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Integrin 11 protects against OA development when it is upregulated in the early stages 

of disease development. One possible mechanism through which integrin 11 affords this 

protection is through suppression of growth factor receptor signaling pathways, including EGFR. 

The interplay of integrin 11 and EGFR in post-traumatic OA is sex-dependent, suggesting 

ERs may also participate. The purpose of this thesis was to evaluate the percent of knee 

chondrocytes immunostained for pEGFR, 3-nitrotyrosine, ER and ER in itga1-null and wild 

type mice. We show that integrin 11 had limited influence on the percent of chondrocytes 

stained positively for pEGFR or 3-nitrotyrosine. In contrast, we found that integrin 11 did 

influence ER and  expression that were co-expressed as well as co-localized in chondrocytes. 

Understanding the molecular mechanisms underlying the development of OA is essential for the 

development of effective, individualized, sex-specific treatments in this age of personalized 

medicine. 
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1 Introduction 

1.1 Cartilage and Chondrocytes 

Cartilage is a highly specialized tissue designed to provide a smooth, lubricated surface to 

facilitate joint articulation and movement (Fox et al. 2009). Based on molecular composition, 

there are three main types of cartilage present throughout the body: hyaline, elastic, and 

fibrocartilage (Umlauf et al. 2010). Hyaline cartilage is of particular interest to this thesis. It is 

predominantly associated with the skeletal system and includes articular cartilage (Umlauf et al. 

2010). Articular cartilage lacks blood vessels, nerves, and lymphatics and thus, has a limited 

capacity for repair and regeneration (Fox et al. 2009). Water makes up to 80% of the wet weight 

of articular cartilage and it is the molecular interactions of water with extracellular matrix 

components that influences the unique mechanical properties of the tissue (Buckwalter and 

Mankin 1997). This extracellular matrix consists of proteoglycans such as aggrecan, collagens 

(types II, VI, IX, X, and XI), and other glycoproteins including anchorin, cartilage oligomeric 

protein, fibronectin and tenascin that are present in smaller amounts (Buckwalter and Mankin 

1997). Chondrocytes are the exclusive, largely isolated cells residing in articular cartilage that 

are distributed throughout the extracellular matrix making up about 2% of total cartilage volume 

(Fox et al. 2009).  

Articular cartilage can be divided into four zones characterized by distinct cellular 

organization: the superficial, middle and deep zones, as well as the calcified cartilage zone which 

interfaces with the subchondral bone (Wong and Carter 2003). The superficial zone contains 

chondrocytes that are more elliptical in shape with their long axis parallel to the articular surface 

and collagen fibers that are similarly aligned (Fox et al. 2009; Lees and Partington 2016). This is 
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the zone that is in direct contact with the synovial fluid and that protects the deeper zones from 

shear stresses (Fox et al. 2009). This defense is largely achieved by the glycoprotein lubricin, 

also known as proteoglycan 4, which is highly expressed by superficial zone chondrocytes as 

well as synoviocytes (Rhee et al. 2005). The middle zone comprises 40-60% of the total cartilage 

volume and contains large proteoglycan aggregates and thicker collagen fibers which are 

obliquely arranged (Fox et al. 2009; Lees and Partington 2016). There are less chondrocytes in 

this zone and they are more spherical in shape (Fox et al. 2009; Lees and Partington 2016). The 

deep zone has collagen fibers that are arranged perpendicular to the articular surface, the highest 

proteoglycan content, and chondrocytes that are commonly arranged in columns running parallel 

to the collagen fibers (Fox et al. 2009; Lees and Partington 2016). Together, the proteoglycan 

rich middle and deep zones are crucial in the defense against compressive forces (Fox et al. 

2009; Lees and Partington 2016). The negative charges associated with the proteoglycan 

molecules repel one another and hold water molecules in the extracellular matrix, working 

together to resist compression of the cartilage (Maroudas et al. 1980). Separating the deep zone 

from the calcified cartilage zone is the tide mark which is a cell-free layer found only in joint 

cartilage (Fox et al. 2009; Lees and Partington 2016). The calcified cartilage zone is critical for 

holding the cartilage to the bone via anchoring of the deep zone collagen fibers to the 

subchondral bone (Fox et al. 2009). There are fewer chondrocytes in this layer and they are 

hypertrophic, at the end stage of differentiation (Fox et al. 2009; Lees and Partington 2016).  

Within articular cartilage, collagens II, VI, IX, X, and XI are all found in the extracellular 

matrix with collagen II being the most abundant and collagen VI primarily localized around the 

chondrocytes in the pericellular matrix (Buckwalter and Mankin 1997; Goldring 2012).  The 
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pericellular matrix is a 1-5 m region directly surrounding the chondrocytes, adjacent to the cell 

membrane (Fox et al. 2009; Vincent 2013). This region plays a critical role in the initiation of 

signal transduction within the chondrocytes in response to mechanical stress through interaction 

with cell surface receptors such as integrins (Fox et al. 2009; Vincent 2013). Further contributing 

to the unique mechanical properties of cartilage is the distinct organization of the collagen fibril 

network throughout the different zones. As described above, collagen fibers run perpendicular to 

the calcified cartilage in the deep zone, arch and intersect with each other in the middle zone (as 

originally described by Benninghoff in 1925), and then run parallel with the articular surface in 

the superficial zone (Kaab et al. 1998). Collagen fibres provide cartilage with tensile strength, 

resisting deformation of the superficial zone and facilitating the transmission of loads from the 

surface to the middle and deep zones (Kaab et al. 1998). 

An additional component of the extracellular matrix are proteoglycans such as aggrecan. 

These molecules consist of a protein core and one or more glycosaminoglycan chains extending 

perpendicularly and forming brush-like projections which carry a negative charge (Maroudas et 

al. 1980; Ratcliffe et al. 1984; Buckwalter and Mankin 1997). Common glycosaminoglycans 

found in articular cartilage include chondroitin sulfate, keratan sulfate, and dermatan sulfate 

(Buckwalter and Mankin 1997). These molecules can aggregate through binding to hyaluronic 

acid (Ratcliffe et al. 1984). The formation of aggregates anchors proteoglycans within the 

extracellular matrix, ensuring they remain in place during tissue deformation and maintaining the 

integrity of the proteoglycan and collagen meshwork (Buckwalter and Mankin 1997). Osmotic 

pressure is created by these hydrophilic proteoglycans within the cartilage due to the presence of 

these negatively charged groups that draw water into the tissue (Maroudas et al. 1980; Lees and 
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Partington 2016). Therefore, the gradient of increasing glycosaminoglycan content from the 

articular surface through the middle zone to the deep zone creates a gradient of osmotic pressure 

in the tissue and thereby decreases the tension on the local collagen network (Maroudas et al. 

1980). Due to this osmotic draw, proteoglycans and associated molecules give cartilage strength 

under compression (Maroudas et al. 1980).  

1.1.1 Osteoarthritis 

Degenerative conditions such as osteoarthritis (OA) often disrupt the intricate 

organization of articular cartilage. OA is a regressive joint disease which is characterized by 

articular cartilage deterioration, breakdown of the extracellular matrix, and ultimately, joint 

remodeling (Umlauf et al. 2010). The first degenerative changes in articular cartilage are 

commonly fibrillation, characterized by softening of the articular cartilage and development of 

lesions or splits (Poole 1999). Other hallmark signs of the OA phenotype include chondrocyte 

proliferation and associated increase in matrix synthesis, loss of proteoglycan and 

glycosaminoglycan content, osteophyte formation, and synovitis (Maroudas and Venn 1977; 

Umlauf et al. 2010). Ultimately for the patient, this manifests as inflammation, joint pain and 

stiffness and subsequent reduced mobility and quality of life. As such, OA is a leading cause of 

disability in North American affecting about 1 in 6 adults (Arden et al. 2008; Glyn-Jones et al. 

2015). In fact, the total direct cost of OA in Canada is estimated to be about $2.9 billion and 

expected to increase 2.6-fold by 2031 (Sharif et al. 2015). Although much of the focus is on the 

direct healthcare costs associated with OA, there are also noteworthy indirect medical costs (for 

example having to take time off work, not being able to perform household chores, etc.), 

therefore, the true economic impact of OA is often underestimated (Gupta et al. 2005). Together, 
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this demonstrates the tremendous burden on individuals living with OA as well as on the national 

healthcare system.  

Many risk factors have been associated with OA including, obesity, age, sex, and joint 

trauma, though the exact cause of OA pathogenesis remains unknown. Older adults are primarily 

affected by OA with about 27% of individuals below the age of 70 receiving the diagnosis 

compared to 44% over the age of 80 (Felson et al. 1987). Additionally, obesity is associated with 

the incidence of OA in both weight-bearing and non-weight-bearing joints, with studies reporting 

a seven-fold increased risk of developing OA for obese patients (BMI > 30 kg/m2) (King et al. 

2013). Finally, while the prevalence of OA is similar between males and females until around the 

age of 50, later in life females are twice as likely to develop OA compared to males (Arden and 

Nevitt 2006; Ding et al. 2006). This is true of hand and knee OA, as well as hip OA to a lesser 

extent (Arden and Nevitt 2006; Ding et al. 2006). Of critical importance to the study of the 

degenerative changes in OA is the anatomical organization of the joints affected, with the knee 

being of particular interest to this thesis. 

1.2 Knee Loading 

While OA can affect many joints of the body including the knee, hip, hand, foot, ankle 

and spine, the knee is one of the most common. As a weight-bearing hinge joint, the knee is 

comprised of bones, ligaments, menisci and cartilage encapsulated in a synovial membrane 

which functions in the transmission of biomechanical loads in the lower limb (Eckhoff 2005; 

Abulhasan and Grey 2017). The knee includes the articulation of the femur and tibia, as well as 

the femur and patella, all with cartilage on the articular surfaces to provide a smooth, lubricated 

interface for efficient joint movement (Fox et al. 2009; Abulhasan and Grey 2017). The distal 
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femur has a distinct asymmetrical shape with two rounded condyles that articulate with the 

flattened tibial plateaus on the proximal end of the tibia (Eckhoff 2005; Shenoy et al. 2013). Of 

the two condyles, the medial condyle has the larger area of articulation allowing for anterior 

translation and external rotation of the tibia during knee extension and the lateral condyle has the 

larger radius which causes internal rotation during flexion (Shenoy et al. 2013). Furthermore, the 

medial femoral condyle and medial tibial plateau are more elongated than their lateral 

counterparts (Flandry and Hommel 2011). This coronal asymmetry of the articular surfaces of 

the knee contributes to increased loading in the medial compared to the lateral compartment of 

the knee (Flandry and Hommel 2011; Shenoy et al. 2013) and results in the screw-home 

mechanism, or internal rotation, that occurs during the terminal extension of the knee during 

standing (Flandry and Hommel 2011; Shenoy et al. 2013). 

In addition to differences in the shape of the articular surfaces of the femur and tibia, the 

wear on the articular cartilage of these bones is also influenced by the frequency and duration of 

the loading they experience. Opposing articular surfaces experience equal contact forces, 

however the duration of the load experienced by the articular cartilage can be quite different 

(Clark et al. 2005; Clark 2008). For example, one would expect the tibial plateaus and patellar 

surface to be more consistently loaded compared to the intermittent loading experienced on the 

femoral condyles and groove throughout the range of motion of the knee. Intermittent loading of 

the joint allows synovial fluid to provide continuous nourishment whilst also getting rid of waste, 

however this effect is diminished in static loading (Clark 2008). Thus, it is perhaps not surprising 

that more cartilage damage is seen on the statically loaded surfaces, such as the tibial plateaus 

and patellar surface.  
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Further influencing the distribution of forces as well as stabilization of the knee are the 

menisci and ligaments. The medial and lateral menisci are located between the tibiofemoral 

articulations and are crescent-shaped wedges of fibrocartilage that increase the surface area for 

load transmission and absorb shock during dynamic motion (Fox et al. 2012; Abulhasan and 

Grey 2017). The menisci differ in shape with the medial meniscus being broader but with a 

thinner body than the lateral meniscus, though both have concave superior surfaces, allowing for 

smooth articulation with the convex femoral condyles (Fox et al. 2012; Flandry and Hommel 

2011). Also acting to stabilize the knee are ligaments, including the medial and lateral collateral 

ligaments, and the anterior and posterior cruciate ligaments (Flandry and Hommel 2011; 

Abulhasan and Grey 2017).  The medial collateral ligament restrains valgus stress and aids in 

controlling tibial rotation (Miller 2009). It originates on the superomedial aspect of the medial 

femoral condyle and inserts on the medial aspect of the proximal tibial shaft (Miller 2009). The 

lateral collateral ligament is the primary restraint against varus opening of the knee (Bowman 

and Sekiya 2009). It originates on the superolateral aspect of the lateral femoral condyle between 

the insertion of the popliteus tendon and the lateral gastrocnemius and inserts distally on the 

fibula (Bowman and Sekiya 2009; Miller 2009).  The anterior cruciate ligament (ACL) originates 

on the posterolateral surface of the intercondylar notch and travels anteriorly to insert on the 

intercondylar eminence (Flandry and Hommel 2011). It functions primarily to resist anterior 

translation of the tibia relative to the femur (Flandry and Hommel 2011). Additionally, the ACL 

guides the tibial rotation during the screw-home mechanism of knee extension (Flandry and 

Hommel 2011). In contrast, the posterior cruciate ligament originates on the medial surface of 

the intercondylar notch and inserts on the posterior aspect of the proximal tibia and functions 

primarily to resist posterior translation of the tibia relative to the femur (Flandry and Hommel 
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2011). Together, the menisci and the cruciate ligaments function to stabilize the joint and guide 

the femoral condyles over the surface of the tibial plateaus during knee flexion and extension 

(Eckhoff 2005; Abulhasan and Grey 2017). These structures are commonly affected in joint 

injury, destabilizing the joint and altering the transmission of loads in the knee, thereby putting 

strain on the articular cartilage and leading to the initiation and progression of degenerative 

conditions such as OA (Andriacchi 1994).  

In addition to ligament or meniscal injury, knee alignment (the hip-knee-ankle angle) can 

influence load distribution at the knee (Sharma et al. 2001; Shenoy et al. 2013). Varus alignment 

is described as “bowed knees,” where the tibia is rotated somewhat medially in relation to the 

femur resulting in an outward turned knee, whereas valgus alignment is referred to as “knocked 

knees,” where the tibia is rotated laterally in relation to the femur resulting in an inwardly rotated 

knee (Brouwer et al. 2007; Sharma et al. 2010; Kumar et al. 2015). Kumar et al. (2015) assessed 

the association of varus/valgus alignment with OA development by measuring differences 

between males and females in cartilage composition and walking mechanics in healthy and OA 

populations. In agreement with others, they found that varus alignment is associated with an 

increased risk of medial knee OA while valgus alignment is associated with lateral knee OA 

(Sharma et al. 2013; Kumar et al. 2015). Therefore, gross biomechanical variances such as joint 

malalignment have been identified as contributing to altered load distribution across joints and 

thus increased risk of OA development. 

1.2.1 Chondrocyte Response to Compression 

Understanding the biomechanical response of chondrocytes to compression provides 

insight into mechanical triggers of intracellular signaling that might lead to degenerative changes 
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in cartilage. Comparison of cartilage from the medial femoral condyle of rabbits in weight-

bearing (posterior) versus less-weight-bearing (anterior) regions showed that the more loaded 

area had thicker cartilage, an overall increase in cell volume and density, and fewer chondrocytes 

present in the superficial zone compared to unloaded regions (Eggli et al. 1988). In a similar 

manner, cartilage from the more consistently loaded feline patella is twice as thick, and the 

chondrocytes near the surface more rounded in shape and the deep zone columns of cells more 

numerous compared with the intermittently loaded femoral groove (Clark et al. 2003). 

Furthermore, under the same load, the patellar cartilage experiences more strain than the femoral 

groove cartilage and the chondrocytes in the top 40% of patellar cartilage depth undergo greater 

deformation compared to their femoral counterparts (Clark et al. 2003). Importantly, changes in 

chondrocyte shape via mechanical deformation have been identified as a possible regulator of 

cartilage metabolic activity (Broom and Myers 1980). Furthermore, in articular cartilage 

explants, cyclic compression is known to stimulate proteoglycan and matrix synthesis (Sah et al. 

1989), while static compression suppresses it (Jones et al. 1982). Static loading has also been 

shown to limit the rate of transport of macromolecules such as growth factors, hormones, 

enzymes and cytokines to chondrocytes (O’Hara et al. 1990), as well as altering local ion 

concentrations and nuclear shape (Kim et al. 1994; Freeman et al. 1994). Taken together, these 

data support the idea that chondrocytes located in different regions of cartilage experience 

different magnitudes and rates of loading, thereby contributing to contrasting metabolic activity. 

Thus, the chondrocyte/extracellular matrix interface mediated by receptors such as NG2, annexin 

V, CD44 and integrins (McGlashan et al. 2006) is critical in influencing the metabolic activity of 

chondrocytes and thus the health of articular cartilage. 
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1.3 Integrins 

Integrins are transmembrane collagen receptors expressed by chondrocytes. They 

participate in outside-in (altering gene expression) and inside-out (altering expression and 

affinity of receptors) signaling in response to mechanical load on cartilage (Loeser et al. 2000). 

Integrins are heterodimeric, composed of an  and  subunit that have both extracellular 

domains binding to matrix components, and cytoplasmic domains involved in the activation of 

various intracellular signaling cascades (Hynes 2002; Tian et al. 2015). There are 24 possible 

integrin heterodimers made from a combination of one of eight  subunits and one of 18  

subunits (Hynes 2002). Chondrocytes express various isoforms including 1-6, as well as 1, 3 

and 5 (Salter et al. 1992; Loeser et al. 2000; Tian et al. 2015). Of particular interest to this thesis 

is integrin 11. Integrin 11 is an important extracellular matrix receptor for chondrocytes, 

binding collagens type II and VI (Loeser et al. 1995; Loeser 1997) and is upregulated in both the 

pre-clinical stages of OA, before cartilage degradation begins, and end stage OA (Loeser et al. 

1995; Zemmyo et al. 2003). Integrin 11 includes the 1 subunit that binds exclusively to the 

1 subunit, and thus deletion of the 1 subunit in mice (itga1-null) renders them deficient in 

integrin 11, while leaving the other partnerships of the 1 subunit untouched (Gardener et al. 

1996). Importantly, studies utilizing itga1-null mice have demonstrated that integrin 11 plays 

a protective role against both spontaneous and post-traumatic OA.  

Itga1-null mice develop spontaneous OA about two to three months earlier compared to 

wild type mice, though sex differences were not considered (Zemmyo et al. 2003). Additionally, 

Shin et al. (2016) performed surgery to destabilize the medial meniscus of itga1-null and wild 

type mice and assessed the onset and progression of post-traumatic OA in the knee using 
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microCT and histological approaches. They found a sex-dependent (female only) protective 

effect of integrin 11 with itga1-null mice showing signs of cartilage degeneration one month 

earlier than wild type controls (Shin et al. 2016). Together these data suggest that integrin 11 

protects against both spontaneous and post-traumatic OA when it is upregulated in the early 

stages of disease, however this protection is more robust in females compared to males. The 

molecular mechanisms underlying this chondroprotective effect are not yet well understood. 

One emerging theory for the mechanism through which integrin 11 protects against 

OA is through the interplay of integrin 11 and growth factor receptor signalling pathways, 

including transforming growth factor  receptor II (TBRII) and epidermal growth factor receptor 

(EGFR). Integrin 11 is known to downregulate the activity of these receptors through a 

common mechanism involving T-cell protein tyrosine phosphatase, thereby facilitating the 

balance between anabolic and catabolic processes within cartilage (Chen et al. 2007). 

1.4 Growth Factor Receptors 

TBRII is activated by transforming growth factor  (TGF), one of the most potent 

stimulators of fibrosis (Parekh et al. 2011). Activation of TBRII leads to the serine 

phosphorylation and activation of TBRI, initiating the SMAD-dependent pro-fibrotic cascade, 

tight regulation of which should protect against cartilage degradation (Chen et al. 2014). While 

TGF signaling is largely considered protective against the initiation and progression of OA 

(Pujol et al. 2008), it has been shown that mice having large amounts of TGF-1 in the knee can 

result in OA in the mouse. Specifically, multiple injections of high dose TGF-1 into murine 

knee joint resulted in cartilage damage and formation of osteophytes consistent with results of 

experimental OA models (van Beuningen et al. 1994; van Beuningen et al. 2000). Additionally, 
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overexpression of active TGF-1 in murine knee joints resulted in OA-like changes including 

synovial hyperplasia and osteophyte formation (Bakker et al. 2001). Together, these studies 

suggest that heightened TBR activity could result in excessive fibrotic activity in the knee joint, 

contributing to OA-like changes.   

Various integrin molecules also affect TGF signaling such as integrin v3 that 

enhances TGF-mediated collagen synthesis in cultured human kidney tubular cells, and integrin 

21 that downregulates TGF synthesis assessed in the kidney cells of itga2-null mice 

(Hayashida et al. 2010; Girgert et al. 2010). Furthermore, in a cell culture model of glomerular 

injury itga1-null cells showed increased basal levels of SMAD2 and SMAD3 as well as 

significantly increased phosphorylated SMAD2 and SMAD3 compared to controls, indicative of 

increased fibrotic activity in the absence of integrin 11 (Chen et al. 2014). Interestingly, 

blocking TGF signaling with the TBRI-specific inhibitor SB43l542 ameliorated the itga1-null 

pro-fibrotic phenotype (Chen et al. 2014). Specific to cartilage, itga1-null chondrocytes are 

hypersensitive to the presence of TGF as demonstrated by increased activity of [Ca2+]i 

transients as well as increased downstream activation of SMAD2/3 (Parekh et al. 2011). 

Therefore, the integrin-TGF signaling axis could alter joint cartilage homeostasis and therefore 

influence the progression of OA. 

In addition to TBRII signaling, EGFR signaling has also been shown to contribute to the 

degradative changes in OA potentially through the influence of integrin 11. EGFR is a 

transmembrane receptor that is part of the ErbB family of receptor tyrosine kinases with a 

ligand-binding extracellular domain and a kinase domain that extends into the cytoplasm 

(Henriksen et al. 2013). Predominant ligands for EGFR include epidermal growth factor (EGF), 
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transforming growth factor  (TGF), and heparin-binding EGF-like growth factor (HB-EGF) 

(Henriksen et al. 2013; Freed et al. 2017). Increased TGF has been identified in synovial tissue 

of arthritic joints (Hallbeck et al. 2005) and has since been shown to increase catabolic activity 

in chondrocytes (Appleton et al. 2007). Upon ligand binding, EGFRs dimerize and auto-

phosphorylate to induce activation and downstream signaling cascades (Figure 1; Freed et al. 

2017). EGFRs present in articular chondrocytes are involved in the downstream production of 

reactive oxygen species (ROS) as well as catabolic proteinases (ie. ADAMTS5 and MMP13) 

(Zhang et al. 2014). 

 Upon activation through ligand binding and receptor dimerization, EGFR initiates 

various tyrosine kinase mediated downstream signaling pathways including MAPK/ERK, 

PI3K/Akt, SRC, PLCg/PKC, and JAK/STAT (Qin and Beier 2019). As these pathways are 

interconnected, activation of EGFR initiates a vast signaling cascade associated with a range of 

outcomes such as cell proliferation, differentiation, migration, and survival (Qin and Beier 2019). 

EGFR appears to play a dual role in articular cartilage, anabolically stimulating chondrocyte 

proliferation and survival, while catabolically suppressing the production of cartilage matrix 

components and stimulating the expression of catabolic enzymes and ROS (Figure 1; Qin and 

Beier 2019).  
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Figure 1: A portion of the EGFR activation pathway adapted from Rayego-Mateos et al. 

(2018) demonstrating the role of EGFR in both catabolic and anabolic processes within the 

cell, with the involvement in ROS production and inflammation being of particular interest to 

this thesis. 

 

In the absence of EGFR, spontaneous cartilage degeneration develops in cartilage 

specific, conditional Egfr-null mice (Col2-Cre EgfrWa5/flox; sex not reported) at about 6 

months of age (Jia et al. 2016). This is preceded by loss of superficial zone chondrocytes and 

proteoglycan content as well as disorganization of the collagen fibril network (Jia et al. 2016). 

Furthermore, post-traumatic OA induced with a DMM surgery results in rapid and severe OA 

development in these EGFR-deficient mice (Jia et al. 2016). Finally, the effect of EGFR activity 

on joint health has been evaluated through the endogenous EGFR inhibitor, mitogen-induced 

gene-6 (MIG-6) which is a scaffold protein that binds to EGFR and acts as a negative-feedback 

response to dampen EGFR signaling (Qin and Beier 2019). Mig6-null mice (ubiquitous deletion 

via genomic targeting vector; sex not reported) demonstrate increased activation of EGFR as 

well as joint overgrowth and malformation (Zhang et al. 2005). In another study using a cartilage 
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specific Mig6-deficient mouse model, spontaneous OA manifest as increased cartilage thickness 

and proteoglycan staining was reported, as well as osteophyte-like boney growth in the knees 

compared to controls (Pest et al. 2014). Furthermore, sex differences were accounted for but not 

present in this mouse model (Pest et al. 2014). Taken together, these studies suggest that the 

strict regulation of EGFR signaling is crucial for maintenance of joint homeostasis. 

As previously described, integrin 11 suppresses EGFR activity through T-cell protein 

tyrosine phosphatase and as a result, EGFR activity is upregulated in itga1-null mice, leading to 

increased production of reactive oxygen species and catabolic enzymes, possibly contributing to 

an earlier onset of OA. In a similar vein, in mesangial cells, integrin 11 increases mRNA and 

protein levels of caveolin-1, a scaffolding protein involved in the formation of caveolae in cells 

contributing to receptor localization and signaling (Chen et al. 2010). This reduces 

phosphorylated EGFR levels and the associated ROS production (Chen et al. 2010). 

Furthermore, some studies investigating the influence of integrin 11 on EGFR signaling have 

revealed sex-dependent results. In their model of post-traumatic OA, Shin et al. (2016) saw that 

when a subset of the itga1-null and wild type mice were treated with the EGFR antagonist 

erlotinib, a protective effect was seen against boney signs of OA in the female mice, but 

dampening of EGFR had either no effect or was detrimental to males, and this result appeared to 

override any genotype effects (Shin et al. 2016). Other studies investigating sexual dimorphism 

in EGFR signaling has shown conflicting results. For example, Zhang et al. (2014) showed that 

suppressing the action of EGFR, either through genetic modification or use of the receptor 

antagonist gefitinib, resulted in increased cartilage degeneration following surgery to destabilize 

the medial meniscus, in male mice. However, in direct contrast to the results from Shin et al. and 

Zhang et al., dampening of EGFR signaling via the tyrosine kinase inhibitor AG1478 actually 
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had protective effects in male rats against the development of post-traumatic OA (Appleton et al. 

2015). Therefore, it is evident that EGFR plays a critical role in the maintenance of cartilage 

integrity in part through the influence of integrin 11. In addition to direct manipulation of 

EGFR using genetic modifications and receptor antagonists, indirect measures of EGFR activity 

in cartilage, such as ROS production, provide indication of catabolic activity in the tissue. 

1.5 Reactive Oxygen Species 

ROS produced in the body are important for many physiological processes such as 

participating in the immune response to eliminate invading microbes and maintaining 

cardiovascular health through blood pressure regulation (Panday et al. 2015). ROS also have an 

important role in the pathogenesis of many diseases as oxidative stress is associated with 

inflammation and tissue damage (Touyz and Schiffrin 2004). ROS are biological derivatives of 

O2 such as superoxide (·O2-), hydrogen peroxide (H2O2), and hydroxyl anion (OH-), as well as 

reactive nitrogen species, such as nitric oxide (NO), and peroxynitrite (ONOO-) (Touyz and 

Schiffrin 2004). One of the major cellular sources of ROS is the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases, also known as the NOX family (Segal and Abo 

1993; Selvakumar et al. 2008). They form an enzyme complex that consists of the membrane-

bound cytochrome b558 as well as cytoplasmic proteins, including p47phox, that translocate to the 

cell membrane in response to cellular stimulation in order to produce superoxide (Segal and Abo 

1993; Selvakumar et al. 2008). Over time, the ability for cells like chondrocytes to clear excess 

ROS diminishes, thereby tissue levels of oxidative stress increase with age (Jeon et al. 2018). 

Consequently, it is perhaps not surprising that elevated levels of ROS have been associated with 

the increase in EGFR signaling in itga1-null mice. 
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Studies in non-cartilaginous tissues show that through its influence on growth factor 

receptor signaling, integrin 11 negatively regulates ROS production (Chen et al. 2007; Chen 

et al. 2010). Assessment of the itga1-null model showed that cells and mice have increased basal 

levels of phosphorylated EGFR and associated profibrotic ROS production (Chen et al. 2007). 

Furthermore, in cell culture of primary mesangial cells, lack of integrin 11 also led to 

increased levels of phosphorylated caveolin-1, which occurs in response to oxidative stress in the 

cells (Borza et al. 2010; Chen et al. 2014). Finally, studies assessing the p47phox subunit of the 

NAPDH oxidase complex in a model of glomerular injury in itga1-null and wildtype mice 

showed that there is also increased phosphorylation of p47phox in itga1-null mesangial cells 

(Wang et al. 2015). When this p47phox subunit was knocked out, superoxide production was 

reduced, with a greater effect seen in the itga1-null cells compared to wild type (Wang et al. 

2015). Taken together, these studies suggest that integrin 11 is important in the regulation of 

receptor tyrosine kinase activities that are involved in the production of ROS.  

 In addition to work carried out in the kidney, integrin 11 has also been associated with 

ROS production in chondrocytes. Previous work from our lab measured chondrocyte EGFR 

activity (superoxide production) ex vivo in intact mouse femora in response to the receptor 

antagonist erlotinib (Haskins 2018). Sexual dimorphism in chondrocyte superoxide production 

and the role of integrin 11 was reported, with chondrocytes from male mice having increased 

superoxide production compared to cells from females, and integrin 11 dampening superoxide 

production in chondrocytes from female but not male mice (Figure 2; Haskins 2018). Treatment 

with the EGFR inhibitor erlotinib resulted in significantly reduced superoxide production in 

itga1-null and wild type male mice but had the opposite effect on wild type female mice, and 
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there was no significant treatment effect on itga1-null female mice (Figure 2; Haskins 2018). 

Taken together these data highlight the role of integrin 11 in EGFR signaling and downstream 

ROS production in chondrocytes. Furthermore, these effects are sex dependent which may 

suggest a role for estrogen receptor signaling in the integrin-EGFR signaling axis. 

 

Figure 2: Mean intensity (arbitrary units) of 2-hydroxyethidium in femoral chondrocytes from 

the medial (A) and lateral (B) condyles of male and female wild type and itga1-null mice. 

Points are means (N = 3 femora, n = 90 cells) ± 95% CI. a Different from female equivalent (p 

£ 0.00023). b Different from itga1-null equivalent (p £ 0.025). c Different from erlotinib-

treated equivalent (p £ 0.00015). 

 

1.6 Estrogen Receptor 

Emerging evidence indicates crosstalk between EGFRs and ERs, insinuating that ERs 

could be involved in the integrin-EGFR-mediated sex differences seen in chondrocyte signaling. 

In articular cartilage, estrogen can act through three ligand-dependent mechanisms and/or one 

ligand-independent mechanism (Roman-Blas et al. 2009). This ligand-independent pathway is 

connected to the development of spontaneous OA where growth factors such as epidermal 

growth factor (EGF) can activate ERs in the absence of ER ligands, like estradiol, and this 

crosstalk can occur in the cytoplasm and/or nucleus of cells (Roman-Blas et al. 2009). Therefore, 
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changes in EGFR activity, mediated by integrin 11, could influence ER expression and 

contribute to the sexual dimorphism of knee OA in itga1-null mice. 

Physiologically, the primary active form of estrogen in the body, estradiol, elicits its 

effects through estrogen receptors (ERs), of which there are two isoforms, ER and ER 

(Matthews and Gustafsson 2003). Both of the ER receptor isoforms (mRNA and/or protein 

levels) have been found in articular cartilage of various animal models such as rats, monkeys, 

cows, and pigs, as well as in human articular cartilage (Pelletier 2000; Richmond et al. 2000; 

Dayani et al. 1988; Claassen et al. 2001). Interestingly, studies have shown increased protein 

expression of ERs in females compared to males (Elbaradie et al. 2013), as well as decreased 

mRNA and protein expression of ERs in females compared to males (Van Der Eerden et al. 

2002) assessed in cell cultures of isolated rat chondrocytes. This suggests a disparity between 

sexes in terms of ER expression patterns even on a molecular level, as well as discordance in the 

current literature. Increased expression in females could be due to the greater levels of systemic 

estrogen leading to increased ER gene expression, though the increased expression seen in males 

could ensure that they are more sensitive to changes in estrogen levels because they generally 

have less estrogen circulating systemically. Nevertheless, the current research seems to be 

inconclusive regarding expression patterns of ER in male versus female tissues and how this 

influences the development of OA, despite the evidence of the sexual dimorphism in this 

molecular signaling pathway.  

Finally, a study by Sneikers and colleagues in 2009 saw that female mice carrying a 

deletion for either ER or ER saw only mild cartilage damage and osteophyte formation, but 

when both receptors were simultaneously deleted, there was significantly increased osteophyte 
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formation as well as thinning of the subchondral plate. Although only assessed in female mice, 

this suggests that the deletion of one ER might be compensated for by the other, and/or they 

could be cooperating to elicit their cellular actions (Sniekers et al. 2009).  

1.7 Research Gap, Hypothesis & Specific Aims 

 Integrin 11 is known to suppress EGFR activity via T-cell protein tyrosine 

phosphatase (Chen et al. 2007). Recent work from our lab has seen earlier cartilage damage in a 

post-traumatic model of OA (Shin et al. 2016), and more superoxide production (Haskins 2018) 

in itga1-null compared to wild type mice with sex-dependent effects of the EGFR antagonist, 

erlotinib. Together, these studies support the hypothesis that the protective role of integrin 11 

in joint cartilage is mediated through suppression of EGFR activity. The sex-dependent effects of 

erlotinib further suggests that the influence of integrin 11 on EGFR signaling may be 

mediated by another major player, ERs. Disparity in ER expression in cartilage from males and 

females has been reported, however results are conflicting. In addition, crosstalk between ER and 

EGFR has been investigated but the mechanism of action is not well defined, and the influence 

of integrin 11 on ER expression has not been explored.  

Therefore, the purpose of this thesis was to evaluate the expression of phosphorylated 

EGFR (pEGFR), 3-nitrotyrosine, and ER and ER in the presence and absence of integrin 

11 in knee chondrocytes. To this end immunohistochemistry was conducted using 

cryosections of femora and tibiae from itga1-null and wild type, male and female mice. We 

hypothesized that there would be increased expression of pEGFR and 3-nitrotyrosine in 

chondrocytes of itga1-null mice compared to wild type controls, and that this affect would be 

greater in females compared to males. Additionally, we hypothesized that there would be 
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increased expression of ER and  in females compared to males, with a greater effect seen in 

the itga1-null compared to wild type mice.  
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2 Methods 

2.1 Animals 

All methods were approved by the University of Guelph Animal Care Committee 

(AUP#3655). Skeletally mature (18±2 weeks) itga1-null (Gardner et al. 1996) and wild type, 

female and male BALB/c mice (n=3 per group) were selected for experiments. Genotype was 

determined through a multiplex polymerase chain reaction (PCR) using DNA extracted from ear 

notches taken for identification. Mice were weighed (mean ± standard deviation; wild type 

female (28.0 ± 1.0g) and male (31.3 ± 2.2g), itga1-null female (27.5 ± 1.7g) and male (33.5g ± 

1.8g)) then anesthetized with isoflurane and euthanized by cardiac puncture followed by cervical 

dislocation.  

2.2 Cartilage Preparation 

Femora and tibiae were isolated using micro-dissection, fixed overnight in 4% 

paraformaldehyde (Thermo Fisher Scientific, Mississauga, ON), decalcified for 32 hours (Cal-Ex 

II, Thermo Fisher Scientific, Mississauga, ON) and dehydrated (25% sucrose) overnight at 4°C. 

Femora were trimmed to two thirds their length and tibiae were cut midshaft before being 

embedded in cryomolds (15mm x 15mm x 5mm, VWR, Mississauga, ON) filled with optimal 

cutting temperature medium (Thermo Fisher Scientific, Mississauga, ON). In order to achieve a 

physiological orientation of the femur for sectioning, the shaft was balanced against the edge of 

the mold while the distal end was positioned in the center of the base of the mold with the 

condyles facing up. Tibiae were oriented flat in the base of the mold with the anterior side facing 

up. Cryosections (10µm) were cut in the coronal plane (CM 3050S, Leica Microsystems, 

Richmond Hill, ON) with four sections arranged on each microscope slide (Superfrost Plus, 
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Thermo Fisher Scientific, Mississauga, ON) and stored at -80°C until use. All slides selected for 

experiments were from the center of the joint, within the cartilage-cartilage contact region of the 

medial and lateral tibial plateaus and femoral condyles. Section quality (tissue flat to the slide, no 

folds or tears) was assessed using a brightfield microscope (Nikon Eclipse e400, Nikon, 

Mississauga, ON). Sections were then allocated to a treatment group (full antibody application, 

secondary only control, or blank control), with the best sections on each slide being assigned full 

antibody application. 

2.3 Immunohistochemistry for 3-nitrotyrosine 

Endogenous peroxidases were quenched (3% hydrogen peroxide in methanol) followed 

by additional blocking (4% normal horse serum) for one hour in a humidified chamber. Sections 

were then incubated with mouse monoclonal anti-nitrotyrosine antibody (1:500, ab61392, 

Abcam, Cambridge, MA) overnight at 4°C. The Ultra-Sensitive ABC Peroxidase Mouse IgG 

Staining Kit (Thermo Fisher Scientific, Mississauga, ON) was used for the application of the 

secondary antibody as well as the ABC complex. Sections were developed with 3-3’-

diaminobenzidine (Sigma-Aldrich, Oakville, ON) and counterstained with hematoxylin for 

imaging using light microscopy.  

2.4 Immunofluorescence for ER, ER and pEGFR 

Sections were blocked (5% normal goat serum) for one hour at room temperature. To 

determine the presence of ERα and ERβ, anti-ER mouse monoclonal (1:200, MA5-13191) and 

anti-ER rabbit polyclonal (1:200, PA1-310B) primary antibodies (Thermo Fisher Scientific, 

Mississauga, ON) were diluted, mixed together, and applied to sections to incubate overnight at 

4°C. Goat anti-mouse IgG (H+L) F(ab’)2 fragment Alexa Fluor 647 (1:500, A21237) and goat 
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anti-rabbit IgG (H+L) Alexa Fluor 555 (1:500, A21428) secondary antibodies (Thermo Fisher 

Scientific, Mississauga, ON) were then diluted, mixed together, and the sections incubated at 

room temperature for an hour. To determine the presence of pEGFR, anti-EGFR (phosphor 

1092) rabbit monoclonal primary antibody (1:100, ab40815, Abcam, Cambridge, MA) and goat 

anti-rabbit IgG (H+L) Alexa Fluor 555 secondary antibody (1:500, A21428, Thermo Fisher 

Scientific, Mississauga, ON) were applied as described above. All sections were counterstained 

with 0.1M Hoechst 33342 (Invitrogen, Burlington, ON), coverslips applied (ProLong Gold, 

Thermo Fisher Scientific, Mississauga, ON) and sealed with nail polish. 

2.5 Image Acquisition 

For each experiment, images were taken from the medial and lateral femoral condyles 

and tibial plateaus of each mouse. For 3-nitrotyrosine, images of the stained tissue sections were 

captured using a Nikon Eclipse e400 microscope outfitted with a Nikon Coolpix 990 digital 

camera (Nikon, Mississauga, ON). Using the 40x/0.65 N.A. air objective lens, sequential images 

of the tissue sections were taken to capture the entire length and depth of the articular cartilage 

across both the medial and lateral femoral condyles/tibial plateaus. For ER, ER, and pEGFR a 

single confocal image in the central cartilage-cartilage contact region of each medial/lateral tibial 

plateau/femoral condyle was captured using a 40x/0.75-1.25 N.A. oil objective (Leica DM 

6000B confocal microscope with a TCS SP5 scanner system, Leica Microsystems, Richmond 

Hill, ON). Image resolution was set to 2048x2048 pixels with a two-line average and an optical 

slice thickness of 7.419 m. A brightfield image and sequential fluorescent scans were captured 

to avoid interference between the florescent dyes. The following excitation and emission settings 
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were used for each dye; ER (ex 633nm, em 670-720nm), ER and pEGFR (ex 543nm, em 570-

600nm or 625-640 respectively) and Hoechst (ex 405nm, em 440-460nm). 

2.6 Image Analysis & Statistics 

For 3-nitrotyrosine, images were merged to create a collage of each femoral 

condyle/tibial plateau and the tidemark was marked using the ‘draw’ tool (PowerPoint). Collages 

of each sample were randomized and the total number of chondrocytes in the full depth articular 

cartilage, and those stained positively for 3-nitrotyrosine were manually quantified by two 

blinded graders. Zonal analysis was not possible as the zones could not be distinguished in the 

thin femoral cartilage (20-30µm, 3-4 cell layers). For ER, ER, and pEGFR, the tide mark and 

articular surface of the cartilage seen on the DIC images were marked on the fluorescent images 

(ImageJ, National Institutes of Health, Maryland, United States) and saved and randomized as 

.tiff files ready for counting. For the majority of sections stained for ER and ER, one image 

with all color channels was used. In some instances, images with identical x-y coordinates were 

taken in different z-planes in the red or green channels and were merged together to enhance the 

staining and minimize the background fluorescence on the final image. The total number of 

chondrocytes and those stained positively for ER alone, ER alone, both ER and  or pEGFR 

were manually counted by two blinded graders and tallied electronically (ImageJ, National 

Institutes of Health, Maryland, United States). Pearson correlations were run between the data 

sets from the two graders. Pearson correlation coefficients of 0.97 for pEGFR counts, 0.88 for 3-

nitrotyrosine counts, and 0.97 for ER and  counts were obtained and  therefore the cell counts 

of the two graders were averaged and percent positive cells was calculated (Salkind 2010). An 

ANOVA (3-nitrotyrosine and pEGFR data) or a repeated measures ANOVA (ER data) with sex 
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(male/female), genotype (itga1-null/wild type), bone (femur/tibia) and condyle (medial/lateral) 

as factors were conducted (StatisticaTM, Tibco, Palo Alto, CA). Fisher LSD post hoc tests were 

conducted where appropriate and significance was set at p<0.05. 
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3 Results 

3.1 Animals 

As expected, male mice were 4.5g heavier (p < 0.0001) than female mice (males = 32.3 ± 

2.3g; females = 27.9 ± 1.4g (mean ± SD)) and genotype did not affect mass (data not shown).  

3.2 pEGFR Immunofluorescence 

Chondrocytes stained positively for pEGFR throughout cartilage depth across the tibial 

plateaus and femoral condyles relative to secondary only control sections (Figure 3).  

 

Figure 3: Confocal microscopy images of femoral (A,D,G) and tibial (B,C,E,F,H,I) 

cryosections showing articular cartilage from the lateral compartment of itga1-null (A-C) and 

wild type (D-I) male mice immunostained green for pEGFR (A,B,D,E). Nuclei were 

counterstained blue with Hoechst as seen in the DIC images (C,F,I). Secondary antibody only 

control sections (G,H) show negligible autofluorescence from the cartilage. Scale bar 50 𝜇m. 
 

Chondrocyte expression of pEGFR was affected by a genotype and bone interaction (p = 

0.014) (Figure 4). Specifically, 15% more itga1-null chondrocytes stained positively for pEGFR 

on the tibial plateaus compared to the femoral condyles (p = 0.000009), but there was no bone 

effect in wild type mice. Furthermore, 8% more femoral chondrocytes stained positively for 
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pEGFR in wild type compared to itga1-null mice (p = 0.01426), however there was no genotype 

effect in the tibia. Sex had no influence upon chondrocyte expression of pEGFR. 

 
Figure 4: Percent of chondrocytes stained positively for pEGFR as a function of genotype and 

bone. Data points are means (N = 6, n ≥ 820 or 1560 cells for femur or tibia respectively) ± 

95% CI. a Different from femur equivalent (p = 0.000009). b Different from itga1-null femur 

(p < 0.01426). 

 

3.3 3-nitrotyrosine Immunohistochemistry 

Chondrocytes stained positively for 3-nitrotyrosine throughout cartilage depth across the 

tibial plateaus and femoral condyles relative to secondary only control sections (Figure 5).  

 

Figure 5: Light microscopy images of the full thickness articular cartilage of the medial tibial 

plateau or femoral condyle from female (A-D) or male (E-L) wild type mice. Sections are 

peroxidase stained for 3-nitrotyrosine (A-H) or secondary only control (I-L). Scale bar 20µm 

(A,D,E,H,I,L) or 50µm (B,C,F,G,J,K). Note the increased staining in tissues from male 

compared to female mice. 

 



 

 

29 

On average, males had 10% more chondrocytes stained positively for 3-nitrotyrosine 

compared to females (p=0.009) (Figures 5 and 6). Genotype, bone and compartment did not 

affect 3-nitrotyrosine staining (data not shown).  

 

 

Figure 6: Percent of chondrocytes stained positively for 3-nitrotyrosine as a function of sex. 

Data points are means (N = 6, n ≥ 8860 cells) ± 95% CI. a Significantly different from female 

(p=0.009). 

 

3.4 Estrogen Receptor Immunofluorescence 

Chondrocytes stained positively for ER⍺ and β throughout cartilage depth across the 

tibial plateaus and femoral condyles relative to secondary only control sections (Figure 7). ER⍺ 

and β were present in the nucleus as well as the cytoplasm of chondrocytes and the receptors 

were sometimes colocalized in the cytoplasm (Figure 8).   
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hs 

Figure 7: Confocal microscopy images of full thickness articular cartilage from the 

lateral tibial plateau (A-D) and medial femoral condyle (E-L) of female and male itga1-null 

and wild type mice. Chondrocytes stained red for ER⍺ (A-H), green for ERβ (A-H) or 

secondary only controls (I-L). All counterstained blue with Hoechst (A-L). Scale bar 50µm. 
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Figure 8: Digitally zoomed confocal 

microscopy images of chondrocytes from the 

lateral tibial plateaus of female wild type (A-

D), female itga1-null (E-H), and male itga1-

null (I-L) mice. Images show DIC (A,E,I), 

ERα stained red (C,G,K), ERβ stained green 

(D,H,L) or overlay of ERα and β (B,F,J). All 

nuclei counterstained blue with Hoechst. Note 

the presence of ERα and ERβ in the cytoplasm 

(C,G,K;D,H,L) and nuclei (G,K;H,L) and 

colocalization of ERα and β in the cytoplasm 

(B,F,J). Scale bar 2 𝜇m.  
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The percent of chondrocytes stained positively for ERs was influenced by sex (p = 0.028) 

as well as a genotype and bone interaction (p = 0.004). In the tibia (Figure 9A), the percent of 

chondrocytes stained positively for both ER⍺ and β was at least 40% greater than either receptor 

alone or no receptor, independent of genotype and sex (p < 0.000603). This expression pattern 

was also observed in femoral chondrocytes (Figure 9B) from male and female itga1-null mice (p 

< 0.00003) and male wild type mice (p < 0.0055). In femoral chondrocytes from female wildtype 

mice however, similar numbers (40%) of chondrocytes were stained positively for either ERβ 

alone or both ER⍺ and β.  

 

 

Figure 9: Percent of tibial (A) and femoral (B) chondrocytes stained positively for ER⍺, ERβ, 

ER⍺ + β, or no receptor as a function of genotype and sex. Note the expression of ER⍺ + β is 

significantly greater than either receptor alone or no receptor, except in femoral chondrocytes 

from wild type females. Data points are means (N = 3, n ≥ 400 or 850 cells for femur or tibia 

respectively) ± 95% CI. a Significantly different from all sex equivalent receptor combinations 

(p < 0.000001). b Significantly different from sex equivalent (p = 0.002234). 
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4 Discussion 

The purpose of this thesis was to assess the percent of murine knee chondrocytes stained 

positively for pEGFR, 3-nitrotyrosine, and ER and ER in the presence and absence of integrin 

11. We showed that integrin 11 had limited influence on the percent of chondrocytes 

stained positively for pEGFR or 3-nitrotyrosine. In contrast, we found that integrin 11 did 

influence ER and  expression that were co-expressed as well as co-localized in chondrocytes. 

Finally, we show sexual dimorphism in 3-nitrotyrosine production, but surprisingly not in 

pEGFR expression. 

Firstly, contrary to our hypothesis, we show that integrin 11 only increased the percent 

of chondrocytes stained positively for pEGFR in the femur (by 8%) but had no effect in the tibia 

or on the percent of chondrocytes stained positively for 3-nitrotyrosine. In a model of glomerular 

injury, integrin 11 has been shown to suppress EGFR activity via T-cell protein tyrosine 

phosphatase (Chen et al. 2007). In agreement with this, previous work from our lab saw earlier 

cartilage damage in itga1-null compared to wild type mice following surgery to destabilize the 

medial meniscus, which was ameliorated with an EGFR antagonist, though only in female mice 

(Shin et al. 2016). Furthermore, itga1-null chondrocytes have more superoxide production 

compared to their wild type counterparts when measured ex vivo in murine femora, but again 

only in female mice (Haskins 2018). Together, these studies provide additional evidence to 

support the protective role of integrin 11 in cartilage through suppression of EGFR activity, 

however our current results do not support this hypothesis. The divergence of our current results 

may be reflective of our use of a subclinical as opposed to a surgical intervention model of OA in 

mice, and the contrasting measures of ROS production; 3-nitrotyrosine and 2-hydroxyethidium. 
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Whereas 3-nitrotyrosine is an in situ indirect measure of ROS (the byproduct of superoxide 

reacting with nitric oxide and then with proteins (Lepetsos and Papavassiliou 2016)), 2-

hydroxyethidium is an ex vivo fluorescent product of a direct reaction between the small 

molecule dihydroxyethidium and superoxide (Wang et al. 2013). Thus, the lack of surgical 

intervention and indirect measure of ROS may have hampered our ability to measure a genotypic 

effect in pEGFR and ROS.  

The sex-specific alterations in EGFR signaling in itga1-null mice reported in our 

previous work (Shin et al. 2016; Haskins 2018) might suggest that, in addition to T-cell protein 

tyrosine phosphatase (Chen et al. 2007), the influence of integrin 11 on EGFR signaling may 

be mediated by another major player, ERs. In fact, ER activation has been shown to promote the 

association of a complex between EGFR, ER, and the kinase Src (Migliaccio et al. 2006). 

Additionally, ER has been shown to upregulate EGFR expression and activation in cell culture 

(Migliaccio et al. 2006) and ER expression correlates with the severity of facet joint arthritis in 

post-menopausal women (Ha et al. 2005). Finally, EGF-induced DNA synthesis and 

transcription as well as lipid turnover in the uterus of ovariectomized mice were prevented by the 

ER antagonist ICI 164,384 (Ignar-Trowbridge et al. 1992) and absent from ER-deficient mice 

(Curtis et al. 1996). Taken together, these studies demonstrate the dependency of EGF action on 

ER in reproductive organs and cell culture models. Therefore, it is possible that integrin 11 

may exert its influence on chondrocyte EGFR indirectly through ER, rather than solely through 

T cell protein tyrosine phosphatase.  

To this end, the data in this thesis does suggest that integrin 11 influences ER and  

expression and thus may impact EGFR signaling indirectly. Specifically, we show that cartilage 
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from female wild type femora had approximately 20% more chondrocytes stained positively for 

ER alone, compensated for by 20% fewer chondrocytes stained positively for both ER and . 

In agreement with our data, it has been shown that cells induced to express ER increased 

integrin 11 mRNA and protein content as well as increased adhesion to extracellular matrix 

components such as laminin in a breast cancer culture model (Lindberg et al. 2010). Interestingly 

however, the in vitro treatment of endometrial cells with estrogen had no effect on the expression 

of various integrin molecules, including integrin 11 (Sillem et al. 1997). These studies 

together with our findings suggest that integrin 11 and ER can influence each other’s 

expression and activation, independently of estrogen, and thus integrin 11 may influence 

EGFR signaling through both T-cell protein tyrosine phosphatase and ER. 

 Independent of the effects of integrin 11 on ER expression, we observed that the vast 

majority (80%) of chondrocytes express both ER⍺ and β and that these receptors are often 

colocalized and are present at the cell surface, in the cytoplasm and in the nucleus of 

chondrocytes. Our data are consistent with other reports of the distribution of the ER isoforms in 

both the nucleus and cytoplasm in various models including rats and cultured human 

chondrocytes (Ushiyama et al. 1999; Nilsson et al. 1999; Oshima et al. 2007) however we show 

their colocalization in chondrocytes for the first time. It is known that both ligand-dependent and 

-independent ER activity can influence chondrocyte biological activity, and that ER can 

translocate to the nucleus to influence gene expression in chondrocytes (Roman-Blas et al. 

2009). ER⍺ and β form homodimers and/or heterodimers upon activation (Pettersson and 

Gustafsson 2001) and bind to the same specific DNA sequences (estrogen response elements) in 

vitro, thus jointly regulating DNA transcription in the nucleus in response to activation (Hyder et 



 

 

36 

al. 1999; Klinge 2000). Together with our work, this implies that through co-localization of the 

two dominant isoforms, the receptors may act cooperatively to elicit their cellular actions 

(Sneikers et al. 2009).  

While genotype effects were absent, we did observe sexual dimorphism in chondrocytes 

stained for 3-nitrotyrosine, with more chondrocytes stained positively for 3-nitrotyrosine in male 

compared to female cartilage (about 10%). This is in agreement with our previous work 

measuring superoxide production ex vivo in murine femora that saw increased chondrocyte ROS 

production in untreated chondrocytes from males compared to females (Haskins 2018). 

Additional studies in chondrocytes are lacking, however antioxidant enzyme activity in various 

organs are increased in females compared to males (Chen et al. 2011), and evidence in non-

cartilaginous tissues supports increased ROS production in males compared to females such as in 

the analysis of human blood samples (Ide et al. 2002), and in vivo measurements in the 

microvessels of hypertensive rats (Dantas et al. 2004). In contrast to our 3-nitrotyrosine result 

and contrary to our hypothesis, sexual dimorphism was absent in our measurements of pEGFR. 

This is in contrast to our previous work that saw increased pEGFR expression in male compared 

to female mice 12 weeks following DMM surgery (Shin et al. 2016). As the same antibody was 

used in both experiments, this disparity is likely due to surgery exacerbating the sexual 

dimorphism making it measurable in the post-traumatic OA model but not in our subclinical 

model. Taken together, this evidence suggests that activation of EGFR is stimulated by an 

injurious or traumatic event, potentially affecting chondrocyte ROS production and thus cartilage 

degradation in a sex-dependent manner. 

Finally, both genotypic effects observed in pEGFR and ER expression are present in 

femoral but not tibial cartilage. This could be explained by the differential mechanical stimuli 



 

 

37 

experienced by tibial compared to femoral chondrocytes and their integrins during gait, as tibial 

cartilage and chondrocytes are exposed to more consistent static loading compared to the more 

intermittent, cyclic loading of femoral chondrocytes (Clark et al. 2005). At the molecular level, 

compression results in collagen fibrils tugging on the integrin receptors on the surfaces of 

chondrocytes (Kechagia et al. 2019); as such, integrins on tibial chondrocytes may experience a 

more sustained tug compared to a cyclical tugging and relaxing of femoral integrins during the 

gait cycle. It is known that mechanical force strengthens the adhesions of integrins to the 

extracellular matrix, whereas relaxation weakens these adhesions and accelerates dissociation 

(Puklin-Faucher and Sheetz 2009). Furthermore, tyrosine phosphorylation of signaling proteins 

and MAPK activity associated with the ⍺2 and β1 integrin subunits are more pronounced in 

osteoblasts under cyclic compared to continuous mechanical stress (Schmidt et al. 1998). Thus, 

under a consistent static load, integrin molecules remain activated due to stronger interactions 

with their ligands in the extracellular matrix, however while experiencing intermittent cyclic 

loading integrins are periodically being activated and deactivated based on the conformational 

changes of their environment, as well as the receptors themselves. Consequently, it would make 

sense that the influence of integrin 11 on the expression of pEGFR and ER and  would be 

more pronounced in femoral compared to tibial chondrocytes. 

4.1 Strengths & Limitations 

In this thesis we have shown for the first time that integrin 11 influences EGFR and 

ER expression in murine articular cartilage in a location-dependent manner. Assessment of both 

the femur and tibia allowed us to observe sex and genotypic effects in the femur but not the tibia 

in both experiments. Additionally, we have demonstrated that ER and ER co-localize together 
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in chondrocytes using immunofluorescence and confocal microscopy. Our double staining with 

contrasting fluorescent probes and the high sensitivity and resolution afforded by confocal 

microscopy allowed for the novel detection of the two receptors together in the nucleus, 

cytoplasm, and at the cell surface of articular chondrocytes.  

The primary interest of this work was to understand the influence of the collagen receptor 

integrin 11 on the expression of pEGFR, 3-nitrotyrosine, and ER and ER. This was 

achieved using immunohistochemical techniques to stain in situ cryosections taken from the 

knees of itga1-null female and male mice. Integrin 11, EGFR, ER and ER are 

transmembrane receptors found on the surface of chondrocytes and in the case of integrin 11 

is directly connected to the extracellular matrix. Thus, it was critical to our experiments that the 

cell membrane and its immediate interaction with the extracellular matrix be preserved. This was 

achieved through the use of the itga1-null mouse that enabled us to delete integrin 11 in vivo 

and by processing intact femora and tibiae from female and male mice for cryosectioning. The 

small size of the mouse further enabled medial and lateral differences of the intact femoral and 

tibial cartilages to be assessed on the same section thus limiting the variability in our 

interpretation of immunohistochemical results. To best preserve our proteins of interest, we 

utilized fixed frozen sections to limit fixation, decalcification and processing procedures that 

might damage the integrity of the chondrocyte/extracellular matrix interaction and the antigens 

of interest. Finally, our choice of secondary antibodies and staining techniques allowed for 

amplification of the antibody signal and thus detection of the smaller molecules and receptors, 

and imaging with confocal microscopy enabled us to stain and analyze ER and  together using 

contrasting fluorophores and sequential scanning.  
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While there are a number of advantages to the current study, there are also some notable 

limitations. Firstly, our use of the itga1-null mouse introduces variation to the sample population 

that would not be present in cell culture and which could decrease the power of the results. 

Additionally, the ubiquitous deletion of the 1 subunit of integrin 11 means that this receptor 

is deleted in all tissues throughout the body of these mice. This includes tissues that may 

influence cartilage homeostasis such as bone, synovium, ligaments, muscles, menisci, etc., and 

thus may influence the results of our work. Furthermore, the quality of immunohistochemistry is 

heavily dependent on the primary antibody used. Antibodies that are more specific and reliable 

are able to sufficiently bind the target molecule while minimizing background staining, leading 

to more accurate results. In our case, the pEGFR antibody was not as strong as the ER and  

antibodies, though still produced quantifiable staining. We were, however, unable to measure 

EGFR (inactivated) along with the pEGFR due to the poor quality of the available antibodies. 

Moreover, although the different cartilage-cartilage contact sites of the knee (medial/lateral 

femoral condyles/tibial plateaus) were represented, only one slide was stained from each 

location. While that slide taken from the middle of the cartilage-cartilage contact region may 

represent all sections from the contact region of that site of the knee, it may not represent more 

peripheral regions of the cartilage that are covered by meniscus. Furthermore, although the 

experimental design did allow for multiple controls on each slide, more slides immunostained 

from each joint would potentially give a better representation of the number of chondrocytes 

positively stained for pEGFR, 3-nitrotyrosine, as well as ER and  in murine knee cartilage. 

Finally, numerous processes in the body result in ROS production, including activated 

neutrophils and macrophages in inflammatory immune responses as well as fibroblasts, vascular 

smooth muscle cells, cardiac myocytes, and endothelial cells for regulation of their respective 
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intracellular signaling cascades (Valko et al. 2007). Therefore, assessment of 3-nitrotyrosine as a 

measure of ROS production could be the result of a number of endogenous sources of ROS, not 

solely EGFR. However, the measurement of pEGFR and 3-nitrotyrosine production in tandem 

allows for more direct conclusions to be drawn from our results.  

4.2 Clinical Applications & Future Directions 

With the advantages and disadvantages of the study in mind, the clinical significance of 

the role of integrin 11 in the regulation of EGFR and ER activity can be discussed. Previous 

work from our lab supports the hypothesis of integrin 11 playing a protective role against the 

progression of OA through suppression of EGFR activity. Although the direct influence of 

integrin 11 on EGFR signaling was muted in the current study, the influence of integrin 11 

on ER was seen in chondrocytes from female mice with a biologically significant shift in the 

ER expression pattern (about 20%). This suggests that ERs may act as another way for integrin 

11 to influence EGFR signaling in chondrocytes, potentially contributing to the sexual 

dimorphism seen in the results of our previous work and generally to OA progression. As such, 

the present study provides new evidence in support of integrin 11 as a potential drug target in 

the prevention and treatment of OA.  

Generally, understanding the underlying molecular mechanisms implicated in the 

development of OA is essential for the development of effective, targeted treatment strategies. 

Furthermore, defining OA in its earliest stages will allow for timely interventions to hopefully 

modify the course of the disease. The apparent sexual dimorphism seen generally in OA 

pathogenesis and more specifically in the integrin 11-EGFR-ER signaling axis indicates the 

potential need for more individualized, sex-dependent treatments. In the age of personalized 
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medicine, this approach would yield better health outcomes, increase the efficacy of treatments, 

and reduce adverse drug reactions for OA patients. 

With this in mind, future work will need to continue to investigate the role of estrogen 

and ER signaling in the integrin 11-EGFR paradigm. Firstly, ER expression patterns should 

be assessed as we have done in situ with immunofluorescence but in a spontaneous OA (aged 

mice) or post-traumatic OA (ie. DMM) model. The OA-induced damage to knee cartilage and 

other tissues could stimulate a more pronounced effect that could lead to a better understanding 

of the role of estrogen in knee cartilage homeostasis and OA pathogenesis. Subclinically, we 

have shown that the significant changes to ER expression occur in the femur, thus this effect, 

along with the sex and genotype differences could be exacerbated in an OA model. Furthermore, 

studies utilizing live cell imaging of male and female murine femora ex vivo would allow for 

real-time measurements of chondrocyte ROS production (via 2-hydroxyethidium) in response to 

estrogen treatment. Treating the femora with isoform-specific ER antagonists such as 

methylpiperidinopyrazole for ER (Zhou et al. 2009) or 2-phenyl-3-(4-hydroxyphenyl)-5,7-

bis(trifluoromethyl)-pyrazolo[1,5-]pyrimidine for ER (Compton et al. 2004), with and without 

estrogen treatment would unveil the specific contributions of ER and  to chondrocyte ROS 

production. Finally, these ex vivo experiments could be performed in wild type and itga1-null 

mice to define the influence of integrin 11 on estrogen signaling specifically in articular 

cartilage. As previous work has seen increased integrin 11 mRNA and protein expression as 

well as receptor activity with expression of ER (Lindberg et al. 2010), it is reasonable to think 

that the proposed experiments would result in more superoxide production in wild type 

compared to itga1-null femora and that treatment with ER antagonists would ameliorate these 
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effects. Furthermore, taking our results into consideration, there might be a greater effect of 

estrogen treatment on females compared to males due to the differences in receptor localization. 

4.3 Conclusion 

In conclusion, we show that integrin 11 had limited influence on the percent of 

chondrocytes stained positively for pEGFR or 3-nitrotyrosine. In contrast we found that integrin 

11 did influence ER and  expression and show for the first time that they are co-localized 

as well as co-expressed in chondrocytes. Finally, sexual dimorphism was identified in 

chondrocyte 3-nitrotyrosine production, but surprisingly not in pEGFR expression. Future work 

must focus on the role of estrogen and ER signaling in the maintenance of chondrocyte 

homeostasis in situ with histological analysis of an OA model, as well as live cell imaging of ex 

vivo chondrocyte responses to modulation of estrogen signaling in wild type and itga1-null mice.
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APPENDICES 

Appendix A: Immunohistochemistry protocol for 3-nitrotyrosine 
 

This protocol uses the Ultra-Sensitive ABC Peroxidase Staining Kit (Thermo Fisher), so the 

blocking solution, secondary antibody, and avidin-biotin complex (ABC) concentrations are 

calculated based on the kit’s instructions.  

 

Before starting, make sure to have designated waste bottles for 3% H2O2 in methanol, DAB, 

hematoxylin, ethanol, and xylene. 

 

Materials: 

• Cytoseal XYL (CAT#, Thermo Scientific) 

• Fisherbrand Cover Slips 24mm X 60mm (12-545M, Fisher Scientific) 

• Microscope slide box 

• Slide holders (horizontally oriented) 

• Kim wipes (82003-820, VWR) 

• Squirt bottle 

• Parafilm (52858-032, VWR) 

• 100% Reagent Grade Ethanol (89370-084, VWR) 

• 1xPBS diluted from 10xPBS (pH 7.4; 137mM sodium chloride, 2.7mM potassium 

chloride, 10mM sodium phosphate dibasic, 1.8mM 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 (HC7001GAL, Thermo Fisher Scientific) 

• Mouse monoclonal anti-nitrotyrosine primary antibody (ab61392, Abcam) 

• Harris Modified Hematoxylin (SH26-500D, Fisher Scientific) 

• Leica DM5000B Microscope (Leica Microsystems) 

 

Steps: 

 

DAY 1 (~ 2.5 - 3 hours) 

1. Remove slides from the freezer and confirm the quality of the sections using a brightfield 

microscope. Assign the sections to a treatment group (blank (1 section), 2° only (1 

section), and full (2 sections)).  

2. Place slides in horizontally-oriented slide rack. Wash slides 3 x 5 min in 1xPBS 

(changing the PBS between each wash).  

• Each time you go in/out of a solution – dunk the rack 3-4 times, each time lifting 

it completely out of the liquid and letting it wash over the sections before 

submerging the rack again 
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• During the last wash step, prepare 3% H2O2 in methanol – mix 20 mL of 35% 

H2O2 in 180 mL of methanol  

• NOTE: this is a light-sensitive solution! Keep lights off in lab!  

3. To block endogenous peroxidases, place the slide rack in a slide holder with 3% H2O2 in 

methanol for 30 min (can cover slide holder with tin foil for extra light protection). At the 

end of the incubation, dump the 3% H2O2 in methanol into a designated waste container 

and rinse the slide holder. 

4. Wash slides 3 x 5 min in 1xPBS. 

• While waiting for the washes, prepare blocking solution → 3.6% in 1xPBS – mix 

1 drop of normal horse serum (~45 L) in 1250 L of 1xPBS 

• Also, prepare humidified chamber but placing paper towel at the bottom of an 

empty slide box and wetting the paper towel with water.  

5. One at a time, take a slide out of 1xPBS, tap off and use a Kim wipe to blot excess liquid 

from the slides (careful not to touch the sections), then draw a circle around the sections 

using a hydrophobic PAP pen. DO NOT touch the sections or let them dry out! 

• Shake the PAP pen well before use! 

• DO NOT press too hard with the pen or it will explode all over the slide! 

6. Lay slide in humidified chamber and apply 75 L of blocking solution to every section.  

7. Repeat steps 5 & 6 until all of the slides have blocking solution on the sections.  

8. Incubate in the humidified chamber for  1 hour at room temperature.  

9. Tilt slides lengthwise to allow for the blocking solution to run off the slides, tap off 

excess solution onto a paper towel and blot off any excess with a Kim wipe if necessary.  

10. Place slides back into slide rack and wash slides 3 x 5 min in 1xPBS. 

• During the last wash step, prepare 1° antibody solution → anti-nitrotyrosine, 

1:500 in blocking solution (4 slides worth → 1.24 L of Ab in 618.76 L of 

blocking solution) 

• Also, cut pieces of parafilm big enough to cover each section but not too big that 

they are overlapping with each other 

11. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of 1° antibody solution on the “full” sections. Place 75 L of blocking 

solution on the “blank” and “2° only” sections. Repeat until all slides have solution on 

the sections. Gently place a piece of parafilm over each of the sections to help spread out 

the antibody solution over the section and to prevent the solution from completely 

evaporating (can use tweezers to help position the parafilm). Incubate overnight in the 

fridge at 4°C. 

• Put a sign on the fridge saying “Don’t open the fridge, experiment in 

progress” to try to avoid the slides being ruined during overnight incubation 

 

DAY 2 (~ 4 - 4.5 hours) 

12. Remove the humidified slide box from the fridge and let it come to room temperature 

before opening the lid (~30 min).  

13. Carefully remove the parafilm from each section using tweezers. One at a time, tilt slides 

lengthwise to allow for the antibody solution to run off the slides, tap off excess solution 
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onto a paper towel, and blot off any excess with a Kim wipe if necessary. Place into slide 

holder filled with 1xPBS. Repeat until all slides are in the slide rack. 

• You want to make sure there is as little 1° antibody left on the sections as 

possible to avoid cross-contamination during the wash steps.  

14. Wash slides 3 x 5 min in 1xPBS.  

• During the last wash step, prepare 2° antibody solution → approximately 

1:222, made according to Kit directions (1 drop of antibody, 3 drops of NHS 

and 10 mL of 1 x PBS). 

15. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of 2° antibody solution onto “full” and “2° only” sections. Place 75 L 

of blocking solution on “blank” section. Repeat until all slides have solution on the 

sections. Incubate for  1 hour at room temperature.  

• About halfway through incubation, prepare avidin-biotin complex (ABC) → 

to 2.5 mL of 1 x PBS, add 1 drop of Reagent A and 1 drop of Reagent B (from 

Ultra-Sensitive ABC Peroxidase Mouse IgG Staining Kit), mix and let sit for 

at least 30 min to properly conjugate. 

16. One at a time, tilt slides lengthwise to allow for the antibody solution to run off the slides, 

tap off excess solution onto a paper towel, and blot off any excess with a Kim wipe if 

necessary. Place into slide holder filled with 1xPBS. Repeat until all slides are in the slide 

rack. 

17. Wash slides 3 x 5 min in 1xPBS. 

18. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of ABC on “full” and “2° only” sections. Place 75 L of blocking 

solution on “blank” section. Repeat until all of the slides have solution on the sections. 

Incubate for 30 min at room temperature. 

19. One at a time, tilt slides lengthwise to allow for the ABC solution to run off the slides, tap 

off excess solution onto a paper towel, and blot off any excess with a Kim wipe if 

necessary. Place into slide holder filled with 1xPBS. Repeat until all slides are in the slide 

rack. 

20. Wash slides 3 x 5 min in 1xPBS.  

• During the last wash step, prepare the DAB solution from the Sigma Fast 3,3’-

diaminobenzidine tablets → place one silver and one gold tablet in 1 mL of 

MilliQ water and invert to mix (makes enough solution for 4 slides). 

21. One at a time, take a slide out of 1xPBS, lay it flat in humidified chamber and place 62.5 

L of DAB solution on every section. Repeat until all of the slides have solution on the 

sections. Place DAB-contaminated pipette tips in biohazard dry waste bin. Incubate for 

15 min at room temperature.  

• NOTE: This step is very time sensitive. Start the 15 min timer after solution 

has been put on the first slide and rinse the slides in the same order that you 

apply the solution to account for the difference in application time.  

22. One at a time, tilt the slides lengthwise and tap off DAB solution into a beaker then use a 

squirt bottle filled with MilliQ water to gently squirt water on the top edge of the slide, 

allowing the water to wash over the sections and catching the waste in the beaker (DO 

NOT squirt water directly onto the sections). Place rinsed slides back into slide rack and 
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into a slide holder of MilliQ water. Repeat until all of the slides have been rinsed. 

Dispose of liquid DAB waste in a designated waste container. 

23. Dunk slides 4-5 times in MilliQ water then wash 2 x 5 min.  

• During the wash steps, prepare the washes for after the counterstain step → 

two large beakers of deionized water and 3 slide holders of MilliQ water  

24. To counterstain, place up to 4 slides at a time in a vertically-oriented rack in hematoxylin 

for 10 seconds. Rinse slides in the two beakers of deionized water (~4-5 dunks in each) 

before transferring slides back into horizontally-oriented rack, and dunk ~4-5 times in 

MilliQ water and then wash 2 x 5 min in fresh MilliQ water.  

25. Transfer slides through a series of 5 min soaks in 70%, 95%, and 100% ethanol. Dispose 

of ethanols in designated liquid waste container. 

26. Soak slides in xylene for 5 min. Dispose of xylene in designated waste container.  

27. Apply a thin strip of Cytoseal XYL along the long edge of the slide and coverslip by 

pushing a ‘wave’ of Cytoseal from one side of the slide to the other. After allowing the 

Cytoseal to set for ~1-2 min, firmly press on each section with your thumb or forefinger. 

Change gloves if they become sticky. Let slides dry for about 10 min before moving and 

let Cytoseal cure overnight at room temperature.  

28. The next day, if there is any excess Cytoseal dried on the surface of the slide, use a razor 

blade to carefully scrape it off.  

29. Image sections using a bright-field microscope (Leica DM5000B microscope).  
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Appendix B: Immunofluorescence Protocol for ER and ER 

 
 

Materials: 

• Microscope slide box 

• Slide holders (horizontally oriented) 

• Kim wipes (82003-820, VWR) 

• Squirt bottle (76263-148, VWR) 

• Parafilm (52858-032, VWR) 

• 1xPBS diluted from 10xPBS with MilliQ water (10xPBS → pH 7.4; 137mM sodium 

chloride, 2.7mM potassium chloride, 10mM sodium phosphate dibasic, 1.8mM 

potassium phosphate monobasic) 

• Elite PAP pen (CA99990-104, VWR) 

• Normal Goat Serum (10000C, Life Technologies) 

• Mouse monoclonal anti-ER [1D5] (MA5-13191, Thermo Fisher Scientific) 

• Rabbit polyclonal IgG anti-ER (PA1-310B, Thermo Fisher Scientific) 

• Goat anti-mouse IgG (H+L) F(ab’)2 fragment Alexa Fluor 647 (A21237, Thermo Fisher 

Scientific) 

• Goat anti-rabbit IgG (H+L) Alexa Fluor 555 (A21428, Thermo Fisher Scientific) 

• Hoechst 33342 (H1399, Invitrogen) 

o Stock Solution (16.23 mM) → 10mg of powder in 1mL of MilliQ water 

o Working Solution (0.1mM) → 30.56 L of stock in 4929.44 L of Milli Q water 

(makes enough for 8 aliquots of 620 L → 16 slides) 

• Prolong Gold (P36930, Thermo Fischer Scientific) 

• Fisherbrand Cover Slips 24mm X 60mm (12-545M, Fisher Scientific) 

• Nail polish (any brand/colour) 

 

Steps: 

 

DAY 1 (~2 hours) 

1. Remove slides from the freezer and confirm the quality of the sections using a brightfield 

microscope. Assign the sections to a treatment group (blank (1 section), 2° only (1 

section), and full (2 sections)). Allow slides to come to room temperature before 

beginning (~10-15 min). 

2. Place slides in horizontally-oriented slide rack. Wash slides 3 x 5 min in 1xPBS 

(changing the PBS between each wash).  

• Each time you go in/out of a solution – dunk the rack 3-4 times, each time lifting 

it completely out of the liquid and letting it wash over the sections before 

submerging the rack again 

• During the wash steps, prepare the blocking solution → 5% normal goat serum in 

1xPBS (300 L NGS in 5700 L of 1xPBS) 

o This is enough blocking solution for the whole run (4 slides) + extra  

o Can be stored in the fridge and used as needed for the blocking steps, to 

put on the blank sections during incubation periods, and to dilute the 

antibodies 
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• Also, prepare humidified chamber but placing paper towel at the bottom of an 

empty slide box and saturating the paper towel with tap water.  

3. One at a time, take a slide out of 1xPBS, tap off excess solution onto a paper towel and 

blot off any excess with a Kim wipe if necessary (careful not to touch the sections), then 

draw a circle around the sections using a hydrophobic PAP pen. DO NOT touch the 

sections or let them dry out! 

• Shake the PAP pen well before use! 

• DO NOT press too hard with the pen or it will explode all over the slide! 

• Can test PAP pen on blank slide to make sure that it is working properly 

4. Lay slide in humidified chamber and apply 75 L of blocking solution to every section. 

• Make sure that the tissue sections are completely covered by blocking solution.  

5. Repeat steps 3 & 4 until all of the slides have blocking solution on the sections.  

6. Incubate in the humidified chamber for  1 hour at room temperature.  

7. One at a time, tilt slides lengthwise (horizontally) to allow for the blocking solution to 

run off the slides, tap off excess solution onto a paper towel and blot off any excess with 

a Kim wipe if necessary. Place slide in slide holder filled with 1xPBS before moving on 

to the next slide to prevent the sections from drying out. Repeat until all the slides are in 

the slide holder. 

8. Wash slides 3 x 5 min in 1xPBS.  

• During the last wash step, prepare 1° antibody solution → anti-ER and anti-ER 

both at 1:200) – for each Ab, mix 3.1 L of Ab in 306.9 L of blocking solution 

and then mix the two antibody solutions together 

o This is enough for 4 slides (2 sections per slide) 

• Cut pieces of parafilm big enough to cover each section but not too big that they 

are overlapping with each other 

9. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of 1° antibody solution on the “full” sections. Place 75 L of blocking 

solution on the “blank” and “2° only” sections. Repeat until all slides have solution on 

the sections. Gently place a piece of parafilm over each of the sections to help spread out 

the antibody solution over the section and to prevent the solution from completely 

evaporating (can use tweezers to help position the parafilm). Incubate overnight in the 

fridge at 4°C. 

• Put a sign on the fridge saying “Don’t open the fridge, experiment in progress” to 

try to avoid the slides being ruined during overnight incubation 

 

DAY 2 (~3 hours) 

10. Remove the humidified slide box from the fridge and let it come to room temperature 

before opening the lid (~30 min).  

11. Carefully remove the parafilm from each section using tweezers. One at a time, tilt the 

slides lengthwise (horizontally) to allow for the antibody solution to run off the slides, tap 

off excess solution onto a paper towel, and blot off any excess with a Kim wipe if 

necessary. Place slide in slide holder filled with 1xPBS before moving on to the next 

slide to prevent the sections from drying out. Repeat until all the slides are in the slide 

holder. 
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• You want to make sure there is as little 1° antibody left on the sections as possible 

to avoid cross-contamination during the wash steps.  

12. Wash slides 3 x 5 min in 1xPBS.  

• During the last wash step, prepare 2° antibody solution → F(ab’) AF647 for ER 

and AF555 for ER both at 1:500 – for each Ab, mix 1.84 L of Ab in 458.16 L 

of blocking solution then mix the two antibody solutions together 

o This is enough for 4 slides (3 sections per slide) 

• NOTE: Samples are light-sensitive beyond this point → Keep lab lights off 

during remainder of experiment!! 

13. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of 2° antibody solution onto “full” and “2° only” sections. Place 75 L 

of blocking solution on “blank” section. Make sure that all tissue sections are completely 

covered by the solution. Repeat until all slides have solution on the sections. Incubate for 

 1 hour at room temperature.  

14. One at a time, tilt slides lengthwise to allow for the antibody solution to run off the slides 

and tap off excess solution on a paper towel. Use a squirt bottle filled with 1xPBS to 

gently squirt along the top edge of the slide, allowing the PBS to wash over the sections 

and catching the waste in a beaker (DO NOT squirt directly onto the sections to avoid 

damaging the tissue sections or completely washing them off the slide). Place slide in 

slide holder filled with 1xPBS before moving on to the next slide to prevent the sections 

from drying out. Repeat until all the slides are in the slide holder. 

• What is collected in the beaker can be disposed of down the sink 

15. Wash slides 3 x 5 min in 1xPBS. 

• During first wash step, remove 0.1M Hoechst working solution from the freezer 

to thaw completely before use 

16. One at a time, take a slide out of the 1xPBS solution, lay it flat in humidified chamber 

and place 75 L of Hoechst on all sections. Make sure that all tissue sections are 

completely covered by the solution. Repeat until all slides have solution on the sections. 

Incubate for 5 min at room temperature. 

17. One at a time, tilt the slides lengthwise (horizontally) and tap off Hoechst solution into a 

beaker then use a squirt bottle filled with MilliQ water to gently squirt water along the 

top edge of the slide, allowing the water to wash over the sections and catching the waste 

in the beaker (DO NOT squirt water directly onto the sections). Place rinsed slide into 

horizontal slide rack and submerge in MilliQ water before moving onto the next slide. 

Repeat until all of the slides have been rinsed. Dispose of Hoechst waste in a designated 

waste container. 

18. Dunk slides 4-5 times in MilliQ water then wash 2 x 5 min (changing the water between 

each wash). 

19. Carefully dry excess water off slides using a Kim wipe (DO NOT touch the tissue 

section). Pipette a thin strip of Prolong Gold along the long edge of the slide (~100 L) 

and coverslip by pushing a ‘wave’ of Prolong Gold from one side of the slide to the other. 

After allowing the slide to set for ~1-2 min, firmly press on each section with your thumb 

or forefinger. Change gloves if they become sticky. Let slides dry for about 10 min 

before moving and let slides cure overnight at room temperature in a dark place (i.e. 

inside a slide box).  
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DAY 3 

20. After curing and before imaging, paint around the edges of the coverslip with nail polish 

to help seal the edges and prevent the coverslip from moving.  
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