men 

with OA have greater loading on their medial femoral condyles compared to female OA patients 

during a walking pace (Sims et al., 2009), but, to our knowledge, no studies have been 

performed in mice that assess if differential condyle loading persists across sexes. At the 

molecular level, circulating male sex hormones increase the onset of post-traumatic OA in mice 

(Ma et al., 2007), whereas circulating female sex hormones seem to slow OA in mice and 

humans (Roman-Blas et al., 2009). As such, the use of in vivo, ex vivo, in situ, and in vitro 

studies must be employed in parallel to create a complete understanding of how integrin a1b1, 

EGFR, biomechanics, and sexual dimorphism influence oxidative stress in articular 

chondrocytes. 

 One key limitation with the data presented in this thesis is that they do not provide clear 

evidence of the target proteins and pathways being activated or dampened. For example, 

phosphorylated EGFR levels are not measured between wild-type and a1KO mice nor with 

erlotinib treatment. In the case of EGFR activity, attempts were made to stain for phosphorylated 

and total EGFR in tibial and femoral cryosections, although this was not completed due to 

difficulties with optimization (APPENDIX G). Counting the proportion of cells expressing high 

levels of EGFR would demonstrate differences at the tissue level, but this measurement would 

not indicate what proportion of EGFR is phosphorylated in chondrocytes, nor would it show how 

this affects signalling downstream of EGFR. Instead, protein extraction and western blotting 

would be required to permit such analysis. With the effects of erlotinib treatment on superoxide 
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levels, caution is required when interpreting the current literature. Erlotinib treatment caused a 

decrease in superoxide levels in the medial condyles of males, yet the same dose of erlotinib led 

to an increase in superoxide in wild-type females. Although erlotinib is generally used for 

targeting EGFR activity, erlotinib has a lower equilibrium dissociation constant with multiple 

proteins compared to EGFR in pancreatic duct cancer cells, including b-parvin and integrin-

linked kinase (Conradt et al., 2011). Integrin-linked kinase, in contrast, can interact with b1 

integrin and the adaptor protein b-parvin to regulate cytoskeletal arrangement, yet it is currently 

unclear whether integrin-linked kinase actually has kinase activity in vivo (Grashoff et al., 2003; 

Widmaier et al., 2012). Also, Conradt et al. (2011) did not examine whether erlotinib binding to 

integrin-linked kinase or to b-parvin affects function of these proteins. Importantly, the apoptotic 

effects of erlotinib on cancer cells is mediated through EGFR and a burst of oxidative stress 

(Orcutt et al., 2011; Shan et al., 2016). Such effects in cancer cells mirror what was shown in the 

articular chondrocytes in condyles of wild-type female mice, providing some support that 

erlotinib affected oxidative stress at least in part through inhibition of EGFR activity. By relying 

solely on the ex vivo experiments, it is not clear whether the erlotinib is only affecting EGFR in 

chondrocytes, nor is it shown how signalling pathways downstream of EGFR are differentially 

activated in male and female mice. Even if it is not clear which signalling pathways are 

permitting these variations in effects, these findings demonstrated that condyle and sex are 

important considerations when assessing drug effects in cartilage. Further, it would be interesting 

to observe and confirm the downstream effects of altering the signalling pathways, including 

how this affects ROS-related protein damage (see APPENDIX F), DNA damage, and 

chondrocyte senescence. 

 Use of an ex vivo methodology also has many advantages that may otherwise be lost in 
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vitro. In articular cartilage, chondrocyte activity and shape relate to which zone it is situated in 

(Guilak et al., 1995; Cao et al., 2013), and in vitro methods struggle to recapitulate the 

proteoglycan content and three-dimensional surroundings. Integrin a1b1 negatively regulates 

EGFR activity when adhered to the ECM, so in vitro studies rely on collagen-coated plates to 

provide a similar surface. On a plate though, the chondrocyte is not entirely surrounded by the 

collagens and this may affect localization and activity of the proteins within the cell. 

Chondrocytes also appear to respond differently to stimuli in vitro compared to ex vivo or in situ. 

Not only has this been shown by our laboratory with calcium transients in response to osmotic 

stress (Jablonski et al., 2014), but Cao et al. (2013) demonstrated that levels of oxidative stress in 

chondrocytes are greater in vitro than what is measured in situ. Lastly, the ex vivo model was 

paramount in allowing observation of condylar differences in this thesis, a comparison that was 

critical in demonstrating unique site-specific drug effects. As such, while ex vivo analysis did not 

permit specific delineation of the signalling pathways, it was an effective approach for 

examining differences in oxidative stress in articular cartilage of different sex, genotype, and 

condyle. 

 

3.4 Future Studies 

 Similar to knee OA, the incidence rate for hip OA is lower in males vs. females (Srikanth 

et al., 2005). Since cartilage degradation at the femoral head is one of the signs of hip OA, it 

would be interesting to assess whether the effects of sex and genotype on superoxide levels in the 

knee are similar in the hip. A pilot test was performed to demonstrate the applicability of the ex 

vivo superoxide imaging protocol to the chondrocytes in the femoral head (APPENDIX B). 

Comparisons of findings between hip and knee OA may offer better targeting of each pathology.  



	 53 

 To better map the pathways involved in the regulation of ROS in chondrocytes, in vitro 

work in parallel would be useful. There is an immortal chondrocyte cell line derived from knee 

articular cartilage (Lamplot et al., 2015), and integrin a1b1 could be knocked down (siRNA) or 

knocked out (CRISPR). Use of ligands (e.g. EGF or TGFa for EGFR; collagen VI for integrin 

a1b1; or 17b-estradiol for ERa or ERb) could be used to activate the receptors in vitro, and 

pharmacological inhibitors (e.g. erlotinib for EGFR) would be useful in assessing the effects of 

shutting off each step in the proposed pathway. The effects of ROS scavengers could then be 

used to observe whether the superoxide or its derivatives are leading to further activation in the 

pathways, forming a positive feedback loop that exacerbates oxidative stress. To distinguish 

NADPH oxidase-mediated superoxide and mitochondrial superoxide, experiments could be 

repeated with MitoSOXTM Red (Molecular Probes, Inc., ThermoFisher), a stain that measures 

mitochondrial superoxide. In addition to the possible western blots that in vitro work would 

allow, immunocytochemistry could also be performed, which could potentially allow easier 

assessment of co-localization of proteins in chondrocytes under varying conditions. For example, 

co-localization of EGFR and TCPTP would strengthen the hypothesis that integrin a1b1 

regulates EGFR through that phosphatase, whereas localization of EGFR to early endosomes and 

phagolysosomes would suggest the roles of trafficking and degradation in regulating EGFR 

signalling activity.  

 Although the immunofluorescence experiments (APPENDIX G) were not completed, 

they could allow semi-quantification of the relative amount of estrogen receptor a/b localizing to 

the nucleus in future studies, thus providing insight into the influence of sex hormone receptor 

activities on EGFR signalling and oxidative stress. In parallel to immunofluorescence, an in vitro 

approach may be useful, wherein nuclear fractionation and western blot could measure total and 
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phosphorylated levels of ERa and ERb in wild-type and integrin a1KO chondrocytes. Reverse 

transcriptase-quantitative polymerase chain reaction would also be useful for checking the 

effects of integrin a1b1 and EGFR signalling on the expression of genes known to be regulated 

by ERa and ERb. Consequently, an explanation may be elucidated for why erlotinib is an 

effective method for slowing post-traumatic OA in female but not male mice (Shin et al., 2016), 

when this thesis showed that acute erlotinib treatment limits superoxide in ex vivo femoral 

condylar chondrocytes from males but exacerbates it in wild-type females without knee trauma. 

 To examine if integrin a1b1 is exerting its effects on superoxide levels through TCPTP, 

we could measure superoxide levels in spermidine-treated ex vivo chondrocytes from femora of 

wild-type and a1KO male and female mice. The cytoplasmic tail of integrin a1 interacts with 

and activates TCPTP in a similar manner to spermidine, and integrin a1 and spermidine have 

been shown to compete for binding of TCPTP (Mattila et al., 2010). First, cell viability tests 

would be performed to determine at what concentrations spermidine leads to cytotoxicity 

(APPENDIX H). At the safe concentrations, a pilot test would determine if the addition of 

spermidine to the media could significantly alter superoxide levels in the chondrocytes of female 

a1KO mice, which had greater levels of 2-OH-E+ fluorescence relative to that seen in 

chondrocytes from wild-type females. The final experiment with spermidine would test 

superoxide levels in ex vivo chondrocytes from wild-type and integrin a1KO male and female 

mice. We would expect spermidine treatment to reduce superoxide levels only in a1KO females, 

as there was only a genotype effect observed in females. This study would provide evidence that 

integrin a1b1 negatively regulates superoxide levels in chondrocytes from the femoral condyles 

of female mice through TCPTP. 

 Lastly, genetic deletion of receptors in vivo would permit more targeted analysis of the 
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roles of those receptors in cartilage health and the progression of OA. Our laboratory has 

recently completed the backcrossing of the transgene Col2a1-CreERT onto a BALB/c 

background, the same background strain as the integrin a1KO mice. Mice were backcrossed for 

5 generations in the male lineage and 5 generations in the female lineage before crossing 

lineages (10 generation backcross equivalent, > 99.9% purity), and resultant offspring were 

confirmed (> 99.6% probability) as homozygous for the transgene through testcrosses with wild-

type mice. This transgene is for a tamoxifen-inducible Cre-recombinase that is regulated by the 

promoter for the a subunit of collagen II (Nakamura et al., 2006). It is important to note that 

Col2a1 is expressed at various points of development in cells of the articular cartilage, menisci, 

ligaments, synovium, and subchondral bone of the knee, although timing the tamoxifen 

administration can better restrict the Cre-recombinase activity within the knee to articular 

chondrocytes (Nagao et al., 2016).  The Cre-recombinase can then be used to delete LoxP-

flanked genes. EGFR or TGFbRII, which are each negatively regulated by integrin a1b1 

(Mattila et al., 2005; Chen et al., 2014), would be interesting targets. Spatiotemporal deletion of 

these receptors would eliminate the issues caused by lacking these genes during development of 

both the bones and the body itself, including the prenatal death observed with loss of EGFR 

signalling (Zhang et al., 2014). Through these transgenic mice, it may be possible to better 

explain the interplay between integrin a1b1 and EGFR in controlling the onset and severity of 

spontaneous OA in aging studies and DMM-induced PTOA. 

 

3.5 Conclusion 

In summary, we have demonstrated that the interplay of integrin a1b1 and EGFR in 

articular chondrocytes is sex-specific with respect to regulation of oxidative stress. Superoxide is 
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more abundant in chondrocytes of males compared to females. Integrin a1b1, which has been 

shown to dampen EGFR activity through TCPTP in other tissues (Mattila et al., 2005; Chen et 

al., 2007, 2014), limited superoxide abundance in the chondrocytes of female mice but not 

males. Whether due to biomechanical and/or anatomical differences, the medial condyles had 

elevated superoxide levels relative to the lateral condyles in the males. Interestingly, erlotinib 

treatment also appeared to have sex-specific effects: in males, erlotinib decreased superoxide in 

the medial condyles only; in females, erlotinib increased superoxide in wild-type mice only. 

These findings highlight the influence of sex in cartilage health and chondrocyte signalling. 

With an aging population, OA incidence is projected to rise (Sharif et al., 2015). Post-

menopausal women are at a greater risk of developing knee OA compared to men of the same 

age (Srikanth et al., 2005), yet research continues to exclude females from studies and/or fails to 

examine the influence of sex. The findings presented in this thesis demonstrate that, at least with 

regards to oxidative stress, sex is an important influencer of how cell signalling pathways affect 

homeostasis. Future cartilage research should consider sex and site, in order to better understand 

the signalling pathways implicated in cartilage health and OA. In doing so, targeted, personalized 

therapies may be developed that could provide relief to OA patients.  
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Appendix 

Appendix A: Genotyping mice for Itga1  
 
Materials & reagents required: 

• Mouse ear punch tool 
• Hot plate (VWR) 
• 1 L beaker 
• 1.5 mL Eppendorf tubes 
• LidLocksTM microcentrifuge tube locks (14229-941, VWR) 
• Alkaline lysis solution (pH 12; 25 mM NaOH, 0.2 mM EDTA, dissolved in water) 
• Acidic neutralization buffer (pH 5; 40 mM Tris-HCl, dissolved in water) 
• Microcentrifuge (VWR) 
• 2x Taq FroggaMix (FBTAQM48, FroggaBio) 
• Nuclease-free water 
• Primers (Table A.1; should be stored as 100 µM stock concentrations) 
• 8-strip PCR tube (STF-A120S, FroggaBio) 
• Thermocycler () 
• 1X TAE buffer (pH 8.0; 40 mM Tris acetate, 1 mM EDTA) 
• Agarose (A87-500G, FroggaBio) 
• Ethidium bromide (4410, Sigma-Aldrich) 
• 100 bp DNA ladder RTU (DM001-R500G, FroggaBio) 
• Gel casting tray 
• Electrophoresis gel combs 
• Gel electrophoresis chamber (Bio-Rad) 
• Gel imaging dock 

Table A.1. Primer list 
Primer name Sequence Length (bp) 
a1KO 5’-GGAACTTCCTGACTAGGGGAGG-3’ 22 

a1WT 5’-GGTTGGTGACTAAAGTTGATCC-3’ 22 

a1COM 5’-TTTTCACACTCATGAAATCTTGTTG-3’ 25 
 
Protocol: 

1. Collect ear notches from 14-16-days old mice and place samples in labelled 1.5 mL 
Eppendorf tubes. DNA can be extracted from samples using the Hot Shot method on the 
same day or be stored at -20˚C until needed. 

2. Turn on the hot plate and boil water in a 1 L beaker, using a microwave to speed the heating 
process.  

3. In each sample tube, add 75 µL of alkaline lysis solution and ensure samples are submerged 
in solution. Place lid locks on tubes to prevent lids from opening in later steps, and then 
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place tubes in a floating tube holder. Place the floatation device with the tubes in the boiling 
water, ensuring tubes are in the water, and boil for 30 min. 

4. Remove samples from the water and place on ice or in the -20˚C freezer to cool to room 
temperature. Once cooled, remove lid locks from tubes and add 75 µL of the acidic 
neutralization buffer. Vortex tubes to mix, and then centrifuge briefly (5-10 s) to pellet cell 
debris. DNA samples can be used for PCR on the same day or stored at -20˚C until needed.  

5. On ice, prepare master mix for the PCR in an Eppendorf tube, creating enough for 10% 
more reactions than the number of samples being run (e.g. for 20 samples, make enough 
master mix for 22 reactions). Note that sample count must include one positive control 
sample and one negative control sample for the first 18 test samples and one of each for the 
next test 18 samples (based on number of lanes a gel row accommodates). One 25 µL PCR 
reaction requires 12.5 µL of 2X Taq FroggaMix, 8 µL H2O, and 0.5 µL of each primer (0.2 
µM final concentration) in a tube. Pipette accurately and mix well. 

6. Pipette 22 µL of master mix into each required tube in a PCR tube strip. Pipette 3 µL of 
DNA into the respective test tube. The tube(s) for the positive control needs 3 µL of DNA 
from a heterozygous mouse (one wild-type allele and one knockout allele). The negative 
control gets 3 µL of water in place of DNA. Be sure to record which tubes were loaded with 
what DNA samples. 

7. Once all tubes are loaded, close the tubes and place in the thermocycler. Run the 
thermocycler program (Table A.2) to amplify the DNA. 

8. Once the PCR has completed, samples can be run on an agarose gel or stored at -20˚C until 
required. 

9. To make an agarose gel, dissolve 4 g of agarose in 250 mL of 1x TAE, heating the solution 
in the microwave in 44 s bursts to aid dissolving.  

10. Once the solution has cooled to a temperature that is cool enough to touch with gloves but 
not solidified, add 15 µL of ethidium bromide. When handling the ethidium bromide and 
anything that the ethidium bromide-stained gel solution comes into contact with, it is 
imperative to avoid contact with the skin, as ethidium bromide is carcinogenic. Swirl the 
solution to mix the ethidium bromide and then pour the gel solution into a gel casting tray. 
Place the combs in to generate wells and let the gel solution sit for ≥ 15 min to solidify. 

11. Once the gel has solidified, place it in the gel electrophoresis chamber and remove combs. 
Top up the chamber with 1x TAE. In the first lane of each row, load 10 µL of 100 bp ladder; 
in the second last lane, 15 µL of the positive control; in the last lane, 15 µL of the negative 
control; and the other lanes, 15 µL of the test samples. Track which sample goes into which 
lane. 

12. Once all samples are loaded, close the chamber and run the gel at 140 V for 70 min.  
13. When the gel is done running, image the gel using the FluoroChem Imaging System. 
14. The amplicon of the wild-type allele is approximately 100 bp, whereas the amplicon of the 

a1KO allele is approximately 300 bp. Based on these, assign genotypes to each sample: 
wild-type if only the wild-type band is present; a1KO if only the knockout band is present; 
or heterozygous if both bands are present. 
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Table A.2. Itga1 PCR thermocycler program 
Step Temperature (˚C) Time (s) 
1 Initial denaturation 95 60 
2 Denaturation 94 45 
3 Annealing 54 45 
4 Extension 72 90 
5 Repeat from step 3  x 35 
6 Final extension 72 300 
7 Hold 10 Until turned off 
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Appendix B: Ex vivo analysis of superoxide in the femoral condylar and head articular 

cartilage 

Material & reagents required: 

• Electronic scale 
• Isoflurane 
• Gas cart 
• 3 mL syringe 
• 25-gauge needle 
• Scalpel handle 
• Feather stainless steel 11 scalpel blade (21899-530, VWR) 
• Addison’s forceps 
• Tissue forceps 
• Fine-nosed scissors 
• Dissection microscope (Leica Microsystems) 
• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 

phosphate dibasic, 1.8 mM potassium phosphate monobasic) 
• FalconTM polystyrene microplates, 24-well (07-772-1H, Fisher Scientific) 
• Calcein-AM (C3099, Thermo Fisher Scientific) 
• Dihydroethidium (30980025MG, Fisher Scientific) 
• Rotenone (R8875, Sigma-Aldrich) 
• DMSO (D8418-50ML, Sigma-Aldrich) 
• Erlotinib (Genentech) 
• Hydroxypropyl methylcellulose (H7509-25G, Sigma-Aldrich) 
• DMEM, high glucose, no glutamine, no phenol red (31053028, Thermo Fisher Scientific) 
• 200 mM L-glutamine (25030149, Thermo Fisher Scientific) 
• 1 M HEPES (15630106, Thermo Fisher Scientific) 
• 100 mM sodium pyruvate (11360070, Thermo Fisher Scientific) 
•  10 mm Falcon® polystyrene petri dish (Fisher Scientific) 
• QE-1 heating ring (Warner Instruments) 
• Thermistor (Warner Instruments) 

 
Protocol: 
 
1. Remove mouse from cage and place in a container on an electronic scale. Weigh the mouse. 
2. Using the gas cart, place the mouse under anaesthesia using 4% isoflurane at 0.8-1 L/min 

and maintain anaesthesia under 2% isoflurane at 0.8-1 L/min. Perform cardiac puncture, to 
prevent blood from contributing to fluorescence during confocal imaging, and confirm death 
with cervical dislocation. 

3. Remove the skin and fur from the hindlimbs and detach the hindlimb from the trunk by 
dislocating the femur at the acetabulum.  

4. Under the dissection microscope, remove the leg muscle, lift the patella, and bisect the 
collateral ligaments. Separate the femur from the tibia by pulling the two bones apart while 
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twisting them to break the cruciate ligaments. Once separated, keep the condyles hydrated 
with 1x PBS while removing any remaining ligaments and muscle, being careful not to 
damage the cartilage. 

5. Place the femora in phenol red-free, 300 mOsm (iso-osmotic) media (83% (v/v) high 
glucose Dulbecco’s modified eagle medium, 13 mM HEPES, 0.87 mM sodium pyruvate, 
and 3.48 mM L-glutamine, dissolved in water) in individual wells of a 24-well plate. Note, 
when preparing the media, an osmometer should be used to measure the osmolarity, to 
ensure that the osmotic stress is set to 300 mOsm (basal levels for cartilage) and not 
influencing results. 

6. Prepare the other wells in the plate: one well per left femur requires 4 µM calcein-AM (live 
cell stain) with treatment, and one well per right femur requires 4 µM calcein-AM and 
vehicle (equal volume to treatment) in place of treatment; one well per femur requires 10 
µM dihydroethidium (superoxide stain); and one well per femur requires a wash solution 
(media with no stain). Note, the dyes are photosensitive and must be kept away from light. 
Foil can be used to cover the plate. Treatment for inhibiting the mitochondrial electron 
transport chain is 2.5 µM rotenone in DMSO. Treatment for inhibiting EGFR is erlotinib in 
0.5% (w/v) hydroxypropyl methylcellulose and 0.1% (v/v) Tween 80 in distilled water. 

7. Take the plate to the 37˚C incubator. The incubator should be set 37˚C and 5% CO2.  
8. Schedule the bone rotations to allow ≥ 20 min between the start of one femur’s staining and 

the start of the subsequent femur’s staining. Place the first bone in the calcein-AM stain-
containing media for 20 min. The femora spend 20 min in the calcein-AM stain-containing 
media, 30 min in the dihydroethidium-containing media, and 5 min in the wash media. 

9. When the first femur is being stained, start up the Leica DM 6000B confocal microscope 
and the TCS SP5 scanner system (Leica Microsystems). A 63x/0.9N.A. water immersion 
lens (Leica Microsystems) is required. On the computer, turn on the LAS AF software 
(Leica Microsystems). Set up the microscope with the following parameters: 

a. Turn on the 488 nm laser and set to 20% intensity 
b. Set acquisition to “xyz”. XY resolution should 1024 x 1024; 400 Hz; and image 

dimensions as 246.03 µm * 246.03 µm. 
c. Set the pinhole to 0.5 Airy units (74.25 µm). With the resolution at 1024 x 1024, 

this allows a pixel size of 240.50 nm x 240.50 nm with a depth of 671.39 nm. 
d. Channel 1 should have a smart gain of 700.0 V, with a capture of 505-525 nm 

(green, for calcein). Channel 2 should have a smart gain of 800.0 V, with a 
capture of 615-635 nm (red, for 2-hydroxyethidium, the product of 
dihydroethidium and superoxide reacting). 

e. On the stage, place the heating ring connected to a thermistor. Place a small petri 
dish in the heating ring and add 5-6 mL of media to the dish. This volume of 
media will submerge the condyles for imaging. Set the heating apparatus to 
maintain a temperature of 37˚C in the media. 

10. When a femur is done rotating through the staining process (step 8), transport it in a media-
filled petri dish and avoid exposing it to light. Place the femur anterior facedown in the petri 
dish on the microscope stage, with the condyles faceup and level. If necessary, add media to 
keep the condyles submerged. 

11. Under brightfield (with the bulb intensity low to avoid photobleaching), locate the edge of a 
condyle and slow turn the z-, x-, and y-axes adjustment knobs to move the focal plane to the 
top of the centre of the condyle. The epifluorescence view should only be used to assist with 
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locating the top of the condyle when near the middle and top of the condyle, as the 
epifluorescence may cause photobleaching.  

12. Once the top of the condyle is located, switch to confocal imaging. Use the adjustment knob 
for the scanner (not the microscope stage adjustment knob) and set the start of a Z-stack 
right above the first chondrocyte. Set the bottom of the Z-stack to end ≥ 40 µm lower than 
the start. When rotating through, check that the positioning will allow capture of the full 
thickness of the visible condyle. Confirm that the Z-stack step size is set to 0.67 µm (671.39 
nm) with a section thickness of 1.333 µm (allowing 2x coverage). When satisfied, run the Z-
stack image capture.  

13. Locate the contralateral condyle, repeating steps 11 and 12. Save the Z-stacks, with names 
that specify the mouse, leg, and condyle the Z-stack is of. Ideally, alternate which condyle is 
imaged first per condyle (e.g. medial first for femur one and lateral first for femur two), to 
prevent the order of imaging from impacting condylar differences. 

14. When all femora have been stained and imaged, save the full lif file to the server. Shut off 
the lasers, microscope, thermistor, and computer.  

 
 
 After imaging the ex vivo femoral condyles for superoxide levels in one femur, a pilot test 

was performed to assess whether chondrocytes of the femoral head could also be imaged. The 

femur was repositioned with the lateral edge down, propped up by the lateral edges of the lateral 

epicondyle, lateral condyle, and the greater trochanter. A Z-stack was then obtained using the 

same imaging parameters as those used for the femoral condyles (steps 12-13).  

 In the pilot study, 2-D projections of the femoral head articular cartilage appeared to have 

distinct curvature and cellular dispersal compared to projections generated for the medial 

condyle (Figure B.1). For example, the cartilage of the femoral head seemed to be thinner and 

there was a lack of chondrocytes at the fovea capitis. Image analysis demonstrated that 

individual Z-stacks of at least 30 cells could be obtained and analyzed using the same protocol 

employed for analyzing femoral condyles. For the individual femur analyzed, no significant 

difference was observed between the mean 2-hydroxyethidium fluorescence levels in the femoral 

head vs. the medial condyle or the lateral condyle (data not shown). 

 Limitations noted with using the imaging technique for examining the femoral head 

included i) difficulty in positioning the femoral head, ii) the presence of the fovea capitis that 
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may interfere with imaging chondrocytes, and iii) less depth in the total Z-stack due to possibly 

thinner and less curved cartilage relative to that seen in the femoral condyles.  

 Use of this technique would allow assessing the effects of integrin a1 and other proteins 

on chondrocyte signalling in the hip. Depending on the parameters used during confocal imaging 

and the level of photobleaching, it may be possible to perform measurements on both the femoral 

condyles and the femoral head in one study. Such information could then be applied to 

understanding hip osteoarthritis and possible differences between hip and knee pathophysiology.  

 

 

 

Figure B.1. Representative staining of superoxide in ex vivo chondrocytes from the femoral 
medial condyle and femoral head from an individual mouse. The femur was isolated from a wild-
type male mouse and stained with calcein (live cell dye) followed by dihydroethidium (DHE; 
superoxide stain). Images are 2-D projections of summed fluorescence throughout Z-stacks 
obtained using confocal microscopy at 63x magnification.   
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Appendix C: Image analysis of superoxide in ex vivo chondrocytes 

1. Open the lif file containing the Z-stack series of images of the condyle of interest using FIJI 
software. 

2. First, check that the colours in each channel match the colours they should be. For the ex 
vivo branch of the thesis, Channel 1 was green, representing live cells (calcein stain); 
Channel 2, red, superoxide [DHE/2OH-ethidium; (Figure C.3A)]. Typically, the live cell 
stain is more even within and across cells, while the superoxide stain is more concentrated in 
the nucleus of each cell (Figure C.3B). 

3. Go to minimum slice 2 and identify cells that are beginning to appear in the green channel 
(Channel 1). Using the green channel (calcein stain showing) for selecting cells ensures that 
only live cells will be included in analysis. 

4. Using the multi-point tool, go through the stack (Figure C.1). Every several slices, choose 
cells that seem to have a clear neighbourhood [i.e. no cells overlapping in the x-y plane 
within the slices that each cell appears; (Figure C.3C)]. Do not select the same cell twice at 
different levels. To get a robust sample size, we measured 30 cells per condyle, so it is a 
good idea to click on 40 or more cells initially throughout the stack, in case some end up not 
meeting the criteria for analysis. To save the number scheme, press [t]. The ROI (Region Of 
Interest) manager pops up, or it can be opened under “Analyze > Tools > ROI manager”. 

	

	
 
Figure C.1. Selection of isolated live cells and recording with the ROI manager.  

 
5. Go back to the start of the series and start with “cell 1” (numbered by your marker tool in 

step 4). Check that the cell has +1 slice of clearance above and below the cell, and a clear 
neighbourhood. For example, if the fluorescence of a cell first appears in slice 3 and is last 
seen in slice 11, then a Z-stack of the cell (see next 2 steps) needs to be from slices 2-12. 
This ensures that the entire cell is being analyzed. 
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6. Using the square selection tool, create an ROI around the cell of interest. Go through the Z-
stack to determine the slices in which the cell appears and the +1 clearance to the get the 
desired range. Concurrently, check that there are no neighbouring cells in the ROI that 
would interfere with analysis. If there are, do not use this cell for analysis: deselect the cell 
using “Control + [click on crosshair]” and then update the marker list using the ROI 
manager (just hit “update”). 

7. With the square ROI around the cell, go to “Image > Duplicate”. Name the title as just the 
series name with the cell number. Have the “Duplicate hyperstack” box checked. Only have 
Channel 2 (the red one for superoxide) selected. For slices, put in the range of slices that 
includes the +1 clearance above and below the cell.  

8. We now have a Z-stack of a specific cell, albeit with seemingly poor resolution, but it is the 
same level of detail as was gathered in the original Z-stack of the condyle (Fig. C.3D). 

9. Save this Tiff as the normal Z-stack name but add the cell number; e.g. if the series is “M1L 
lat condyle Feb 27 2017”, the name for the cell 1 stack is “M1L lat condyle Feb 27 2017 cell 
1”. 

10. To know the total intensity of the fluorescence, the intensity of each pixel for each slice 
within the cell-specific Z-stack must be analyzed. However, going slice by slice is too 
lengthy and could introduce human error. Instead, make a Z-projection that contains the sum 
of intensities in each slice by going “Image > Stacks > Z-project > Sum slices” (with full 
range of slices selected within the cell specific Z-stack – the computer selects this range 
automatically). 

11. Set the measurements (if not already done) by clicking “Analyze > Set measurements”. 
Deselect the “Limit to threshold” box, but check the “Area”, “Min and Max gray value”, 
“Integrated density”, and “Mean gray value” boxes. 

12. To get rid of background noise and concurrently set threshold: 
a. Create an ROI (using circle selection tool) around the cell (Figure C.2A). 
b. Hit [t] to save this ROI (Figure C.2A). This is important, as setting the threshold 

will affect the appearance of the cell.  
c. With the cell encircled, click “Edit > Selection > Make inverse”, to select the 

background as a new ROI (Figure C.2B). 
d. With the background now selected, click “Analyze > Measure”. In the values 

window, the mean value for the background intensity will appear (Figure C.2B). 
e. Click anywhere on the image to deselect everything, so no ROI is selected. 
f. Go “Process > Math > Subtract” and enter the Mean gray value for the 

background ROI (what was measured in 12d). 
13. To measure the fluorescence inside the cell, now that background noise has been removed: 

a. Select the ROI of the cell from the ROI manager (selected in step 12ab), to once 
again select the area in the image previously selected as being where the cell was 
(Figure C.2C). 

b. Click “Analyze > Measure” and to get a readout of the values of interest (Figure 
C.2C). 

14. Copy and paste the values into the spreadsheet (e.g. Excel). 
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Figure C.2. Measurement of mean fluorescence in an individual cell. An individual cell is 
selected, and an ROI is created (A). The background is selected, and the mean fluorescence is 
measured (B). The background is subtracted and the cell’s mean fluorescence is measured (C). 
 
Exclusion criteria: 
1) Use only cells that are alive (green when using calcein-AM as live-cell indicator); no dead 

cells. 
2) Do not use cells that do not have +1 slice above without appearing and + 1 slice below 

without appearing, as the Z-stacks must fully encompass the cells. 
3) Do not use cells that do not have a clear neighbourhood. If a neighbouring cell overlaps in 

the x-y plane with the cell of interest within the Z-column (+1 slice above and below 
included), then exclude both cells from analysis. 

 

 

A B C
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Figure C.3. Confocal imaging and analysis of live chondrocytes. Representative Z-projection of 
a top-down view of the condyle with superoxide in chondrocytes stained with dihydroethidium 
(A), and with calcein and dihydroethidium (B), with a 50 µm scale bar for reference. Overlap of 
chondrocytes within the condyle in the Z-axis is demonstrated through a side-view of a 3-D 
reconstruction of the femoral condyle (C). Z-stacks are generated for individual cells and 
fluorescence intensity of 2-hydroxyethidium within Z-stack slices is summated for measurement 
(D), with a 3 µm scale bar (white).  
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Appendix D: Attempted generation of full knee cryosections 

Material & reagents required: 

• Scalpel handle 
• Feather stainless steel 11 scalpel blade (21899-530, VWR) 
• Tissue forceps 
• Addison’s forceps 
• 470 mL sealable containers (e.g. Pyrex) 
• Rocking platform 
• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 

phosphate dibasic, 1.8 mM potassium phosphate monobasic) 
• Paraformaldehyde (P6148, Sigma-Aldrich) 
• Cal-Ex II fixative/decalcifier (CS511-4D, Fisher Scientific) 
• Sucrose (S9378, Sigma-Aldrich) 
• Fisher Healthcare Tissue-Plus O.C.T compound (23-730-571, Fisher Scientific) 
• Plastic base molds 15 x 15 x 5 mm (CA27900-078, VWR) 
• Cryogloves 
• 2-methylbutane (CAAA19387-AP, VWR) 
• Dry ice (Praxair) 
• Leica CM3050 S Cryostat (Leica) 
• Fisherbrand Superfrost Plus microscope slides (12-550-15, Fisher Scientific) 
• Low-profile disposible blades Surgipath DB80 LX (14035843496, Leica) 
• Paintbrush 

 In joint research employing histology, it is often helpful to have a view of all the tissues 

as a unit. In the case of the knee articular cartilage, this would include the femoral condyles, the 

medial and lateral menisci, and the tibial plateau. Observing sections of the whole knee has the 

additional benefit of allowing confirmation that the cartilage being analyzed is within the 

cartilage-cartilage contact region of the joint, where osteoarthritic changes in the cartilage might 

be most relevant to joint functionality. For these reasons, I originally attempted to generate 

cryosections of the whole murine knee bent at a physiologically relevant angle.  

 In the first attempts for tissue preparation, the following protocol was followed: 

1. Mice were weighed and euthanized via cardiac puncture, and then their hindlimbs were 
skinned and removed. 

2. Hindlimbs were placed in 4% PFA in 1x PBS for overnight fixation at 4˚C on the rocking 
platform.  
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3. The following day, muscles were trimmed from the femur and the tibia, leaving the patella 
in place. 

4. The trimmed femur, tibia, and patella were then decalcified in Cal-Ex II for 32 h on a 
rocking platform.  

5. Post-decalcification, bones were trimmed at the mid-point of the femoral and tibial shafts. 
6. The trimmed knee was placed in 25% sucrose in 1x PBS for overnight dehydration on a 

rocking platform.  
7. Intact knees were embedded in OCT with the knee facedown in the embedding molds, with 

the knee bent at roughly 90˚.  
8. To freeze the blocks, sample-filled embedding molds were suspended on the surface of 

cooled 2-methylbutane in a beaker atop a bed of dry ice. Embedding molds were held at the 
surface of the 2-methylbutane for 45 s until the OCT turned opaque white and then 
submerged for an additional 10 s.  

9. Frozen sample blocks were kept on dry ice before being wrapped with aluminum foil, 
labeled, and stored at -20˚C for short-term storage or -80˚C for long-term storage. 

10. When ready to section, blocks were transported on ice to the equipment room and placed in 
the -20˚C freezer until required.  

11. Individual blocks were placed in a CM3050 S cryostat and allowed to equilibrate to the 
cryostat chamber temperature. The chamber temperature was set to -18˚C and the object 
temperature was set to -13˚C. Slides were labeled and also left to cool inside the cryostat. 

12. A sample block was adhered to a mounting block using OCT and secured into the cryostat. 
At 10 µm intervals, blocks were trimmed until the knee was exposed.  

13. 5-µm thick sections were cut of the knee, kept smooth using the brush technique, and 
adhered to the slide by warming the underside of the slide with heat from a finger. Slides 
were stored in a microscope slide box at -20˚C for short-term storage or -80˚C for long-term 
storage. 

 
Evaluation under the microscope of the resulting cryosections revealed that the tibial 

plateau, the menisci, and the femoral condyles were folding during sectioning and were therefore 

not usable. Superficial zones of the articular cartilage often folded onto the deeper zones and 

subchondral bone, while menisci folded on top of the articular cartilage. This would make it 

impossible to evaluate fluorescence levels in individual chondrocytes and their location 

throughout the depth of the cartilage and across the plateaus/condyles. Folding likely resulted 

from the lack of embedding material reaching the joint space due to the muscle, ligaments, 

synovial membrane, and menisci preventing penetrance.  

 In follow up experiments, muscle and patella were removed from the knee (between steps 

3 and 4) to expose the joint cavity to the OCT during embedding. Additionally, the knees were 
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placed face-up to increase the likelihood of any air bubbles to be able to leave the joint space and 

be displaced by OCT. At the cryostat, a plastering technique was used whereby OCT was placed 

in the joint space once exposed and then frozen in an attempt to fill the hole. Although these 

changes to the protocol slightly reduced the amount of folding of the superficial tissues, they did 

not remedy the issue in the joint space.  

 

Figure D.1. Representative cryosection of the whole knee with folding of tissue. A brightfield 
micrograph was taken using a Leica brightfield microscope and an attached Nikon camera. Note 
the folding of the cartilage away from the center of the joint space, especially in the femoral 
condyles and in the lateral compartment (left).  
 
 In a final attempt to fill the joint space with OCT to allow cryosectioning of the entire 

knee, the patella-free knees were placed in OCT and repeatedly bent and flexed to 

physiologically relevant angles. This was done to work around the barrier generated by the 

menisci that limited exposure of the joint space to the surrounding OCT. After several rounds of 
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movement, the knees were frozen anterior face-up. Inspection of cryosections prepared from 

these tissue blocks showed that some whole-knee sections could be made (Figure D.2), but the 

number of usable cryosections was low per block (< 5% of cut sections). Therefore, attempts of 

generating cryosections of the whole murine knee were abandoned, in favour of preparing 

sections from individual femora and tibiae (APPENDIX E). 

 

 

 

 

 

Figure D.2. Representative cryosection of the femorotibial joint. A brightfield micrograph was 
taken at 10x magnification using a Leica brightfield microscope and attached Nikon camera. 
Medial (left) and lateral (right) femoral condyles (F), menisci (M), and tibial plateaus (T) are 
present without folding.  
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Appendix E: Preparation of femoral and tibial cryosections 

Material & reagents required: 

• Scalpel handle 
• Feather stainless steel 11 scalpel blade (21899-530, VWR) 
• Tissue forceps 
• Addison’s forceps 
• 470 mL sealable containers (e.g. Pyrex) 
• Rocking platform 
• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 

phosphate dibasic, 1.8 mM potassium phosphate monobasic) 
• Paraformaldehyde (P6148, Sigma-Aldrich) 
• Cal-Ex II fixative/decalcifier (CS511-4D, Fisher Scientific) 
• Sucrose (S9378, Sigma-Aldrich) 
• Fisher Healthcare Tissue-Plus O.C.T compound (23-730-571, Fisher Scientific) 
• Plastic base molds 15 x 15 x 5 mm (CA27900-078, VWR) 
• Cryogloves 
• 2-methylbutane (CAAA19387-AP, VWR) 
• Dry ice (Praxair) 
• Leica CM3050 S Cryostat (Leica) 
• Fisherbrand Superfrost Plus microscope slides (12-550-15, Fisher Scientific) 
• Low-profile disposible blades Surgipath DB80 LX (14035843496, Leica) 
• Paintbrush 

Protocol: 

1. Mice were weighed and euthanized via cardiac puncture, and then their hindlimbs were 
skinned and removed. 

2. Hindlimbs were cleaned free of muscles and ligaments, and femora and tibiae were 
separated from each other. Where possible, menisci were removed as well to prevent them 
from blocking the OCT from reaching the articular cartilage on the tibial plateau.  

3. Bones were incubated in 4% PFA overnight at 4˚C on a rocking platform. 
4. The following day, bones were transferred to Cal-Ex II and incubated for 32 h at 4˚C on a 

rocking platform 
5. Post-decalcification, bones were trimmed at the mid-point of the femoral and tibial shafts. 
6. The trimmed distal femora and the proximal tibiae were placed in 25% sucrose in 1x PBS 

for overnight dehydration at 4˚C on a rocking platform. Equilibration with the 25% sucrose 
solution was tested using a sink test, whereby bones would sink in the solution if they were 
sufficiently dehydrated. 

7. Individual bones were embedded in OCT in the embedding molds. To replicate 
physiologically relevant angles, femora were embedded anterior-facedown and the shaft 
angled 30-60˚ from the frontal plane, propped on the side of the mold; tibiae, posterior 
facedown. 
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8. To freeze the blocks, sample-filled embedding molds were suspended on the surface of 
cooled 2-methylbutane in a beaker atop a bed of dry ice. Embedding molds were held at the 
surface of the 2-methylbutane for 45 s until the OCT turned opaque white and then 
submerged for an additional 10 s.  

9. Frozen sample blocks were kept on dry ice before being wrapped with aluminum foil, 
labeled, and stored at -20˚C for short-term storage or -80˚C for long-term storage. 

10. When ready to section, blocks were transported on ice to the equipment room and placed in 
the -20˚C freezer until required.  

11. Individual blocks were placed in a CM3050 S cryostat and allowed to equilibrate to the 
cryostat chamber temperature. The chamber temperature was set to -18˚C and the object 
temperature was set to -13˚C. Slides were labeled and also left to cool inside the cryostat. 

12. A sample block was adhered to a mounting block using OCT and secured into the cryostat. 
At 10 µm intervals, blocks were trimmed until the cartilage surfaces appeared on the face of 
the block.  

13. 10-µm thick sections were cut of the femur or tibia and adhered to the slide by warming the 
underside of the slide with heat from a finger. Four sections were place on each slide in 
order to be optimal for immunohistochemical staining. Slides were stored in a microscope 
slide box at -20˚C, until later use in immunohistochemistry (Appendix F) or 
immunofluorescence (Appendix G).  
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Appendix F: Immunohistochemistry for nitrotyrosine 

This protocol is based on the protocol from the Ultra-Sensitive ABC Peroxidase Staining Kit 
(Thermo Fisher). Blocking solution, secondary antibody, and avidin and biotin complex 
concentrations are calculated based on the kit’s instructions. 

Materials & reagents required: 

• Cytoseal (23-244-256, Fisher Scientific) 
• Fisherbrand Cover Glasses: 60mm x 24 mm (12-545M, Fisher Scientific) 
• Slide box  
• Coplin jars or slide holders 
• Kim wipes 
• Squirt bottle 
• Ethanol 
• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 

phosphate dibasic, 1.8 mM potassium phosphate monobasic) 
• Elite PAP pen (CA99990-104, VWR) 
• 35% H2O2 (CAAAAL14000-AP, VWR) 
• Methanol (CA71007-742, VWR) 
• Ultra-Sensitive ABC Peroxidase Mouse IgG Staining Kit (32052, Thermo Fisher 

Scientific) 
• SigmaFast 3,3’-Diaminobenzidine tablets (D4168-5SET, Sigma-Aldrich) 
• Xylene (VWR) 
• Mouse monoclonal anti-nitrotyrosine antibody (ab61392, Abcam) 
• Weigert’s iron hematoxylin (HT1079-1SET, Sigma-Aldrich) 
• Leica DM5000B microscope (Leica Microsystems) 

Protocol: 

1. Remove slides from the freezer. Under a bright-field microscope, confirm the quality of the 
sections and assign the sections to the treatment groups (complete IHC (2 sections), negative 
(primary antibody omitted, 1 section), or blank(1 section)).  

2. Wash sections 3 x 5 min in 1X PBS. Dump out the PBS.  
3. To block endogenous peroxidase, place the slides in a slide holder with 3% (v/v) H2O2 in 

methanol for 30 min. At the end of incubation, dump the 3% H2O2 in methanol into a 
designated liquid waste container. Wash the slide holder. 

4. Wash the slides 3 x 5 min in 1X PBS.  
5. Use a Kim wipe to blot/dry off excess liquid from the slides, and then circle sections using a 

hydrophobic PAP pen. Do not let the tissue sections dry out. 
6. To block, place 75 µL of blocking solution (1.35% normal horse serum in 1X PBS) on each 

section except for the blank section. Incubate in a humidified slide chamber box for ≥ 1 h. A 
humidified slide chamber can be made by placing wet paper towels in an empty microscope 
slide box. 
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7. Tilt slides length-wise to allow blocking solution to run off of the slides. Blot excess 
blocking serum from the sections. Wash the slides 3 x 5 min in 1X PBS. 

8. Lay the slides flat in the humidified slide box. Place 75 µL of diluted 1˚ antibody (anti-
nitrotyrosine, 1:100 in blocking solution) on each section that has been selected as 
“complete IHC”, making sure that the primary antibody solution has gone on the tissue 
section. For the “negative (primary omitted)” sections, place 75 µL of blocking solution on 
the sections. For thoroughness, incubate overnight at 4˚C.  

9. The next day, remove the humidified slide box from the fridge and let it reach room 
temperature (30 min) before opening the lid. Very gently, tilt the slides length-wise so the 
primary antibody solution runs off the slide and not sideways onto any adjacent sections. 
Gently tap to remove excess.  

10. Wash the sections 3 x 5 min in 1X PBS. Prior to this, make sure there is as little as possible 
1˚ antibody solution left on any of the sections so the wash solution does not lead to cross-
contamination. Make the dilution of the biotinylated secondary antibody (approximately 
1:222 biotinylated horse anti-mouse secondary antibody in blocking solution). 

11. Place 75 µL of the diluted biotinylated on the relevant sections (“complete IHC” and 
“negative (primary omitted)”) and incubate for 1 h at room temperature in the humidified 
slide box. Make the avidin-biotin complex. Add 4 drops (180 µL) of Reagent A into 10 mL 
1X PBS, and then put 4 drops (180 µL) of Reagent B, with Reagents A and B coming from 
the Ultra-Sensitive ABC Peroxidase Mouse IgG Staining Kit. Invert to mix. Let the ABC 
reagent sit for 30 min to properly conjugate. 

12. Very gently, tilt the slides length-wise so the secondary antibody does not run onto other 
sections. Gently tap to remove excess.  

13. Wash the sections 3 x 5 min in 1X PBS. 
14. Place 75 µL of the ABC reagent on the relevant sections (“complete IHC” and “negative 

(primary omitted)”). Incubate for 30 min at room temperature in the humidified slide box.  
15. Very gently, tilt the slides length-wise to prevent the solutions from running onto other 

sections. Gently tap to remove excess.  
16. Wash the sections 3 x 5 min in 1X PBS. During the last wash step, make the 

diaminobenzidine (DAB) solution. Prepare DAB solutions from Sigma Fast 3,3’-
Diaminobenzidine Tablets by placing one silver tablet and one gold tablet in 1 mL water. 
Invert gently until mixed. 

17. Apply 75 µL of the DAB stain solution to each section. Stagger this step so only one slide is 
being dealt with at a time. Place DAB-contaminated tips in the appropriate dry waste bin. 
Incubate for 15 min and then use a squirt bottle to very gently squirt water on the corner of 
the slide to rinse off the stain. Catch the rinse in a liquid waste container for proper disposal. 
Place rinsed slides in a slide container with deionized water. Wash all slides 4-5 times in the 
H2O and then wash 2 x 5 min.  

18. Counterstain 4 slides at a time with hematoxylin for 60 s. Once counterstained, place in slide 
holder filled with deionized water and rinse four times, and then move onto next set of 
slides. Repeat the rinsing and finish with a final 4x rinse. Let slides sit in deionized water for 
5 min. 

19. In a slide holder, transfer slides through a series of 5 min soaks in 70% ethanol, 95% 
ethanol, and 100% ethanol. 

20. Soak slides in 100% xylene for 5 min. 
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21. Apply about 2 drops (50 µL) of Cytoseal along the edge of the slide and coverslip by 
pushing a ‘wave’ of Cytoseal from one side of the coverslip to the other, and then pressing 
firmly on each section between the thumb and forefinger. This process removes bubbles 
from the sections and slide. Change gloves if they become sticky. Let slides dry for 10 min 
before moving. Let the sealant cure O/N. If any excess sealant is on the slide after 24 h, it 
can be scraped off using a razor blade. 

22. Image sections using a 10x lens attached to a Leica DM5000B microscope connected to a 
Hamamatsu ORCA-Flash4.0 camera (Hamamatsu) with VolocityTM imaging 
software (PerkinElmer) for image deconvolution.  

  
 The first immunohistochemistry run yielded sections with positive staining in all DAB-

stained sections (Figure F.1), including primary antibody-omitted, indicating that there was off-

target binding of the secondary antibody and/or ABC, and/or the endogenous peroxidases were 

not fully inactivated in the quenching step. DAB application on slides that underwent only the 

quenching step demonstrated that the quenching step was only partially eliminating endogenous 

peroxidase activity seen in non-quenched slides. Therefore, quenching was increased to 45 min 

in 3% H2O2 in methanol in subsequent runs, which eliminated positive staining. To check 

quenching effectiveness, the protocol was adjusted so DAB was applied to blank sections (no 

antibody application) as well. A subsequent optimization run showed that the ABC was not 

binding to endogenous biotin (Fig. F.2C). The horse anti-mouse secondary antibody, however, 

seemed to interact in both the bone marrow – where leukocytes and endogenous antibodies 

would be present – and throughout the cartilage (Fig. F.2B). Adjusting the horse serum 

concentration to 5% in the blocking solution did little to correct this issue, while reducing DAB 

incubation time from 15 min to 5 min eliminated all staining, including in the bone marrow 

where positive staining would be expected. High background staining would cause issues when 

assessing percent coverage of positive stain in the cartilage, which was the proposed 

measurement for quantifying nitrotyrosine presence in the cartilage. Consequently, the 

immunohistochemistry experiment was discontinued. 
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Figure F.1. Tibial sections stained in the initial immunohistochemistry optimization round. No 
antibody and no DAB (A), primary antibody-omitted (B), and fully stained (C) sections were 
imaged at 10x magnification using deconvolution for coloured images. 250 µm scale bars are 
shown for reference. 
  

A	 B	

C	
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Figure F.2. Tibial sections stained for testing off-target binding of antibodies. No antibody (A), 
primary antibody-omitted (B), secondary antibody-omitted (C), and fully stained (D) sections 
were imaged at 10x magnification using deconvolution for coloured images. Note the positive 
staining (brown) throughout the sections with secondary antibody present (B, D). A 250 µm 
scale bar is shown for reference.  

A	 B	

C	 D	
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Appendix G: Immunofluorescence for (p)EGFR and ERa and b 

Materials & reagents: 

• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 
phosphate dibasic, 1.8 mM potassium phosphate monobasic) 

• Elite PAP pen (CA99990-104, VWR) 
• Normal Goat Serum (Life Technologies, 10000C) 
• Rabbit monoclonal IgG anti-EGFR [EP38Y] (ab52894, Abcam) 
• Rabbit monoclonal IgG anti-EGFR (phospho 1092) [EP774Y] (ab40815, Abcam) 
• Mouse monoclonal anti-ERa [1D5] (MA5-13191, Thermo Fisher Scientific) 
• Rabbit polyclonal IgG anti-ERb (PA1-310B, Thermo Fisher Scientific) 
• Goat anti-mouse IgG (H+L) cross absorbed secondary (A-21237, Thermo Fisher 

Scientific), AlexaFluor 647 
• Goat anti-rabbit IgG (H+L) cross absorbed secondary AF647 (A-21244, Thermo Fisher 

Scientific), AlexaFluor 647 
• ProLong Gold (P36930, Thermo Fisher Scientific) 
• Fisherbrand Cover Glasses: 60mm x 24 mm (12-545M, Fisher Scientific) 
• Hoechst 33342 (Invitrogen, H1399) 
• Microscope slide boxes 
• Slide container or Coplin jars 
• Squirt bottle 

Protocol: 

1. Remove slides from freezer – confirm under bright-field microscope quality of sections and 
assign the sections to the treatment groups (“complete IF”, “negative (primary omitted)”, or 
“blank”).  

2. Wash sections in 1X PBS in a slide holder for 3 x 5 min. Dump out PBS.  
3. Make blocking solution (5% normal goat serum in 1X PBS). 
4. Use a Kim wipe to blot/dry off excess liquid from the slides, and then circle sections using a 

hydrophobic PAP pen. Do not let the tissue sections dry out. 
5. In a humidified slide chamber (2 wet paper towels in bottom of each side of a slide container 

box), place slides flat on top of the slide separators. Put 75 µL of blocking solution on each 
appropriate section. Incubate at room temperature for ≥ 1 h. 

6. Make 1˚ antibody solutions in blocking solution: 
a. For EGFR: Rabbit monoclonal IgG anti-EGFR [EP38Y] (ab52894, Abcam); 

1:1000 
b. For EGFR (pY1068): Rabbit monoclonal IgG anti-EGFR (phospho 1092) 

[EP774Y] (ab40815, Abcam); 1:50 
c. For ERa: Mouse monoclonal anti-ERa [1D5] (MA5-13191, Thermo Fisher 

Scientific); 1:100 
d. For ERb: Rabbit polyclonal IgG anti-ERb (PA1-310B, Thermo Fisher); 1:50 

7. One at a time, place slides in the humidified slide chamber and apply 75 µL of 1˚ antibody 
solution to each section that has been selected as “complete IF”, making sure that the 
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primary antibody solution has gone on the tissue section. For the “negative (primary 
omitted)” sections, place 75 µL of blocking solution on the sections. To improve 
thoroughness, incubate overnight at 4˚C. 

8. The next day, remove the humidified slide box from the fridge and let it reach room 
temperature (30 min) before opening the lid. Very gently, tilt the slides length-wise so the 
primary antibody solution runs off the slide and not onto any adjacent sections. Gently tap to 
remove any excess. 

9. Wash slides 3 x 5 min in 1X PBS. Make the 2˚antibody solution in blocking solution: 
a. For EGFR, EGFR (pY1068), or ERb: Goat anti-rabbit IgG (H+L) cross absorbed 

secondary AF647 (A-21244, ThermoFisher) AlexaFluor 647; 1:500 
b. For ERa: Goat anti-mouse IgG (H+L) cross absorbed secondary (A-21237, 

ThermoFisher) AlexaFluor 647; 1:500 
Note, these are light-sensitive, so keep solutions and slides away from light. 

10. If necessary, reapply PAP pen circles around sections. Place slides flat in the humidified 
slide chamber. Apply 75 µL of appropriate 2˚ antibody solution to each section except 
“blank” sections. Incubate slides in the chamber for ≥ 1 h.  

11. Tilt slides length-wise to remove 2˚ antibody solution and gently tap. Wash slides 3 x 5 min 
in 1X PBS. Make solution for next step: 0.1 mM Hoechst (light sensitive). 

12. One slide at a time, place 75 µL of 0.1 mM Hoechst on each section and incubate for 5 min. 
Use a squirt bottle to gently rinse the slide with deionized water, letting the water run down 
the slide and wash the tissue sections. Place the slide in a slide holder filled with deionized 
water. Rinse 4-5 times. Repeat this process until all slides are in the slide holder and have all 
been rinsed. Wash all slides 2 x 5 min washes in deionized water. 

13. Remove excess moisture from slides using a Kim wipe. Enclose slides with ProLong Gold 
(light sensitive reagent) by placing a line of ProLong Gold along the edge of the slide and 
coverslip. Make sure to gently remove air bubbles. Place slides in a dry slide box to cure for 
24 h. 

14. Put everything away if it is not already put away. 
15. When the slide is cured, apply nail polish to the edges of the slide to seal and store the slides 

in a slide box until ready for imaging. 
16. Image sections using a Leica DM 6000B confocal microscope with a TCS SP5 scanner 

system. Use a 20x/0.7 N.A. or a 63x/1.3 N.A. multi-immersion lens with glycerol 
immersion. Set the image dimensions to 512 x 512 pixels. Set the pinhole to 170.03 µm for a 
section thickness of 7.651 µm at 20x magnification or set the pinhole to 600 µm (max) for a 
section thickness of 4.341 µm at 63x magnification. Sequentially excite sections at 633 nm 
and 405 nm. Capture the Alexa Fluor 647 fluorophore emission at 670-720 nm with 4 
frames averaged per image and capture the Hoescht emission at 440-460 nm with 2 frames 
averaged per image. In a third capture channel, have a differential interference contrast 
(DIC) view to allow visibility of the cartilage and ensure that the tissue section is in focus. 

 
 Imaging of the Alexa Fluor 647 stained slides showed high background fluorescence at 

high signal gain on the confocal, including in the blank (no antibody, only Hoechst) sections and 

the 1˚ antibody-omitted, negative control sections (Figure F.1AB). Lowering the signal gain 
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caused a reduction of fluorescence in all sections, but the signal-to-noise ratio appeared low, 

making assessment of the sections difficult (Figure F.1CD).  

 In a follow-up staining round, Alexa Fluor 488-conjugated goat anti-rabbit or anti-mouse 

cross-absorbed antibody was applied in place of the respective Alexa Fluor 647 antibody. 

Sections were sequentially excited at 488 m and 405 nm. The Alexa Fluor 488 fluorophore 

emission was captured at 510-560 nm with 4 frames averaged per image, and Hoechst emission 

was captured as above. At higher signal gain (≥ 900 V), all sections with and without primary 

antibody had some level of fluorescence in multiple chondrocytes. Lowering the signal gain to 

825 V mostly eliminated fluorescence in negative control sections and left some chondrocytes in 

the fully stained sections with strong fluorescence (Figure F.2). Further lowering the signal in 

subsequent imaging rounds of stained sections may have provided green fluorescence solely in 

the chondrocytes from fully stained sections. Additionally, thresholding the images during 

analysis may have reduced any residual noise. Due to some areas with blue (Hoechst) and green 

(Alexa Fluor 488) co-localization, there were concerns that the overlapping of the emission 

spectra was resulting in bleed through of the Hoechst emission into the green channel and/or 

autofluorescence the cartilage tissue (green) might interfere with Alexa Fluor 488 signal.  

 Image analysis for the experiment was planned as counting the number of chondrocytes 

positively stained in the red or green channel. Indications that imaging might not be able to fully 

differentiate between signal and noise, and inconsistency of fluorescence even across a plateau, 

suggested that it would be difficult to quantify the number of cells positive for the proteins of 

interest. Therefore, the immunofluorescence experiments were discontinued.   
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Figure G.1. Representative immunofluorescence images of tibia cryosections stained for pEGFR 
with an Alexa Fluor 647-conjugated secondary antibody. Blank (A, C) and fully stained (B, D) 
sections were imaged at 1175 V signal gain (A, B) and 1000 V signal gain (C, D) in the red 
channel. Images were taken at 63x magnification with sequential scanning, and 50 µm scale bars 
are presented for reference. Merged images show overlay of red, blue, and DIC channels.   

pEGFR Hoechst Merge 

A	

B	

C	

D	
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Figure G.2. Representative immunofluorescence images of tibia cryosections stained for ERa 
with an Alexa Fluor 488-conjugated secondary antibody. Blank (A), primary antibody omitted 
(B), and fully stained (C) sections were imaged at 825 V signal gain in the green channel. Images 
were taken with sequential scanning at 63x magnification and 50 µm scale bars are presented for 
reference. Merged images show overlay of green, blue, and DIC channels.   
  

ERα Hoechst Merge 
A	
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Appendix H: Cell viability imaging for determining an appropriate spermidine 

concentration for testing TCPTP activation 

Material & reagents required: 

• Electronic scale 
• Isoflurane 
• Gas cart 
• 3 mL syringe 
• 25-gauge needle 
• Scalpel handle 
• Feather stainless steel 11 scalpel blade (21899-530, VWR) 
• Addison’s forceps 
• Tissue forceps 
• Fine-nosed scissors 
• Dissection microscope (Leica Microsystems) 
• PBS (pH 7.4; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium 

phosphate dibasic, 1.8 mM potassium phosphate monobasic) 
• FalconTM polystyrene microplates, 24-well (07-772-1H, Fisher Scientific) 
• Calcein-AM (C3099, Thermo Fisher Scientific) 
• Ethidium homodimer (L3224, Thermo Fisher Scientific) 
• DMEM, high glucose, no glutamine, no phenol red (31053028, Thermo Fisher Scientific) 
• 200 mM L-glutamine (25030149, Thermo Fisher Scientific) 
• 1M HEPES (15630106, Thermo Fisher Scientific) 
• 100 mM Sodium pyruvate (11360070, Thermo Fisher Scientific)  
• Spermidine (S0266-1G, Sigma-Aldrich) 
• 35 mm Petri dish (Fisher Scientific) 
• DM 6000B confocal microscope and a TCS SP5 scanner system (Leica Microsystems) 
• QE-1 heating ring (Warner Instruments) 
• Thermistor (Warner Instruments) 

 
Protocol: 

1. Weigh the mouse, induce anaesthesia under isoflurane, and euthanize the mouse via cardiac 
puncture. 

2. Remove the skin and fur from the hindlimbs and detach the hindlimb from the trunk by 
dislocating the femur at the acetabulum.  

3. Under the dissection microscope, remove the leg muscle, lift the patella, and bisect the 
collateral ligaments. Separate the femur from the tibia by pulling apart and twisting the 
bones to break the cruciate ligaments. Once separated, keep the condyles hydrated with 1x 
PBS while removing any remaining ligaments and muscle, being careful not to damage the 
cartilage. 

4. Place the femora in 1X PBS media (83% (v/v) high glucose Dulbecco’s modified eagle 
medium, 13 mM HEPES, 0.87 mM sodium pyruvate, and 3.48 mM L-glutamine, dissolved 
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in water) in individual wells of a 24-well plate. Note, when preparing the media, an 
osmometer should be used to measure the osmolarity, to ensure that the osmotic stress is set 
to 300 mOsm (basal levels of cartilage) and not influencing results. 

5. Prepare the other wells in the plate: one well per mouse requires 4 µM calcein-AM (live cell 
stain) with 0 µM (vehicle only, water), 10 µM, 50 µM, or 100 µM spermidine; one well per 
mouse requires 4 µM ethidium homodimer (dead cell stain); and one well per mouse 
requires a wash solution (1X PBS with no stain). Note, the dyes are photosensitive and must 
be kept away from light. Foil can be used to cover the plate. 

6. Take the plate to the 37˚C incubator. The incubator should be set 37˚C and 5% CO2.  
7. Schedule the bone rotations to allow ≥ 20 min between the start of one femur’s staining and 

the start of the subsequent femur’s staining. Place the first bone in the calcein-AM stain-
containing media for 20 min. The femora spend 20 min in the calcein-AM stain-containing 
media, 30 min in the ethidium homodimer-containing media, and 5 min in the wash media. 

8. When the first femur is being stained, start up the Leica DM 6000B confocal microscope 
and the TCS SP5 scanner system (Leica Microsystems). A 63x/0.9N.A. water immersion 
lens (Leica Microsystems) is required. On the computer, turn on the LAS AF software 
(Leica Microsystems). Set up the microscope with the following parameters: 

a. Turn on the 488 nm laser and set to 20% intensity 
b. Set acquisition to “xyz”. XY resolution should 1024 x 1024; 400 Hz; and image 

dimensions as 246.03 µm * 246.03 µm. 
c. Set the pinhole to 1 Airy units (148.63 µm). With the resolution at 1024 x 1024, 

this allows a pixel size of 240.50 nm x 240.50 nm with a depth of 1010 nm. 
d. Channel 1 should have a smart gain of 700.0 V, with a capture of 505-525 nm 

(green, for calcein). Channel 2 should have a smart gain of 800.0 V, with a 
capture of 61-630 nm (red, for ethidium homodimer). 

e. On the stage, place the heating ring connected to a thermistor. Place a small petri 
dish in the heating ring and add 5-6 mL of media to the dish. This volume of 
media will submerge the condyles during imaging. Set the heating apparatus to 
maintain a temperature of 37˚C in the media. 

9. When a femur has completed the staining process (step 8), transport it in a media-filled petri 
dish and avoid exposing it to light. Place the femur anterior facedown in the petri dish on the 
microscope stage, with the condyles faceup and level. If necessary, add media to keep the 
condyles submerged. 

10. Under brightfield (with the bulb intensity low to avoid photobleaching), locate the edge of a 
condyle and slow turn the z-, x-, and y-axes adjustment knobs to move the focal plane to the 
top of the centre of the condyle. The epifluorescence view should only be used to assist with 
locating to the top of the condyle when near the middle and top of the condyle, as the 
epifluorescence will cause photobleaching.  

11. Once the top of the condyle is located, switch to confocal imaging. Use the adjustment knob 
for the scanner (not the microscope stage adjustment knob) and set the start of a Z-stack 
right above the first chondrocyte. Set the bottom of the Z-stack to end ≥ 40 µm lower than 
the start. When rotating through, check that the positioning will allow capture of the full 
thickness of the visible condyle. Set the Z-stack step size is set to 0.8 µm with a section 
thickness of 1.637 µm (allowing 2x coverage). When satisfied, run the Z-stack image 
capture.  
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12. Locate the contralateral condyle, repeating steps 11 and 12. Save the Z-stacks, with names 
that specify the mouse, leg, and condyle the Z-stack is of.  

13. When all femora have been stained and imaged, save the full lif file to the server. Shut off 
the lasers, microscope, thermistor, and computer.  

14. To count cells, open the Z-stack using FIJI and set the colour channels to composite, so both 
green (live) and red (dead) channels are visible. Convert the Z-stack into a 2-D Z-projection 
with fluorescence summated. Use the cell counter plug-in to count total live cells (green 
throughout cell, no red stain), total dead cells (red only), and total cells that died during 
incubation (green and red) (Figure H.1). It is important to count the number of cells that 
appear to have died (alive at the start of incubation in calcein-AM plus spermidine but 
lysed), as this indicates whether a decrease in live cells is due to cell death pre-incubation or 
as a result of incubation in treatment. If necessary, refer to the original Z-stack series to 
determine which category a cell falls under. 

15. Record the counts in a spreadsheet (e.g. in Microsoft Excel), find the total cell count in a 
condyle by summating the counts from each category (live, dead, and died), and calculate 
the relative contributions of each category to the cell count by dividing the cell count of a 
category by the total cell count.  

 

 
 
Figure H.1. View of a Z-projection of cells being manually binned as live (1), died during 
incubation (2), or dead pre-incubation (3), with counts being tracked using the FIJI cell counter 
plug-in. 
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Although there was a trend of greater spermidine concentrations (50 µM or 100 µM) 

being associated with an increase in cells dying during incubation, the cell viability was too low 

(< 80%) in the vehicle control group to establish whether any of the spermidine concentrations 

were usable for further experiments. In optimization tests, dissection quality, media pH, 

osmolarity, incubator temperature, and nutrient supply (switching to using phenol red-free 

DMEM as the media in place of 1X PBS) were tested as causes of cell death, but cell viability 

did not improve with these changes. A probe was later used to test the CO2 levels in the 

incubators, and it was determined that the CO2 levels were actually lower than the set 5%, which 

may have been affecting cell viability. 

 


