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ABSTRACT  

Vascular Endothelial Growth Factor-A (VEGF-A) is a key regulator for endothelial cell 

function, promoting vascular permeability, growth, and angiogenesis. There is an 

increase in synovial angiogenesis and upregulation of angiogenic growth factors such 

as VEGF-A during articular joint inflammation in inflammatory arthritis (IA), such as 

rheumatoid arthritis (RA). This is a major contributor to disease progression.  

VEGF-A consists of two splice variant families with each family composed of 9 

isoforms of varying length (from 111 – 206 amino acids). The two VEGF-A families, 

VEGF-Axxxa and VEGF-Axxxb (where xxx denotes the number of amino acids in the 

isoform) result from the selection of alternative proximal and distal splice sites in exon 

8. Selection of the exon 8 proximal splice site results in transcription of pro-angiogenic 

VEGF-Axxxa and is controlled by the Serine/Arginine Rich Splicing Factor Kinase 1 

(SRPK1). When SRPK1 is activated, for example by hypoxia, it phosphorylates 

Serine/Arginine Rich Splicing Factor 1 (SRSF1) resulting in its nuclear translocation, 

proximal splice site selection and VEGF-Axxxa production. The CDC-2-dual specificity 

like protein kinase CLK-1 also contributes to the full activation of SRSF1 and 

production of VEGF-Axxxa isoforms.  

VEGF-Axxxb isoforms predominate in normal tissues with anti-angiogenic functions, 

whereas VEGF-Axxxa isoforms prevail in pathological angiogenic conditions such as 

inflammation and solid tumours. The binding of pro-angiogenic VEGF-Axxxa isoforms 

to endothelial VEGF receptor 2 (VEGFR2) is the main stimulatory signal for 

angiogenesis. As angiogenesis is a key feature of RA, VEGF-A and its receptors have 

been suggested as potential therapeutic targets for the condition.  

This thesis investigated the effect of systemic inhibition, and endothelial cell-specific 

genetic knockdown of VEGFR2 on synovitis, cartilage integrity and the expression of 

two components of the VEGF-A alternative splicing axis, splicing kinase SRPK1 and 

splice factor SRSF1 in joints, using histology and immunohistochemistry in IA rodent 

models.   
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Systemic inhibition of VEGFR2 by PTK787 had no significant effects on inflamed tibio-

femoral joint histology in the rat IA model. Inducible endothelial cell-specific genetic 

VEGFR2 knockdown in mice (VEGFR2ECKO) resulted in greater cartilage damage in 

inflamed mouse tibio-tarsal joints compared to inflamed mice with no VEGFR2ECKO. 

There was no effect of VEGFR2ECKO in un-inflamed mice. The greater cartilage 

damage in inflamed VEGFR2ECKO mice was associated with significantly reduced 

vascularity in the most superficial layer of subchondral bone (up to 100m) and in 

synovium. The loss of VEGFR2 in endothelial cells and reduced vascularity could 

result in increased levels of hypoxia and reduced nutrient supply in the joint, 

contributing to the increased cartilage damage.  

SRPK1 and SRSF1 expression was detected in both synovium and cartilage in rodent 

joints. There were no significant changes in SRPK1 expression in rat or mouse IA 

models. SRSF1 activation, as measured by number of cells with SRSF1 nuclear 

localisation (NL), was increased in inflamed synovium in both mouse and rat IA 

models. The proportion of synovial cells with nuclear localised SRSF1 was not 

changed. The mouse and rat models therefore had some similarities to but did not 

recapitulate published observations in human RA synovium, in which proportions of 

cells with activated SRSF1 were significantly raised.  

PTK787 inhibition of VEGFR2 had no significant effect on SRPK1 or SRSF1 

expression or activation. SRSF1 NL was significantly lower in VEGFR2ECKO mice that 

showed increased cartilage damage and reduced vascularity. Synovial proliferation 

was still seen in the mouse joints. Endothelial VEGFR2 knock down would reduce 

angiogenesis and increase hypoxia as even if there is upregulation of VEGF-Axxxa 

expression this cannot exert a pro-angiogenic action. This would lead to greater 

hypoxia and increased cartilage damage. The reduced SRSF1 NL in synovium of 

inflamed VEGFR2ECKO mice suggests that genetic knockdown of endothelial VEGFR2 

may also affect VEGF-Axxxa production through an, as yet, unknown mechanism.  

The effect of novel inhibitors of the splicing kinases SRPK1 and CLK1 were 

determined in an in vitro model of chondrocyte hypertrophy. Exposure of chondrocyte-

like ATDC5 cells to ascorbic acid promotes differentiation (day 8-12) when they 
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express collagen 2A (COL2A1), and transition to a hypertrophic phenotype by day 21 

when they express collagen 10A but not COL2A1. Treatment of chondrocyte-like 

ATDC5 cells in vitro with novel SRPK1 or CLK1 inhibitors for 21 days had no effect on 

mRNA expression of either collagen 2A1 or 10A1. Despite this, the novel CLK1 

inhibitor has very similar properties to the experimental drug lorecivivint, so it may still 

be worth pursuing this compound for effects on cartilage and / or inflammatory joint 

pain.  

In conclusion, the work presented in this thesis shows that targeting VEGFR2 may not 

be an ideal therapy for IA due to the potential for reduced subchondral vascularity and 

increased cartilage damage. Human RA synovium has high levels of activated SRSF1, 

which is partially recapitulated in the rodent CFA IA models. Targeting VEGF-A 

alternative splicing mechanisms to switch splicing to VEGF-Axxxb isoforms could 

therefore be considered as a potential therapeutic target in IA. Further work is needed 

to fully understand how the different VEGF-A splice families contribute to cartilage 

maintenance in IA or chondrocyte hypertrophy. In addition, selective CLK inhibitors 

could also be considered as potential novel therapies in OA given their similarities to 

drugs in late phase clinical trials.  
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1. INTRODUCTION 

1.1 Inflammatory arthritis 

Inflammatory arthritis (IA) is a group of chronic progressive autoimmune diseases 

caused by multiple factors that result in inflammation. It has three main forms, 

including axial spondyloarthritis, psoriatic arthritis, and rheumatoid arthritis (RA). 

Approximately 5% of the population worldwide suffers from chronic IA (Fautrel 

& Guillemin, 2002) of which the most common form is RA (Karmakar et al., 2010; 

Pisetsky & Ward, 2012) that primarily affects the lining of the synovial joints and can 

lead to joint inflammation, cartilage, and bone destruction and results in joint deformity 

(Aletaha et al., 2010; Arnett et al., 1988; Woolley & Tetlow, 1997). The onset of RA 

can be at any age - even before the age of 16 (known as juvenile RA) - but 

usually people develop RA between 30 and 60 (J. Bullock et al., 2019; NHSUK, 

2022; VERSUSARTHRITIS, 2023). According to the 2019 “systemic analysis of 

global burden of disease study”, approximately 70% of people affected with RA 

are women, and 55% are over 55 years (Vos et al., 2020). The symptoms of IA 

include joint swelling, pain, redness, limited range of motion, stiffness, and can 

affect other connective tissues such as the heart, skin, lungs, and other organs 

(Adams et al., 2010). 

Global prevalence of RA is approximately 1-2% (Aletaha & Smolen, 2018; Chopra & 

Abdel-Nasser, 2008; Cross et al., 2014; Gibofsky, 2014). Estimates show around 0.5 

to 1% of the population is affected by RA in the United States and northern European 

countries (Myasoedova et al., 2010). The prevalence in UK is about 1% of the 

population suffering from RA, which is more than 400,000 people 

(VERSUSARTHRITIS, 2023).  

Rheumatoid arthritis is a growing problem globally that affects quality of life with the 

possibility of developing long term adverse outcomes including physical and work 

disability, and increased morbidity and mortality (Y. Cai et al., 2023; Young et al., 

2007). It also has a significant impact on both direct and indirect socio-economic costs. 

Indirect costs often result from lost productivity and work (Van Nies et al., 2014), and 
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are estimated to be approximately three times more than the costs of treating the 

disease (Agarwal, 2011). The estimation of daily work-related disability related to RA 

was about 35% in the US (Allaire et al., 2008).  

Early stage treatment, which includes early diagnosis and early referral, with intensive 

regimens is most effective in the management of RA to prevent longer term disability 

(Raja et al., 2012; Rudwaleit & Taylor, 2010) and other consequences such as 

cardiovascular disease (CVD), which is the major cause of death among RA patients 

with 50% higher risk than the general population (E. Choy et al., 2014). In 2010, both 

the American College of Rheumatology and the European League Against 

Rheumatism published the updated classification criteria for RA to facilitate early 

treatment (Van der Linden et al., 2011) that covers a broader spectrum of early disease 

features compared to the older criteria sets for RA (Sangha, 2000). 

Before moving to more details of RA aetiology, risk factors, pathogenesis, and 

treatment, I will first briefly discuss the normal structure of synovial joints and tissues. 

1.2 Normal synovial joint structure 

1.2.1 Structure and composition of normal articular cartilage  

Hyaline articular cartilage, in contrast with bone, is an avascular, aneural, and 

alymphatic structure (Buckwalter & Mankin, 1997). Cartilage is a connective tissue 

found in synovial joints and is made up of chondrocytes and extracellular matrix 

(ECM). The chondrocytes, which are the only cells present in cartilage, produce dense 

and highly organized ECM. Chondrocytes are embedded in the ECM from where they 

get their nutrition by diffusion. The ECM of cartilage is mainly comprised of a 

collagenous network containing 10 - 20% type II collagen, proteoglycans (10 – 20%), 

and glycosaminoglycans (GAGs) (Pap & Korb-Pap, 2015) and 80% water (Maroudas 

et al., 1991; Sophia Fox et al., 2009; Torzilli, 1985). The ECM provides both structural 

foundation and a ‘signalling scaffold’ for articular cartilage. This scaffold plays a key 

role in both the phenotypic stability and site-specific metabolic activities of 

chondrocytes (Sherwood et al., 2015). It also contributes to cartilage and bone 
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development during embryogenesis (Chuang et al., 2010; Koziel et al., 2004) by direct 

interactions with the embedded chondrocytes and retaining their soluble mediators.  

There are four zones of cartilage in which different functions, compositions, structures, 

and chondrocyte anatomy and phenotype vary based on the depth from the cartilage 

surface, as described below (Figure 1.1). 

1.2.1.1 Superficial zone 

The superficial zone is the thinnest layer and makes up only 10-20% of the total 

articular cartilage thickness. This layer is primarily composed of flattened 

chondrocytes in a high-collagen / low-proteoglycan matrix. It has the highest water 

content of the four layers, and provides the cartilage with the greatest tensile strength, 

protecting the deeper layers from shear stresses. Additionally, this zone is in contact 

with synovial fluid and acts as a filter, preventing infiltration of macromolecules from 

the synovial tissue and ensuring the cartilage is protected (Bhosale & Richardson, 

2008; Sophia Fox et al., 2009). 

1.2.1.2 Middle zone 

This region makes up 40% to 60% of the entire cartilage volume and serves as a 

functional and structural connection between the superficial and deep regions. The 

middle zone consists of chondrocytes with a lower density, randomly arranged 

collagen fibres, and a higher concentration of proteoglycan. The middle zone acts as 

the primary defence against compressive forces (Bhosale & Richardson, 2008; Sophia 

Fox et al., 2009). 

1.2.1.3 Deep zone 

Cells in the deep zone are spheroidal and arranged perpendicularly to the articular 

surface. This zone contributes 30% to 40% articular cartilage volume. Moreover, it has 

the highest proteoglycan concentration as well as largest diameter collagen fibrils with 

the ability to provide the greatest resistance to compressive forces (Bhosale & 

Richardson, 2008; Sophia Fox et al., 2009). 
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1.2.1.4 Calcified cartilage zone 

The calcified cartilage zone is mineralised, and anchors the cartilage to bone through 

collagen fibres. Chondrocytes in this zone are hypertrophic and uniquely produce 

collagen type X. Collagen X contributes shock absorber functions, together with the 

subchondral bone. The tidemark differentiates the deep zone from the calcified 

cartilage with a visible border. The cells in this zone possess very low metabolic activity 

due to small volume of cells embedded in a calcified matrix. This zone also has high 

proteoglycan content, and the arrangement of collagen fibrils is the same as in deep 

zone (Bhosale & Richardson, 2008; Sophia Fox et al., 2009). 

 

Figure 1.1: Schematic representation of healthy articular cartilage, with cellular 
organization and contribution percentages of different zones to cartilage volume, (right 
side), arrangement of collagen fibres from superficial to deep and calcified zones, and 
the histological state of different cells and tissues  (left side)  (Kurz et al., 2023). 

 

1.2.2 Synovium  

Synovium is the soft tissue lining the diarthrodial joint space. It consists of two layers, 

the intima and subintima (Figure 1.2). The intima, also known as the synovial 

membrane, is a continuous layer of 1-2 cell thickness. It comprises type A and type B 

synoviocytes (Figure 1.5a). Type A synoviocytes are thought to originate from blood 

monocytes and are similar to macrophages, while type B synoviocytes are locally 

derived fibroblasts (Malcolm D Smith, 2011; Malcolm D Smith et al., 2003). The intimal 

layer helps to shape and maintain synovial ECM by the production of matrix 
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components (e.g. collagens, fibronectin, tenascin, laminin, and proteoglycans) and 

ECM-degrading enzymes (such as matrix metalloproteinases (MMPs), proteases and 

cathepsins). Type B synoviocytes produces synovial fluid rich in hyaluronan 

(hyaluronic acid) and other joint lubricants such as lubricin (Jay et al., 2000; Rhee et 

al., 2005; Sprott & Fleck, 2023) (Figure 1.5a). Hyaluronic acid (HA) turnover is 

regulated by the balance between biosynthesis and degradation by hyaluronan 

synthases and hyaluronidases, respectively (Tobisawa et al., 2021; Valcarcel et al., 

2020; G. T. Wu et al., 2023). In addition, MMPs, reactive oxygen species, and other 

factors present in the extracellular milieu can be involved in HA degradation (Guan et 

al., 2020). 

The synovial fluid acts as a lubricant in addition to being biochemical pool through 

which regulatory cytokines and nutrients traverse (Castor, 1960). The subintima 

consists of loose connective tissues, blood and lymphatic vessels, adipose tissue, and 

infiltrating cells such as macrophages in a collagenous ECM (Malcolm D Smith, 2011). 

In addition to being a nutrient transport mediator, the subintimal layer also plays an 

important role in immune modulation and inflammatory responses in the joint (Lyane 

Haywood & Walsh, 2001). In summary, the synovium plays two crucial roles in 

maintaining the health of joints. Firstly, it produces lubricants that help cartilage 

articulate smoothly in a low-friction environment. Secondly, it provides vital nutrients 

to the cartilage as this tissue lacks its own blood supply. 

 

Figure 1.2: Haematoxylin and eosin (H&E) stained normal synovium showing layers and 
tissue types (Scanzello, 2022). 
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1.2.3 Subchondral bone  

Subchondral bone (SCB) lies immediately beneath the calcified cartilage and 

tidemark. The tidemark separates calcified from noncalcified cartilage (Lyons et al., 

2006), whereas the cement line is the borderline between calcified cartilage and 

subchondral bone (Imhof et al., 1999). Subchondral bone is divided into the 

subchondral plate and trabecular bone (Figure 1.3) (M. B. Goldring & Goldring, 2010). 

Subchondral trabecular bone is relatively porous containing sensory nerves, blood 

vessels, and bone marrow. It is also metabolically more active than the subchondral 

bone plate and plays a role in cartilage nutrient supply to the deepest cartilage layers 

(Suri & Walsh, 2012) as well as exerting important supportive and shock absorbing 

functions in normal joints (Castaneda et al., 2012). Subchondral bone is actively 

involved in adapting to the mechanical forces by undergoing modelling and 

remodelling (S. R. Goldring, 2012). Thus, any change in the microenvironment of SCB 

may either directly or indirectly affects cartilage metabolism and integrity. 

 

Figure 1.3: Articular cartilage and subchondral bone structure in a normal human joint. 
CC: calcified cartilage; NCC: noncalcified cartilage; SBP: subchondral bone plate; STB, 
subchondral trabecular bone. Arrows indicate the tidemark, while the dotted line 
displays the cement line separating calcified cartilage and subchondral bone (G. Li et 
al., 2013). 
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1.3 Pathophysiology of rheumatoid arthritis 

Several risk factors contribute to the development of RA (Deane et al., 2017) 

(discussed in detail see section 1.4, Figure 1.4). Rheumatoid arthritis can be initiated 

by the complex interaction between environmental factors and the strongest genetic 

component human leukocyte antigen class II histocompatibility - D related beta chain 

(HLA-DRB1) (Ishikawa & Terao, 2020; Raychaudhuri et al., 2012; Weyand et al., 

1992). During this process, the immune system's tolerance is disrupted, leading to the 

citrullination of proteins and peptides and the formation of new epitopes. These 

modified peptides are identified by antigen-presenting cells (APCs) in the adaptive 

immune system (E. Choy, 2012; Darrah & Andrade, 2018; Willemze et al., 2012). The 

process of autoimmunity in RA starts with the presentation of autoantigen 

(neopeptides) to T-cells, which then stimulates B cell differentiation into plasma cells. 

The plasma cells produce autoantibodies (rheumatoid factor (RF) and anti-citrullinated 

protein antibodies (ACPA), which further elicit inflammatory responses by recruiting 

leukocytes into the synovium (Carle et al., 2023; E. Choy, 2012; Volkov et al., 2020; 

Yap et al., 2018).  

In RA leukocytes, such as mast cells, T and B lymphocytes, neutrophils, and 

monocytes/macrophages, migrate from the bloodstream into synovium through vessel 

walls. Several cell adhesion molecules including selectins, integrins, and their 

respective ligands are involved in leukocyte trans-endothelial migration (Agarwal & 

Brenner, 2006; A. E. Koch, 1998; Szekanecz & Koch, 2008) into the normal synovium. 

When immune cells infiltrate the normal synovial membrane, it triggers the 

inflammatory response by releasing pro-inflammatory cytokines like tumour necrosis 

factor–α (TNF-α), interleukins (IL-1, IL-6, and IL-17), granulocyte–macrophage colony-

stimulating factor (GM-CSF), and MMPs. These cytokines then activate other 

inflammatory cells in the synovium, leading to the release of further cytokines and 

inflammatory mediators. These local pro-inflammatory mediators include 

prostaglandins, MMPs, proangiogenic factors (VEGF-A), TNF, IL-6, and receptor 

activator of nuclear factor κB ligand (RANKL) (Bartok & Firestein, 2010; Tardito et al., 

2019). Eventually synovium becomes hyperplastic (pannus), and the resulting hypoxia 

stimulates new blood vessel formation (angiogenesis) (Brennan et al., 1989; McInnes 
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& Schett, 2011; Wallach, 2016). Cytokines such as TNF, IL1, IL-6, GM-CSF, and 

interaction of RANK with its ligand cause osteoclast differentiation and activation in 

the inflamed synovial membrane which leads to cartilage and bone erosion upon 

pannus invasion into periarticular bone at the cartilage-bone junction (Figure 1.4 & 1.5) 

(Komatsu & Takayanagi, 2022; Redlich & Smolen, 2012; Wallach, 2016).  

Taken together, tissue damage in RA results from dysregulated T and B cell 

interactions, disrupting immune system balance and producing autoantibodies and 

cytokines (Catrina et al., 2016; X.-X. Hu et al., 2019; Q. Jiang et al., 2021) (Figure 1.4). 

Autoantibodies can develop before the appearance of signs and symptoms and this 

stage is known as “pre-RA” which can last between as little as a year or persist for 

more than a decade. The duration of “pre-RA” is linked to the autoantibody profile. 

Individuals who express RF, ACPAs, and increased levels of C-reactive protein (CRP) 

develop symptoms within a few months. On the other hand, it may take 5 to 10 years 

after autoantibody appearance in the individuals who express ACPAs only (Nielen et 

al., 2004). Patients with "pre-RA" may have only subtle inflammatory changes in the 

synovium, while established RA may not always show clinical signs and symptoms, 

despite histologic evidence of inflammation (De Hair et al., 2014). Early signs of RA 

range from mild arthritis with few involved joints, but no structural damage, to severe 

polyarticular disease recognised by narrowing of the joint space and erosive disease, 

which is an indicator of cartilage degradation. Thus, adequate treatment is required to 

stop RA progression into a more destructive disease. 

Apart from the symptoms that affect the joints, many patients also experience extra-

articular or systemic manifestations or both (Hochberg et al., 2008). Extra-articular 

manifestations include vasculitis, rheumatoid nodules, rheumatoid lung, uveitis, 

pericarditis, and keratoconjunctivitis sicca (Hochberg et al., 2008). Systemic 

manifestations include CVD, anaemia, osteoporosis, acute-phase protein production, 

fatigue, and depression (Dayer & Choy, 2010; Pollard et al., 2005). 
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Figure 1.4: Pathophysiology of rheumatoid arthritis. This diagram summarises the multiple different cells, processes and mediators 
that contribute to the pathophysiology of RA. Various factors (top left side of figure) are involved in RA development that results in the 
activation of CD4+ T cells. These cells trigger macrophage, T and B cells, and endothelial cells activation, resulting in the secretion of 
pro-inflammatory cytokines, autoantibodies, and adhesion molecules which affect fibroblast, chondrocytes, and osteoclasts. 
Chondrocytes release MMP, while fibroblasts transform into FLS and produce pro-inflammatory cytokines, ultimately leading to the 
destruction of the extracellular matrix. Pro-inflammatory cytokines can also stimulate angiogenesis leading to pannus formation 
resulting in cartilage damage and bone destruction.
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Figure 1.5: Comparison of healthy (left) versus arthritic joint (right). (a) Healthy joint 
(left) shows synovial intimal lining with thin layer (1-2 cells) of synoviocytes (Type A: 
tissue resident macrophages; Type B: Fibroblast-like synoviocytes (FLS). Synovial 
macrophages maintain intra-articular homeostasis engulfing foreign bodies in the joint 
cavity. Synovial FLS controls ECM composition via secretion of several matrix 
components such as hyaluronic acid, fibronectin, lubricin, laminin, and collagen (b) 
while in rheumatoid arthritis, there is expansion of synovial intimal lining and 
transformation into invasive pannus (also known as hyperplasia). Hyperplastic 
synovial cells express matrix metalloproteases (MMPs), chemokines (CXC-chemokine 
ligand 10), cytokines (IL-6), and pro-angiogenic factors (VEGF-A) which maintain joint 
inflammation and lead to cartilage and bone destruction (Nygaard & Firestein, 2020). 
FLS: Fibroblast-like synoviocytes, SM: Synovial macrophages (resident); ECM: 
extracellular matrix; RANK: Receptor activator of nuclear factor kappa beta, TNF: 
Tumour necrosis factor, IL1: Interleukin 1; IL6: Interleukin 6. 
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1.4 Risk factors 

The exact cause of RA is still unknown. However, there are a number of factors that 

increase the risk of developing this disease. These factors include genetics, 

epigenetics, being female, and both socioeconomic and environmental factors. Some 

of the environmental risk factors include smoking, exposure to airborne agents such 

as silica and dust from inorganic and textile sources, air pollution, poor dietary habits 

including high consumption of red meat, sodium, and iron, infectious agents, vitamin 

D deficiency, obesity, and changes in the microbiota (Deane et al., 2017; Romao & 

Fonseca, 2021).  

1.4.1 Genetics 

Rheumatoid arthritis has a strong genetic component; having a family history 

increases the chances of developing it by around 60% (MacGregor et al., 2000). The 

HLA (human leukocyte antigens) class II family, which correspond to the major 

histocompatibility complex (MHC) in animals, have a strong association with RA 

(Gregersen et al., 1987). The disease related alleles contain a conserved sequence 

of five amino acid known as a shared epitope. The shared epitope hypothesis 

suggests that certain alleles are directly involved in the pathogenesis of RA by allowing 

incorrect autoantigen presentation to T cells, leading to T cell-mediated autoimmune 

responses (Gregersen et al., 1987; van der Helm‐van Mil et al., 2005). Many gene loci 

associated with RA studies consistently reveal the presence of HLA-DRB1 alleles 

within the MHC complex on chromosome 6. HLA-DRB1 contributes nearly 30% of the 

whole genetic component involved in this disease (Deighton et al., 1989).  HLA-DRB1 

is present on APCs and plays a role in presenting pathogens to T cells to initiate 

immune antibody responses. In addition, other genetic risk factors  with weaker 

associations (~5%) have been recognised, such as a PTPN22 (tyrosine-protein 

phosphatase nonreceptor type 22) gene polymorphism which is thought to be 

associated with lowering the threshold for T cell activation (Rieck et al., 2007; Stanford 

& Bottini, 2014; Jinyi Zhang et al., 2011) and hypercitrullination by interacting with the 

enzyme peptidyl arginine deiminase, and hence responsible for citrullination (Chang 

et al., 2015). The majority of associations are with alteration in molecules related to 
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immune and inflammatory pathways involved in RA such as STAT4 (signal transducer 

and activator of transcription 4) (Remmers et al., 2007), CTLA4 (cytotoxic T-

lymphocyte associated protein 4) (Plenge et al., 2005), NF-kB (nuclear factor kappa 

B) (Spurlock et al., 2015), and IL-6 (Ferreira et al., 2013).   

1.4.2 Epigenetics 

Epigenetic modifications including DNA methylation and histone acetylation also 

promote inflammatory responses and might have a role in RA progression. DNA 

methylation is a crucial process that allows environmental factors to change cellular 

activity. For instance, people with ACPA-positive disease carrying the risk allele HLA-

DRB1 who smoke, have higher DNA methylation levels compared to those without the 

risk allele. Non-smokers did not have a difference in methylation (Meng et al., 2017) 

indicating a potential gene – environment interaction that could increase the risk of 

developing ACPA positive RA. Posttranslational protein modifications such as 

citrullination of arginine residues, generate new epitopes and result in the formation of 

autoantibodies against autoantigens (e.g. ACPAs, IgG - RF, or autoantigens that 

cross-react with viral or bacterial viral antigens for example Epstein-Barr virus or 

Prevotella (Pianta et al., 2017; Tan & Smolen, 2016). These autoantibodies can break 

the immunological tolerance to form immune complexes that may activate complement 

which further increases inflammatory responses (Tan & Smolen, 2016). ACPAs alone 

can cause little inflammation but together with RF can promote a considerable 

inflammatory response. Rheumatoid factors also increase immune responses formed 

by ACPAs and amplify the inflammatory reactions produced by complement activation 

and immune complexes (Aletaha et al., 2015; Sokolove et al., 2014; Yoo et al., 2008). 

1.4.3 Microbiota 

Regarding the microbiome, periodontal disease is associated with an increased risk 

of developing RA. The link between periodontal disease and RA is thought to be 

partially facilitated by oral microbiota such as Porphyromonas gingivalis (Kharlamova 

et al., 2016) and Aggregatibacter actinomycetemcomitans (Konig et al., 2016). In 

addition to periodontal microbiota, the gut microbiota such as Prevotella species may 

have an important role in RA (Wegner et al., 2010). Data suggest that bacteria may 



13 

 

 

cause autoimmunity and inflammation via translocation from the gut to tissues 

(Manfredo Vieira et al., 2018). The link between environment, genetics, and disease 

is supported by the findings of homology in the sequence of HLA-DR molecules in RA 

patients with protein epitopes from bacterial species (Prevotella and other gut bacteria 

species) in RA (Pianta et al., 2017). Furthermore, the similarities between amino acid 

sequences of bacterial or viral proteins, and autoantigens have been described (Alam 

et al., 2014).  Regarding the role of viruses, Epstein-Barr virus infection (Tan & 

Smolen, 2016) has been implicated in autoimmune diseases and RA (Tan & Smolen, 

2016) and parvovirus B19 may also be implicated following a 2019 case study showing 

parvovirus mimicking RA (Alexander et al., 2019). 

1.4.4 Sex 

In general, RA affects women more than men (Favalli et al., 2019; Y.-J. Lin et 

al., 2020; S. Ngo, 2014) with 4-5 times higher incidence and prevalence rates  

(Kvien et al., 2006). The lifetime risk estimation of developing adult-onset RA in 

female is 3.6 percent while 1.7 percent in men (Crowson et al., 2011). In women, 

symptoms of RA appear most commonly in middle age or at menopause, while 

disease onset in men tends to be later. Men are also more likely to be RF positive and 

have increased ACPA titres (Alamanos et al., 2006).  

The prevalence of RA is higher in women, which is linked to immune system 

stimulation by oestrogen. However, the role of hormonal factors in the pathogenesis 

and development of RA remains complex and controversial despite extensive 

research. Oestrogen can have both stimulatory and inhibitory effects (Cutolo et al., 

2006), while androgens have inhibitory effects on the immune system. More 

specifically, oestrogen can have a range of effects on different immune cells based on 

serum concentration, reproductive phase or ovarian ageing stage such as 

reproductive, menopausal transition or post-menopausal, and oestrogen receptor 

(ER) expression (Straub, 2007). It has been proposed that the dichotomous effects 

(pro-inflammatory and anti-inflammatory) of oestrogens in several inflammatory 

conditions could be due the relative abundance of different oestrogen pro-

inflammatory metabolites (Straub, 2007) in synovial cells from patients with RA 

(Schmidt et al., 2009). 
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Many cells of the immune system, for example B cells, natural killer cells, 

macrophages, CD4+ (cytotoxic) and CD8+ (helper) T cells, express oestrogen 

receptors (Ackerman, 2006; Bouman et al., 2005). High levels of oestrogenic show a 

strong stimulatory effect on these cells of immune system with the tendency towards 

producing autoimmune responses through the secretion of pro-inflammatory cytokines 

and stimulation of antibody production. Hence, these immuno-stimulatory effects of 

oestrogen contribute to increase female susceptibility to develop autoimmune 

diseases (Lockshin, 2001, 2005). In contrast, progesterone and androgens are 

considered natural immunosuppressors (Cutolo & Straub, 2020; Grimaldi, 2006; 

Hughes, 2012; Straub, 2007). These exert anti-inflammatory effects by 

downregulating immune-related genes and pathways implicated in RA such as 

inhibition of Th1 and Th17 differentiation, and human peripheral blood mononuclear 

cells (PBMC) activity (Sthoeger et al., 1988) which results in the reduction of IL-1, IL-

6 and TNF- (Gubbels Bupp & Jorgensen, 2018; Hughes, 2012; Lu et al., 2015). 

On the other hand, pregnancy is associated with disease remission as well as 

decreased onset of RA in 75% of women (Krause & Makol, 2016; Lansink et al., 1993; 

Nelson & Ostensen, 1997; Silman et al., 1992) due to complex pregnancy-related 

hormonal and immunological alterations (Monika Ostensen & Villiger, 2007). The 

reduction of RA disease activity during pregnancy is due to an increase in oestrogen 

and progesterone levels which may play an indirect role in the induction of this 

beneficial type of immune regulation (Forger et al., 2008; Kahn & Baltimore, 2010; 

Masi et al., 1995; Nelson & Ostensen, 1997; Monica Ostensen, 1999; Whitacre, 2001). 

Moreover, during pregnancy, increased levels of oestrogen, cortisol, and vitamin D 

reduce pro-inflammatory cytokines such as IL-12 and TNF-α (Elenkov et al., 2001). 

However, disease flares are common after childbirth (Borba et al., 2019; Lansink et 

al., 1993; Nelson & Ostensen, 1997; Oka, 1953) and are also found in association with 

breastfeeding (Barrett et al., 2000). Prolactin was thought to be responsible for disease 

flare in breastfeeding but the data available so far on the prolactin role in human RA 

is conflicting and limited (M. W. Tang et al., 2017). Some studies conducted after the 

Barrett study (Barrett et al., 2000) show a consistent association of breastfeeding with 

a decreased risk of RA (Adab et al., 2014; H. Chen et al., 2015; Pikwer et al., 2008). 

Other large prospective cohort (Karlson et al., 2004; Salliot et al., 2021) and case-
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control (Orellana et al., 2017) studies show no substantial link between breastfeeding 

and risk of RA, whereas an increased risk was identified in a single study by Berglin 

et al. (Berglin et al., 2010). 

In menopause, the rapid decline in circulating oestrogens is linked with a spontaneous 

rise in pro-inflammatory cytokines e.g. IL-1β, IL-6, and TNF-α (O. Y. Kim et al., 2012; 

Mateen et al., 2016; Pfeilschifter et al., 2002). 

In summary, sex hormones exert pleiotropic effects on the immune system. Although 

there are conflicting reports in the literature as discussed earlier, higher levels of 

oestrogen provide protection during pregnancy. Conversely, lower levels of oestrogen 

and/or progesterone following childbirth and during menopause commonly result in an 

increased risk and severity of RA (Cutolo & Gotelli, 2023; Raine & Giles, 2022). 

1.5 Articular joint damage in rheumatoid arthritis 

1.5.1 Synovial inflammation 

Rheumatoid arthritis is a systemic disease, in which immune-mediated events occur 

both in joints and systemically in other sites such as primary lymphoid tissues and 

mucosal surfaces. The synovium is however the main site of pathology, where a 

variety of immunological events occur (Figure 1.5). 

Two key pathogenetic changes are prominent in RA synovium. First, there is an 

increase in number and activation of both types of synoviocytes leading to the 

expansion of intimal lining (McInnes & Schett, 2011). Macrophage-like and fibroblast-

like (FLS) synoviocytes are prominent sources of proteases and pro-inflammatory 

cytokines, such as IL-1, IL-6, and TN F and others are produced by macrophage-like 

synoviocytes. Production of small-molecule mediators such as prostaglandins and 

leukotrienes is stimulated by IL-6. These molecules are involved in the degradation of 

many components of ECM in the synovial joint (Bartok & Firestein, 2010). Fibroblast-

like synoviocytes are thought to contribute to cartilage destruction and propagation of 

disease because of their potential to migrate from joint to joint via the blood stream 

(Lefevre et al., 2009). Angiogenesis, vascular cell adhesion molecule 1 (VCAM-1) and 

integrins are important mediators of FLS transmigration into the vascular system and 
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invasion into the cartilage (El‐Gabalawy et al., 1996; Giancotti & Ruoslahti, 1999; 

Morales-Ducret et al., 1992; Muller-Ladner et al., 1997; Schedel et al., 2004).  

Secondly, adaptive immune cells infiltrate into the synovial sublining such as CD4+ 

which activate B cells (as discussed earlier in section 1.3) (Ziff, 1974). Hence, these 

cells in addition to mast cells, antigen-presenting follicular dendritic cells, and 

macrophages play significant roles in the progression of inflammation (Orr et al., 

2017). 

Synovial hyperplasia is the hallmark of RA pathology. In RA, a large number of immune 

and inflammatory cells migrate into the synovium and the synovium proliferates and 

grows into a mass-like invasive tissue termed pannus (Figure 1.5). RA synovial 

fibroblasts are resistant to apoptosis and cause persistent inflammation of the 

synovium by interacting with immune and inflammatory cells. They also promote the 

formation of ectopic lymphoid follicles (I. Y. Choi et al., 2017). In addition, synovial 

fibroblasts produce inflammatory cytokines and MMPs, and directly invade articular 

cartilage and subchondral bone. In some respects, RA synovium is considered to 

show tumour-like features which are largely contributed by fibroblasts (Lefevre et al., 

2009; You et al., 2018). Pannus exhibits neovascularisation which supports growth 

and invasion into adjacent cartilage and bone leading to joint damage (Fassbender, 

1983).  

1.5.2 Cartilage damage  

Cartilage is a target tissue in RA. During the course of the disease, synovial cells 

particularly activated FLS, progressively destroy the cartilage (Bottini & Firestein, 

2013; Huber et al., 2006). The mediators of cartilage destruction in RA include MMPs, 

a disintegrin-like and metalloproteinase with thrombospondin motifs-4 & 5 

(ADAMTS-4, ADAMTS-5) and cathepsins, which play a key role in inducing cartilage 

damage (Pap et al., 1999). In RA, these enzymes are present in the synovial fluid and 

can cause direct cartilage destruction due to their activation state and level (Yoshihara 

et al., 2000). However, many studies suggest that the inflamed synovial membrane's 

proximity to cartilage also plays a critical role in aggressive ingrowth and consequent 

matrix destruction (Pap et al., 2000). The mechanism by which cartilage damage 

facilitates attachment of synovial cells includes synovial hyperplasia and ECM 
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degradation. Fragments of ECM are released, which can bind to cell-surface 

molecules on synovial cells. In fact, fibronectin fragments from cartilage ECM have 

been found to promote the formation of synovial pannus (S. Shiozawa et al., 1992; 

Yasuda, 2006). Deletion of IL-1 genes prevents cartilage proteoglycan loss and 

reduces synovial adherence and damage in experimental models (Korb-Pap et al., 

2012; Zwerina et al., 2007).  

1.5.3 Bone erosion 

Bone consists of four different cell types: osteoblasts, osteocytes, osteoclasts, and 

bone lining cells found in and around the osteoid matrix. The bony skeleton protects 

various other organs of the body by providing mechanical support. The bone ECM is 

an essential component of bone (Y. Fan et al., 2020; J. Wang et al., 2013; R. Zhou et 

al., 2021), which is secreted by osteoblasts cells into the extracellular space. ECM is 

composed of inorganic (40%) phosphate and calcium, predominantly in the form of 

hydroxyapatite (Ca10(PO4)6(OH)2)) (Tavafoghi & Cerruti, 2016) and organic 

compounds (60%) including both collagen and non-collagenous materials. 

Collagen is an important protein in bones, providing support and structure. The three 

types of collagen most responsible for this function are types I, III, and V. (M. Saito & 

Marumo, 2015). Type I collagen is the most abundant, making up 90% of the organic 

bone matrix (Varma et al., 2016). The remaining 10% of the matrix is made up of non-

collagenous proteins, which can be divided into four groups: proteoglycans (Coulson-

Thomas et al., 2015; Kalamajski et al., 2009; Moorehead et al., 2019), -

carboxyglutamic acid containing proteins (Kaipatur et al., 2008; Mizokami et al., 2017; 

Wen et al., 2018), glycoproteins (A. Delany et al., 2000; A. M. Delany & Hankenson, 

2009; Rosset & Bradshaw, 2016; Shi et al., 2017), and small integrin-binding ligand 

N-linked glycoproteins (SIBLINGs) (Jani et al., 2016; Marinovich et al., 2016; A. Singh 

et al., 2018; Zelenchuk et al., 2015). In bone, ECM regulates tissue elasticity, cell 

adhesion, proliferation, growth factor responses, differentiation, and bone function (X. 

Lin et al., 2020). Bone ECM undergoes constant remodelling due to changes in growth 

factors, receptors, and local pH levels to maintain tissue homeostasis (Bonnans et al., 

2014; Mouw et al., 2014).  
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Bone homeostasis is maintained by a balance between osteoblasts and osteoclasts. 

This process ensures the bone eroded by osteoclasts is completely replaced by 

osteoblasts with fresh bone. The balance is tightly regulated by various growth factors, 

osteogenic cytokines, and hormones (Takayanagi, 2005). Fluctuation in this 

homeostatic equilibrium towards excessive osteoclast activity is associated with 

pathological disorders such as osteoporosis (P. Tang et al., 2014), and bone tumours 

(Maurizi & Rucci, 2018; Russo et al., 2022). Increased osteoclastic activity  also 

contributes in the progression of RA (Allard-Chamard et al., 2020; Niu et al., 2022; 

Schett, 2007), OA (Bertuglia et al., 2016; Weber et al., 2019), and Paget's disease 

(Sabharwal et al., 2014). 

In RA, bone erosion or focal articular bone loss is a common and characteristic feature 

which manifests early in the disease process (Scott, 2004). Erosions take place upon 

pannus invasion into subchondral and cortical bone, and the adjacent marrow spaces. 

Ultimately, trabecular bone is lost resulting in increased fracture risk (Joffe & Epstein, 

1991; Sambrook, 2000). Bone erosion may develop early in the course of RA (K. P. 

Machold et al., 2002; Plant et al., 1998; DMFM Van der Heijde, 1995) sometimes within 

weeks after diagnosis, for example as seen in >10% of the patients as early as 8 weeks 

after the appearance of symptoms (K. P. Machold et al., 2002), and up to 60% have 

erosions after one year (K. Machold et al., 2007; Plant et al., 1998; Proudman et al., 

2000; DMFM Van der Heijde, 1995).  This indicates that, in some patients, the process 

of disease may start earlier than the onset of symptoms, which is supported by the 

evidence of autoantibodies presence long before the appearance of disease (Aho et 

al., 1985; Nielen et al., 2004; Rantapaa-Dahlqvist et al.). Development of bone 

erosions and joint damage progression in some early RA patients, even when ‘very 

early’ DMARD treatment was instituted, may indicate early determination of disease 

towards joint damage (Lard et al., 2001; Nell et al., 2004; van Aken et al., 2004). On 

the other hand, in some patients substantial joint damage despite early treatment with 

DMARDs is attributable to a lack of a good clinical response to treatment (K. Machold 

et al., 2007). 

The understanding of mechanisms driving bone erosion are critical objectives in 

treating people with RA to prevent focal bone erosions. 
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1.5.3.1 Osteoclast formation in the inflamed joint in rheumatoid arthritis 

Osteoclasts arise from cells of monocyte-macrophage lineage and are multinucleated 

cells normally found at the trabecula surface of cancellous bone. Osteoclast activity 

creates bone resorption in ‘pits’. Pits may be repopulated by osteoblasts to form new 

bone matrix in remodelling. Osteoclasts attach to the bone matrix and mediate bone 

remodelling by creating a local acidic environment by secreting proteinases. During 

physiological bone remodelling, osteoclast-mediated bone loss is balanced by 

osteoblast-mediated bone formation. 

During normal physiological bone remodelling, osteoclast differentiation and function 

is regulated by the receptor activator of NF-κB (RANK) ligand (RANKL) pathway. 

RANKL binds to its cognate receptor RANK expressed on osteoclast precursor cells, 

thereby promoting osteoclastogenesis. Osteoprotegerin (OPG) is a soluble decoy 

receptor for RANKL, preventing it from binding to RANK. This action of OPG acts as 

a vital negative regulator of osteoclastogenesis (Kong et al., 1999; Skoumal et al., 

2005). Osteoclastogenesis also needs macrophage-colony stimulating factor (M-CSF) 

to stimulate osteoclast cellular precursors for differentiation into osteoclasts (Tsurukai 

et al., 2000). During physiologic bone remodelling, both RANKL and M-CSF are 

produced by cells of the osteoblast lineage (S. Tanaka et al., 1993).  

The synovial membrane in RA contains numerous monocytes/macrophages, which 

can differentiate into osteoclasts on exposure to appropriate signals. Activated T cells 

and synovial fibroblast-like cells are the most important cells in the synovium providing 

essential signals for monocyte differentiation into osteoclasts. Synovial FLS express 

RANKL and therefore can drive osteoclast formation (Gravallese et al., 2000; 

Shigeyama et al., 2000). In addition, activated T lymphocytes producing IL-17, are 

potent stimulators of osteoclast formation (Sato et al., 2006).  Pro-inflammatory 

cytokines such as TNFα, IL-1, IL-6, and IL-17 are abundant in RA synovium and 

regulate RANKL expression. Upregulation of RANKL is also observed in psoriatic 

arthritis, and in experimental models of arthritis (Gravallese et al., 2000; Ritchlin et al., 

2003; Shigeyama et al., 2000; Stolina et al., 2005), demonstrating RANKL as an 

important factor for osteoclast formation in the joint. Therefore, there appears to be a 
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tight relationship between inflammatory cytokines, RANKL expression and osteoclast 

formation in the joint. 

It has been shown that when inflamed synovial tissue comes into direct contact with 

the bone surface, terminally differentiated osteoclasts express the calcitonin receptor 

(CTR). This suggests that the final differentiation of osteoclasts may be dependent 

upon direct interaction with mineralized tissue. Late osteoclast differentiation markers 

such as tartrate-resistant acid phosphatase (TRAP), cathepsin K, and CTR are 

expressed in the synovium of RA. (Gravallese et al., 1998; Gravallese et al., 2000). 

TRAP is a marker for bone-resorbing osteoclasts as TRAP positive multinucleated 

osteoclasts secrete cytokines and various proteinases such as MMPs that lead to 

cartilage and bone damage (I. Adamopoulos et al., 2006; I. E. Adamopoulos et al., 

2006; Delaissé et al., 2000; Tsuboi et al., 2003). In normal physiology, TRAP positive 

multinucleated cells in the growth plate, known as chondroclasts, play important roles 

in the process of replacing the hypertrophic chondrocyte zone with bone (Vu et al., 

1998). 

1.5.3.2 Osteoclasts and the cartilage damage in rheumatoid arthritis 

As discussed earlier, the development of structural damage in RA is a complex 

process involving cartilage destruction, inflammation of the tendons near joints, and 

bone erosion. Articular cartilage includes both unmineralized cartilage, forming the 

surface of the joint, and mineralised cartilage which is present deep in articular 

cartilage and connects it to subchondral bone. Osteoclasts do not target or invade the 

unmineralized cartilage, as shown in samples from joint replacement surgery (Figure 

1.6). The key players involved in cartilage degradation include degrading enzymes 

such as MMPs and the invasive properties of the synovial tissue (Pap et al., 2001). 

Osteoclasts in the pannus may have an important roles in the damage to mineralised 

articular cartilage in RA as TRAP positive mononuclear and multinucleated cells at the 

cartilage-synovial interface produce MMP-2 and MMP-9 (Tsuboi et al., 2003). 

It is reasonable to suggest that mineralized cartilage is sensitive to bone resorption by 

osteoclasts because the most abundant ossification pathway, endochondral 
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ossification, involves the removal of mineralized cartilage and its remodelling into 

bone. Therefore, the mineralized cartilage may be a weak point in the joint which 

permits osteoclast invasion, contributing to cartilage surface damage. Tunnels 

resulting from osteoclast invasion can then be occupied by pannus containing high 

MMP and cytokine concentrations which cause rapid degradation. Thus, invasion into 

mineralized cartilage may allow synovial tissue to gain access to the bone marrow by 

breaking the thin subchondral bone barrier (Schett, 2007). 

 

 

Figure 1.6: Mineralized surface cartilage erosion by osteoclasts in 
metacarpophalangeal joint section from a patient with RA. Arrow (red) shows the 
infiltration of synovial inflammatory into the mineralized cartilage (**), where it is 
accompanied by osteoclasts that erode the cartilage, whereas the unmineralized 
surface cartilage (*) looks intact. Additionally, the subchondral bone (#) displays 
resorption lacunae. Inset shows magnified boxed field including osteoclasts in ‘pits’ at 
the interface between the invading synovium and cartilage (Schett, 2007)  

1.5.4 Subchondral fibrovascular tissue  

Subchondral neovascularization and inflammation are well-known for their co-

existence in RA (Appel et al., 2006; Bugatti et al., 2005). Subchondral bone marrow 

replacement by fibrovascular tissue (FVT) is a feature of both RA (Appel et al., 2006; 

Bromley et al., 1985; Bugatti et al., 2005) and OA (Bugatti et al., 2005; Milgram, 1983; 

D. A. Walsh et al., 2022). In RA, subchondral inflammatory infiltrates contain 

lymphocytes which produce MMPs and chemokines (Appel et al., 2006; Bugatti et al., 
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2005), and promote osteoclastic activity (Bugatti et al., 2005; Kaneko et al., 2001; 

Lisignoli et al., 2007). Subchondral osteoclastic activity (D. A. Walsh et al., 2010) and 

angiogenesis are involved in the FVT replacement of SCB bone marrow in both 

experimental and human arthritis (P. Mapp et al., 2008). The blood vessels in 

subchondral bone marrow FVT invade articular cartilage by breaching the tide mark, 

and this is associated with cartilage damage and joint pain.  

1.6 Classification and diagnosis of rheumatoid arthritis 

The 2010 RA classification criteria were proposed by the American College of 

Rheumatology/European League Against Rheumatism (ACR/EULAR) to assist early 

diagnosis of RA (Aletaha et al., 2010; Radner et al., 2014). According to the 

classification, diagnosis of RA requires evidence of at least one clinically swollen joint 

and overall 6 points from a scoring system (Table 1.1) which is the indication of early 

RA.  

UK National institute of Health and Care Excellence (NICE) guidelines recommend 

that any adult with suspected ‘persistent synovitis of unknown cause’ is referred 

urgently for investigation in case of any of the following exist; (a) the small joints of the 

hands or feet are involved (b) more than one joint is involved. It is important to identify 

the patients in the earlier stages of RA as soon as possible because early diagnosis 

and effective treatment prevents the joint damage progression in 90% of patients 

(Goekoop‐Ruiterman et al., 2005).  

Initial assessment for RA usually involves serologic testing for autoantibodies (RF and 

ACPAs) and acute phase reactants (APRs) such as plasma fibrinogen, serum C-

reactive protein (CRP), platelet count, and ferritin (Arvidson et al., 2002; Beyan et al., 

2003; Dessein et al., 2004; Mackiewicz et al., 1991; Yildirim et al., 2004) as well as 

joint examination for synovitis of unknown origin. UK NICE guidelines recommend 

blood tests for RF followed by measuring anti-cyclic citrullinated peptide antibody 

(ACCP) in the case of negative RF in suspected RA patients with persistent synovitis. 

The diagnosis may also include X-ray of hands and feet in these individuals. Follow-

up includes evaluation of APRs, assessment of joint and disease activity, and 

evaluation of physical function using the Health Assessment Questionnaire (HAQ) 
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which also provides a baseline to measure the functional response to treatment (UK 

NICE guidelines). 

Serological biomarkers and autoantibodies, such as ACPAs and RF, can be detected 

up to 10 years before disease onset in two-thirds of individuals. This enables the 

identification of patients at increased risk of developing RA. Hence, in addition to 

diagnosis, these serological markers can be used as a prognostic marker (Aletaha et 

al., 2015; Aletaha et al., 2010; Laurent et al., 2015; Nielen et al., 2004; Sokolove et 

al., 2014).  

One of the most effective ways to assess the level of RA disease activity in both clinical 

trials and practical applications is by using a composite measure. Such measures can 

incorporate various metrics such as a disease activity score calculated using multiple 

joint counts (DAS28), a clinical disease activity index (CDAI), and the simplified 

disease activity index (SDAI), all of which are used to evaluate the extent of disease 

activity (Aletaha et al., 2005; Smolen et al., 2006; DMFM Van der Heijde et al., 1992). 

In the 1990s, composite measures of disease activity were established to reduce the 

error in measurements and improve the analysis/interpretation of clinical trials for the 

evaluation of new biological agents and disease‐modifying anti‐rheumatic drugs.  
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Table 1.1: 2010 EULAR/ACR classification criteria for RA. 
 

Classification criteria Point 
score 

Joint involvement (0–5 points) 
 

1 large joint 0 

2–10 large joints 1 

1–3 small joints (large joints not counted) 2 

4–10 small joints (large joints not counted) 3 

>10 joints including at least one small joint 5 

Serology (at least one test needed for classification; 0–3 points) 
 

Negative RF and negative ACPA 0 

Low positive RF or low positive ACPA 2 

High positive RF or high positive ACPA 3 

Acute-phase reactants (at least one test needed for classification; 

0–1 point) 

Normal CRP and normal ESR 0 

Abnormal CRP or abnormal ESR 1 

Duration of symptoms 
 

<6 weeks 0 

≥6 weeks 1 

Table 1.1: A score ≥6 = definite RA diagnosis. ACPA: anti-cyclic citrullinated protein 

antibody; RF: rheumatoid factor; ESR: erythrocyte sedimentation rate; CRP: C-reactive 

protein. 

1.7 Treatment of rheumatoid arthritis 

In the UK, and elsewhere, the goal for treating RA is to achieve disease remission, 

particularly in early RA, or low disease activity if remission is not attainable in 

established RA (termed ‘treat to target’ in UK NICE guidelines) (Aletaha et al., 2016). 

Disease remission is a state described by SDAI or CDAI which shows reduced/halted 

progression of joint damage with improved physical function (Aletaha & Smolen, 

2011).  
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Treatment regimens for RA consist of various aspects such as educating patients 

about the disease for example offering written and verbal information to counter any 

misconceptions and improve understanding regarding the condition, management of 

the disease, and pharmacological and non-pharmacological management (UK NICE 

guidelines). Treatments are mostly tailored to a patient’s needs and according to their 

general health which includes factors such as age, overall health, disease progression, 

occupation, the joints involved and compliance (J. Bullock et al., 2019). 

1.7.1 Initial pharmacological management – DMARDs 

Conventional disease-modifying antirheumatic drugs (cDMARDs) are the UK 1st line 

drugs (NICE) used for the treatment of RA to promote remission by reducing or 

stopping the development of joint destruction and deformity. NSAIDS are also used 

for pain control as concurrent treatment in RA (Crofford, 2013). 

DMARDs can take from weeks to months to be effective and are considered as slow-

acting medications. Hence, short-term bridging treatment with glucocorticoids (anti-

inflammatory and immunosuppressant) is also considered for the short period of time 

in individuals starting new DMARD. This is intended to reduce symptoms while waiting 

for the new DMARD to start producing its effect (NICE guidelines). Methotrexate 

(MTX) is an effective cDMARD and the initial first-line immunosuppressive drug used 

in RA in the UK. MTX has fewer side effects than other cDMARDs, and has dosage 

flexibility (i.e. doses can be easily adjusted as required) (Tian & Cronstein, 2007). The 

initial dose is estimated to be well tolerated and then titrated up on the basis of 

therapeutic response (J. A. Singh et al., 2016; Smolen et al., 2010). Patients taking 

MTX require regular blood tests due to the possible side effects, for example bone 

marrow deterioration, liver damage and cirrhosis. Taking folic acid supplements can 

help to lower the risk of side effects associated with MTX. Leflunomide, sulfasalazine 

and hydroxychloroquine are additional first-line cDMARDs that can also be used in 

combination with MTX if low disease activity or remission is not achieved with one 

DMARD. There is substantial evidence to support the use of combination conventional 

synthetic DMARDs over MTX monotherapy (Daien et al., 2017; D. Liu et al., 2013; 

Smolen et al., 2018). All DMARDs have anti-inflammatory mechanisms of action, for 

example, hydroxychloroquine decreases the secretion of monocyte-derived pro-
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inflammatory cytokines and can be used for long-term treatment of RA, with common 

side effects of skin, GI tract, and central nervous system problems. Patients on this 

medication require routine consultation with an ophthalmologist because this drug 

particularly affect eyes at higher doses (Silva et al., 2013). DMARDs can also reduce 

the risk of developing lymphoma associated with RA (Smolen et al., 2010).  

1.7.2 Biological DMARDs 

The marketed biologics or biological DMARDs (bDMARDs) include two IL-6 receptor 

targeting drugs, five TNF-targeting drugs, one selective T cell co-stimulatory modulator 

and one B cell antigen CD20-targeting antibody (Table 1.2). They are considered 

highly effective and safe drugs when used in combination with MTX for the treatment 

of RA refractory to conventional DMARDs (Smolen et al., 2020). 

Some TNF-targeting drugs have been demonstrated to show high therapeutic effects 

in MTX-naive RA patients when administered in combination with MTX. Ten-year 

follow up studies have shown the effectiveness of Etanercept and adalimumab 

(bDMARDs) in retarding the joint damage progression with no major safety concerns 

regarding the long term use of these drugs (Keystone et al., 2014; Weinblatt et al., 

2011). Monotherapy with sarilumab, an IL-6 receptor targeting drug, has been shown 

to be as effective as adalimumab monotherapy (anti -TNF) for MTX-refractory RA 

(Burmester et al., 2017).   

On the other hand, biologics which target IL-17 or IL-12/IL-23 have failed to show 

efficacy in the treatment of RA. In addition, bDMARDs including mavrilimumab, an 

anti-GM-CSF antibody and IL-20, which target cytokines did not show superiority over 

TNF-targeting drugs (Senolt et al., 2015; Weinblatt et al., 2018). However, a different 

anti- GM-CSF antibody otilimab was observed to reduce disease activity scores and 

pain in addition to improvement in physical function in combination with MTX. These 

findings supported further investigation on the clinical development of otilimab in RA 

(Buckley, Simón-Campos et al. 2020). Recently, two phase III, double-blind 

randomised controlled trials showed that Otilimab has limited efficacy over the 

approved JAK inhibitor, tofacitinib  (Xeljanz®) (Fleischmann, van der Heijde et al. 
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2023) and the anti-IL6 receptor antibody bDMARD, sarilumab (Kevzara®) (Taylor, 

Weinblatt et al. 2023).  

Table 1.2: Disease modifying anti-rheumatic drugs (DMARDs) and targets. 
 

Synthetic DMARDs  Biological DMARDs  

Conventional synthetic DMARDs  

Unknown target: methotrexate, 

sulfasalazine, chloroquine, 

hydroxychloroquine, and gold salts  

Known target: dihydroorotate-

dehydrogenase for leflunomide   

Targeted synthetic DMARDs  

 Janus kinase 1 (JAK1): filgotinib 

 Janus kinase 1 (JAK1) and JAK2: 

baricitinib  

 JAK1, JAK2 and JAK3: tofacitinib, 

Peficitinib, upadacitinib 

Biological originator DMARDs  

 Tumour necrosis factor: 

adalimumab, certolizumab, 

etanercept, golimumab and 

infliximab  

 IL 6 receptor: tocilizumab and 

sarilumab  

 IL 6a: clazakizumab, olokizumab 

and sirukumab 

 CD80 and CD86 (involved in T 

cell co stimulation): abatacept 

 CD20 (expressed by B cells): 

rituximab 

---------------------------------------------------------------------------------------------------------------- 
Table 1.2: DMARD nomenclature (Smolen et al., 2014). 

aNot yet approved or not further 
pursued (sirukumab). CD, cluster of differentiation. 
---------------------------------------------------------------------------------------------------------------- 

Furthermore, combination drugs have been developed consisting of bispecific 

antibodies that are formed artificially on combinations of an Fc fragment and two Fab 

fragments and are capable of simultaneously recognising two or more types of 

antigens. ABT- 122, a bispecific antibody against IL-17 and TNF, did not show 

equivalent or superior efficacy to anti-TNF antibodies in MTX-refractory RA (Genovese 

et al., 2018). Another bispecific antibody Rozibafusp (AMG 570), a bispecific inhibitor 

of B Cell activating factor and inducible T cell co-stimulator ligand, has completed 

phase Ib clinical trial in RA (Abuqayyas et al., 2022).  
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1.7.3 Targeted synthetic DMARDs 

Targeted synthetic DMARDs are orally administered compounds which have gathered 

increasing attention due to their effectiveness in RA treatment. These low molecular 

weight compounds are known as Janus kinase (JAK) inhibitors because of their 

mechanism of blocking Janus kinases, enzymes important in cytokine production 

within cells (O'Shea et al., 2013; Y. Tanaka, 2019; Y. Tanaka et al., 2012).  

In 2012, tofacitinib was the first approved JAK inhibitor for the treatment of RA 

(Traynor, 2012). At present, baricitinib (Mayence & Vanden Eynde, 2019), peficitinib 

(Markham & Keam, 2019), upadacitinib (Duggan & Keam, 2019), and filgotinib (Dhillon 

& Keam, 2020) have been approved for the treatment of moderate to severe RA in 

USA, EU, and UK but most of these drugs are not considered to be cost-effective for 

UK requirements.   

Phase III international clinical trials have demonstrated the effects of JAK inhibitors as 

more rapid and robust in MTX-naive RA patients, as well as in patients with insufficient 

responses to conventional synthetic DMARDs (csDMARDs) (MTX) or bDMARDs 

(TNF-targeting drugs) (Combe et al., 2021; Fleischmann et al., 2019; Nash et al., 

2021; Y. Tanaka et al., 2019; P. C. Taylor et al., 2017; Désirée Van Der Heijde et al., 

2013). Baricitinib and filgotinib are significantly more effective than adalimumab 

(Combe et al., 2021; P. C. Taylor et al., 2017), while upadacitinib was found more 

effective than abatacept and adalimumab (Fleischmann et al., 2019; Rubbert-Roth et 

al., 2020). Furthermore, preclinical studies in vitro demonstrated an osteoprotective 

effect of JAK inhibitors such as baricitinib, which increases mineralization by 

significantly increasing osteoblast function in vitro (Adam et al., 2020). 

The short and long-term use of JAK inhibitors showed almost comparable efficacy to 

that of bDMARDs (Cohen et al., 2021; Conaghan et al., 2021; Nash et al., 2021). On 

the other hand, the incidence rates of CVD, infections, malignancies, and thrombosis 

remain constant over time for tofacitinib (Cohen et al., 2020). Opportunistic infection 

rates are slightly higher for JAK inhibitors, except for filgotinib (Nash et al., 2021; Y. 

Tanaka et al., 2022). Post-hoc investigation of the Phase IIIb/4 study (A3921133- 

Phase IIIb/4 randomized safety endpoint of Tofacitinib) was conducted by the 
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European Medicines Agency in order to review all JAK inhibitors recommended for 

inflammatory diseases. The higher risks for tofacitinib compared to TNF-inhibitors, 

including major cardiovascular events, risks of malignancy and serious infection, are 

now considered to apply to all JAK inhibitors approved for chronic inflammatory 

disorders (DrugSafetyUpdate, 2023). 

Thus, it is very important to conduct risk assessments for other JAK inhibitors. JAK 

inhibitors should be prescribed with careful consideration with adequate screening and 

monitoring for the patients of 65 years age or older, current, or past history of smoking, 

having risk factors for CVD, thrombosis, infection, malignancies. In addition lower dose 

should be considered in such patents where applicable (DrugSafetyUpdate, 2023). 

1.7.4 Surgery 

Surgery is the last option for the treatment at end stage RA after the failure of all 

nonsurgical approaches. In the 1990s, joint surgery reached a peak in California, with 

decreased rates observed in RA patients of 40 - 59 years of age in 2010, whereas 

increased rates of surgery in patients older than 60 years (Louie & Ward, 2010). In 

UK, the most recent analysis shows the overall 10 year incidence rates of for total 

knee replacement and total hip replacement are 7.0% and 5.2%, respectively (Hawley 

et al., 2020). This is nearly double than the previously reported incident rate in the 

general population in the UK (Culliford et al., 2012). 

There are various different types of surgery such as tenosynovectomy (K. C. Chung & 

Pushman, 2011), radiosynovectomy (Knut, 2015), osteotomy (Puddu et al., 2010), 

joint fusion (Brooks & Hariharan, 2013) and the need of surgical treatment depends 

on the need of patient. Lastly, a total joint replacement (TJR) is the procedure to 

remove damaged joint and replace it with a plastic, metallic, or ceramic prosthesis. 

This can be done in the ankle, knee, hip, wrist, elbow, and shoulder (Pajarinen et al., 

2014). Moreover, recent studies showed an excellent survivorship in patients with total 

knee replacement (TKR) (Cieremans et al., 2023; Shah et al., 2022). 

1.7.5 Approaches for ‘difficult-to-treat’ RA 

Regardless of numerous molecular target drugs available in market, multiple drug 

resistance still remains an important challenge in the treatment of RA. EULAR defines 
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difficult-to-treat RA on three criteria: (i) resistance to ≥2 bDMARDs or targeted 

synthetic DMARDs (tsDMARDs) with different mechanisms of action in RA patients 

who failed to respond on treatment with csDMARD; (ii) the presence of any of the 

following: (a) moderate disease activity or greater, (b) clinical signs and symptoms of 

active disease, (c) inability to taper glucocorticoids, (d) RA symptoms affecting the 

quality of life; and (iii) difficulty in the management of  RA symptoms by rheumatologist 

and/or patient (G. Nagy et al., 2021). Based on the number of previously failed 

bDMARDs, the available bDMARDs are increasingly less effective with an increased 

refractory rate for bDMARDs in patients with difficult-to-treat RA. However, the JAK 

inhibitors such as filgotinib and upadacitinib, regardless of prior medications, may 

remain therapeutically effective (Genovese et al., 2018) and safe in difficult-to-treat 

RA patients (Burmester et al., 2023; Cohen et al., 2021; Winthrop et al., 2022). Thus, 

these inhibitors may provide an effective therapeutic treatment for RA if they are found 

effective and safe in actual clinical practice. 

1.7.6 Development of new treatments for inflammatory arthritis  

There is still a need to discover new therapeutic targets as well as drugs for the 

treatment of difficult-to-treat RA despite various already discovered molecular targeted 

drugs.  

Despite many reviews suggesting anti-VEGF therapy as a possible treatment in OA 

and RA (Balogh et al., 2019; Hamilton et al., 2016; Kovacs et al., 2019; Le & Kwon, 

2021; Moretti et al., 2022; Vadala et al., 2018), no VEGFR blockers, or anti-VEGF-A 

antibodies are in clinical trial or approved for RA or OA treatment. When used 

systemically, the most frequent and problematic adverse effect of VEGF-A blockade 

is hypertension, but other issues such as renal damage (Hayman et al., 2012; Mourad 

& Levy, 2011; X. Zhu et al., 2009; X. Zhu et al., 2007), and endocrine effects including 

adrenal insufficiency, hypothyroidism, and altered insulin sensitivity have also been 

identified (Cao, 2014; Y. Zhang et al., 2016).  

The most recently approved new drugs for IA are the JAK inhibitors baricitinib, 

tofacitinib, and upadacitinib (as mentioned above in section 1.7.4) (Roskoski Jr, 2022). 
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Potential new drugs such as Olokizumab (humanized anti-IL-6 IgG4κ antibody) and 

Ozoralizumab (anti-TNF multivalent nanobody) (Ishiwatari-Ogata et al., 2022) are 

currently in Phase III and Phase II/III clinical trials, respectively. Co-administration of 

Olokizumab with MTX proved more effective than MTX alone with no unexpected 

safety findings, in RA patients who failed to respond to MTX and anti-TNF- to attain 

low disease activity, which is the main therapeutic goal in these patients (Feist et al., 

2022; Nasonov et al., 2022; Smolen et al., 2022). Similarly, administration of 

ozoralizumab with MTX in active RA significantly reduced signs and symptoms with 

no new safety indications and acceptable tolerability compared to other anti-TNF 

antibodies such as certolizumab, golimumab and adalimumab  (Takeuchi et al., 2022). 

In addition, there are other drugs currently in Phase I or II clinical trials for RA treatment 

(briefly discussed below) such as rozibafusp alfa (Abuqayyas et al., 2022), R-2487 

(RISETherapeutics, 2023), novel CBD/hydroxychloroquine formulation IHL-675A 

(Incannex, 2023), peresolimab (Tuttle et al., 2023), and 2-HOBA (2-

Hydroxybenzylamine acetate)  (Rathmacher et al., 2023). 

Rozibafusp alfa (NCT03156023) is a first‐in‐class bispecific antibody–peptide fusion, 

designed to inhibit simultaneously T cell activation and B cell maturation as well as 

aberrant communication between these cells which are associated with autoimmune 

disorders. A Phase Ib study showed good tolerability of ascending doses of rozibafusp 

alfa and improved the disease activity, especially at higher doses in RA active patients 

with no safety issues. These findings also provided the information regarding the dose 

selection and design of rozibafusp alfa in active SLE (Systemic lupus erythematosus) 

patient (Abuqayyas et al., 2022) which is currently in phase II clinical development 

(Bubb, 2024; Garces et al., 2023). 

R-2487 (NCT05961592) is an investigational new drug from Rise therapeutics which 

is currently in Phase I clinical trial. It a synthetic targeted immune therapy to reset 

regulatory T cell deficiencies and immune balance to reduce inflammatory cytokines 

in patients with autoimmune disorders including RA. R-2487 has been proposed to 

“reverse disease development and progression by targeting the root cause of RA” 

(RISETherapeutics, 2023).  
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Incannex has started Phase II studies of IHL-675A, after a safe and well tolerated 

Phase I trial (ACTRN12622000289718). IHL-675A is a fixed dose combination of 

cannabidiol (CBD) and hydroxychloroquine (HCQ) for the treatment of pain and 

function in RA patients (Incannex, 2023). 

Peresolimab is a monoclonal humanized IgG1 antibody that is designed to activate 

the endogenous programmed cell death protein 1 (PD1). PD1 is the immune 

checkpoint inhibitor and is involved in the inhibition of immune responses and 

promoting self-tolerance by stopping T cells from attacking the healthy cells. Hence, 

PD1 stimulation is proposed to be a new therapeutic strategy for autoimmune 

diseases. Phase IIa of this therapy demonstrated effectiveness in treating people with 

RA who had an inadequate response to prior DMARDs treatment (Tuttle et al., 2023).  

2-HOBA is a natural product found in Himalayan Tartary buckwheat currently in Phase 

II trials to target the immunogenic, pro-inflammatory and proatherogenic effects of 

isolevuglandins (isoLGs) in RA patients (Rathmacher et al., 2023). Very recently a bi-

specific antibody against VEGF and TNFhas shown efficacy in reducing 

inflammation and arthritis severity in an animal model of RA (N. Zhang et al., 2024). 

Recent advances in possible pharmacological treatments for OA include a 

CLK/DYRK/Wnt inhibitor lorecivivint (CLK, CDC2-like kinases; DYRK, dual-specificity 

tyrosine-regulated kinases; Wnt, "Wingless-related integration site" family of growth 

factors) which reported good patient-reported outcomes in Phase 2b trial (Y Yazici et 

al., 2021).  The Phase III trial was terminated by the Sponsor Biosplice Therapeutics 

in 2022 (NCT04931667) (Inc Biosplice Therapeutics, 2022). Recently, the phase III 

study was resumed and the results demonstrated the efficacy of multiple injections of 

lorecivivint in delaying structural progression and provision of symptomatic benefit in 

OA (Inc Biosplice Therapeutics, 2023). Based on this, a recent review has proposed 

lorecivivint as safe, reliable, and effective potential treatment for OA (Kou et al., 2023). 

1.8 Rodent models of arthritis   

Animal models of RA can be broadly classified into induced and spontaneous models. 

These models may be monoarthritic or polyarthritic models which affect one joint or 
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two/more joints, respectively. Polyarthritis is often a systemic response to a stimulus 

and is more severe than monoarthritis. Additionally, models of RA can mimic the 

disease using an autoimmune mechanism to induce inflammation, or the inflammation 

and pain can be modelled using a direct inflammatory stimulus in one or more joints 

is induced, without stimulating an autoimmune response. The latter models are useful 

for study of inflammatory and pain responses, but obviously cannot be used to infer 

anything about the mechanisms of disease induction or progression.  

Induced models of autoimmune-induced models in mice include antigen-induced 

arthritis (AIA), collagen-induced arthritis (CIA), and collagen antibody-induced arthritis 

(CAIA). Similar models are also used in rats (Figure 1.7). Genetic (induced or inbred) 

models include HLA class II transgenic mice, SKG, IL-1RA-/-, K/BxN, F759, and 

TNFmice (Figure 1.7). These models can be useful to study different aspects of 

inflammatory arthritis such as breach of immune tolerance or T cell dependent 

disease. Most models have multiple joint involvement and may show some of the 

systemic effects of autoimmune-induced inflammatory responses  (Benson et al., 

2018).  

As the main purpose of the original studies that supplied the tissues used in this thesis 

was to study inflammatory pain and histological joint effects, and because in the UK 

there is an expectation to use animal models that have the minimum impact on animal 

welfare while still modelling the features under study, we used a well-established, 

refined inflammatory monoarthritis induced by peri-articular subcutaneous injection of 

Complete Freund’s Adjuvant (CFA). Inflammatory arthritis induced by CFA has been 

shown to replicate many features of RA joint inflammation, including synovitis, pannus 

formation and bone remodelling (Gauldie et al., 2004; Larson et al., 1986; Micheli et 

al., 2019; Paquet et al., 2010; Silva Rodrigues et al., 2018). Figure 1.8 shows the 

similarities and differences between the CFA-induced animal model and RA.  
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Figure 1.7: Experimental models of rheumatoid arthritis. Similarities between animal models and RA in terms of key inflammatory cells 
in the induction of IA in animals (Chidomere et al., 2023; S. Wang et al., 2023; L. Ye et al., 2021). CFA: Complete Freund’s adjuvant; IFA: 
In complete Freund’s adjuvant; HLA: human leukocyte antigens; CD4: cluster of differentiation 4; TNF: Tumour necrosis factor. 
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Figure 1.8: Similarities and differences between CFA animal model and rheumatoid arthritis and key cytokines in the pathogenesis of 

CFA- induced IA and RA  (Bevaart et al., 2010; Kondo et al., 2021). TNF-: Tumour necrosis factor: IL: Interleukin, INF-γ: Interferon 

gamma, MCP-1: Monocyte chemoattractant protein-1 - also known as Chemokine (CC-motif) ligand 2 (CCL2); MIP-1; Macrophage 
inflammatory protein 1α; GM-CSF: granulocyte macrophage colony-stimulating factor.
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1.9 Vascular endothelial growth factors   

Before introducing the role of VEGF-A in pathogenesis of RA and importance of its 

inhibition, I will discuss the multiple VEGFs, their functions, receptors and signalling in 

biological systems. 

VEGF belongs to a family of homodimeric proteins comprising of at least 6 members: 

VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and Placental growth factor (PlGF) 

(discussed below) (Dakowicz et al., 2022). 

1.9.1 VEGF-A 

Vascular endothelial growth factor (VEGF-A, a.k.a VEGF) was originally defined as 

VPF (vascular permeability factor), first isolated by Senger et al. in 1983 (Senger et 

al., 1983). VEGF-A consists of a family of homodimeric 46–48 kD glycoproteins 

composed of two monomers of between 111 and 206 amino acids in length, generated 

from a single VEGF-A gene by alternative splicing (Figure 1.9) (see section 1.11.4 for 

more details). VEGF-A splice variants can bind to both VEGFR1 and 2 (Figure 1.10). 

VEGF-A is best known as a key mediator of angiogenesis (Ferrara, 1999; T. 

Matsumoto & Claesson-Welsh, 2001; Mentlein & Held-Feindt, 2003; Neufeld et al., 

1999; Robinson & Stringer, 2001; R. O. Smith et al., 2020) and vascular permeability, 

and is highly expressed during embryogenesis (Carmeliet et al., 1996; Ferrara et al., 

1996; Han et al., 2018). In adults VEGF-A is expressed in conditions of physiological 

angiogenesis such as during the menstrual cycle, wound healing, and tissue 

remodelling (Chintalgattu et al., 2003; Ferrara et al., 1996; Gerber et al., 1999; 

Reichardt & Tomaselli, 1991).  

VEGF-A usually functions as a homodimer formed by two anti-parallel VEGF-A 

monomers which bind specifically to VEGFR1 and VEGFR2 on endothelial and other 

cell types. VEGF-A also has binding affinity for the co-receptors  Neuropilin-1 (NP-1) 

and Neuropilin-2 (NP-2) (Hoeben et al., 2004).  
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VEGF-A is produced by multiple cell types such as macrophages (McLaren et al., 

1996), fibroblasts (Pertovaara et al., 1994), endothelial cells (Namiki et al., 1995) , T 

cells (M. R. Freeman et al., 1995), and neutrophils (Taichman et al., 1997). VEGF-A 

is known as the most abundant VEGF that acts on endothelial cells and it plays key 

roles in endothelial cell proliferation, migration, and activation, as well as in promotion 

of vascular fenestration and increased permeability, and the induction of various genes 

involved in tissue remodelling. VEGF receptors (VEGFR) are expressed by many cell 

types including monocytes and specialized macrophages (Forstreuter et al., 2002), 

osteoblasts (Mayr-Wohlfart et al., 2002), and osteoarthritic, but not resting, 

chondrocytes (Enomoto et al., 2003; Pfander et al., 2001; Thomas Pufe et al., 2001). 

The effects of VEGF-A on monocytes, endothelial cells and osteoblasts have been 

reported by numerous studies (Forstreuter et al., 2002; Mayr-Wohlfart et al., 2002), 

but less is known about VEGF-A and VEGFR expression and responses in 

chondrocytes.  

VEGF-A expression is regulated by various factors including growth factors, oxygen 

tension, and cytokines (Neufeld et al., 1999; Semenza, 2000, 2000). Hypoxia is a 

potent stimulus for increased VEGF-A expression (Sabi et al., 2022). VEGF-A is also 

found in malignant and inflammatory diseases (Le & Kwon, 2021). The understanding 

of VEGF-A has led to the development of new treatments in some diseases for 

instance cancer or retinopathy (Exonate, 2023; Hang et al., 2023; Moon et al., 2023; 

S. A. Patel et al., 2023). Currently, many drugs targeting VEGF-A pathways have been 

developed. These have limited clinical effectiveness in tumours, although they can 

prolong survival in most cancer patients (K. He et al., 2012; T. Qiu et al., 2018), but 

are highly effective in treatment of retinal diseases that feature angiogenesis, such as 

age-related macular degeneration (Enríquez-Fuentes et al., 2024). VEGF-A has been 

extensively investigated for anti-cancer therapeutics because it is produced by 60% of 

tumours (Bowler & Oltean, 2019). Bevacizumab was the first FDA approved 

humanized form of anti-VEGF antibody indicated in metastatic colon cancer (Ferrara 

et al., 2004). Though bevacizumab is usually well tolerated, it has some serious 

although infrequent toxic effects such as bleeding, hypertension, and arterial 

thromboembolism (Ferrara et al., 2004; Sandler et al., 2006; J. C. Yang et al., 2003). 

Ranibizumab, a humanised recombinant antibody fragment was effective after two 
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years treatment of age-related intraocular macular degeneration (Rosenfeld et al., 

2006). Moreover, ramucirumab, a VEGFR2 inhibitor, Ziv-aflibercept, a combined 

VEGF-A, VEGF-B and PlGF inhibitor, and multiple VEGFR tyrosine kinase inhibitors 

(TKI’s) are indicated for treating various cancers in combination with other therapies 

(Zirlik & Duyster, 2018). Faricimab, a joint VEGF-A and Ang-2 inhibitor, was effective 

as well as safe in phase II diabetic macular oedema trials (Nicolò et al., 2021). Despite 

the success of many anti-VEGF-A drugs, the major concerns about anti-VEGF-A 

therapies are the adverse effects particularly on systemic blood pressure. Adverse 

effects are significantly reduced by local administration due to the lower dose required, 

and the lack of exposure to other tissues/organs compared to systemic administration. 

Therefore, anti-VEGF therapy is a crucial suggestion for several disease studies such 

as arthritis (Le & Kwon, 2021). To date, no clinical trial data have been published on 

anti-VEGF therapies in arthritis.  
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Figure 1.9: Splice variants of vascular endothelial growth factor A (VEGF‐A). The VEGF‐A pre‐mRNA consists of eight exons, the arrow 
in exon 1 indicates the translational start. Inclusion or exclusion of exons gives rise to several isoforms of different lengths of amino 
acids. (A) Pro-angiogenic VEGF-Axxxa isoforms are produced by selection of the exon 8 proximal splice site (B) whereas distal splice 
site at the exon 8 results in the formation of anti-angiogenic VEGF-Axxxb family with the same number of amino acids but differ only in 
the C‐terminus sequence. This family is functionally different (anti‐angiogenic) from the VEGF-Axxxa (angiogenic) isoform family. PSS: 
proximal splice site; DSS: distal splice site; UTR: untranslated region. Figure adapted from (Donaldson & Beazley-Long, 2016; Stevens 
& Oltean, 2019; White & Bix, 2023).  
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1.9.2 VEGF-B 

Initial studies focussed on the role of VEGF-B in angiogenesis because VEGF-B 

shares 47% of its amino acid sequence with VEGF-A (Olofsson et al., 1996) but VEGF-

B does not stimulate angiogenesis (Karpanen et al., 2008; Mould et al., 2005; F. Zhang 

et al., 2009).  

Like VEGF-A, VEGF-B is alternatively spliced to generate two isoforms, VEGF-B167 

and VEGF-B186. These only bind to VEGFR1. VEGFR1 activation by VEGF-B has 

negligible effect in inducing blood vessel growth due to poor signalling (Grünewald et 

al., 2010; Otrock et al., 2007). Though VEGF-B was initially proposed to be capable 

of inducing endothelial cell growth, this was eventually attributed to heterodimer 

formation of VEGF-A and VEGF-B, and not a direct VEGF-B-mediated function (Bry 

et al., 2014). There is, however, evidence for an indirect role of VEGF-B in 

angiogenesis as high levels of VEGF-B can displace VEGF-A from VEGFR1, allowing 

greater VEGF-A binding to VEGFR2 promoting angiogenesis initiation (Kivelä et al., 

2014). Despite a relatively poor understanding of the role of VEGF-B in angiogenesis, 

mice lacking a functional VEGF-B gene have impaired angiogenic responses, and 

smaller hearts as well as reduced capillary density (Abraham et al., 2000). Hence, 

VEGF-B is considered important for blood vessel survival (Guaiquil et al., 2014; X. Li 

et al., 2009; Yue et al., 2014; F. Zhang et al., 2009).  

1.9.3 VEGF-C and VEGF-D 

Both VEGF-C and D specifically bind to VEGFR3 expressed on lymphatic endothelial 

cells and stimulate lymphangiogenesis. VEGF-C and D have a much lower affinity for 

VEGFR2 than VEGF-A but can also activate angiogenesis to some extent (Alitalo & 

Carmeliet, 2002; Baldwin et al., 2005; Iyer & Acharya, 2011). Mature VEGF-C and 

VEGF-D are produced via proteolytic processing and unlike VEGF-A and VEGF-B 

there are no known VEGF-C and VEGF-D splice variants (Bui et al., 2016; Stacker et 

al., 1999).  
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1.9.4 Other VEGFs 

Placental growth factor (PIGF) is principally found in placental tissues. Four isoforms, 

PIGF-1 – 4, are produced by alternative RNA splicing. The isoforms bind to VEGFR1, 

but not VEGFR2 and VEGFR3 (Figure 1.10) (Autiero et al., 2003; Otrock et al., 2007). 

Impaired angiogenesis and wound healing as well as inflammation are observed with 

PIGF knockout (Autiero et al., 2003; Carmeliet et al., 2001). On the other hand, 

upregulation of PIGF is related with pathological angiogenesis (Odorisio et al., 2002). 

 

VEGF-E and VEGF-F gene are found in Para poxvirus, which infects goats, sheep 

and sometimes humans, and in the venom of some vipers (Trimereserus flavoviridis), 

respectively but are absent in humans. The VEGF-E amino acid sequence is <25%  

(Cebe-Suarez et al., 2008) and the VEGF-F ~50% identical to VEGF-A (Masabumi 

Shibuya, 2011). VEGF-E selectively binds to VEGFR2 not VEGFR1 to promote 

angiogenesis while VEGF-F binds tightly to VEGFR1 and weakly to VEGFR2 and 

results in vascular permeability but very weak cell proliferation (H. Takahashi et al., 

2004). 

1.9.5 VEGF receptors 

1.9.5.1 VEGFR1  

Human VEGFR1 is a ~180 kDa glycoprotein which comprises of 1312 amino acids. 

VEGFR1 expression is found in endothelial, epithelial, and immune cells and neural 

tissues. All isoforms of VEGF-A, VEGF-B and PIGF bind to VEGFR1 (Olofsson et al., 

1998; J. E. Park et al., 1994) (Figure 1.10). The binding affinity of the most studied 

VEGF-A isoform VEGF-A165 to VEGFR1 is ~1 picomolar (pM) (Kd), which is higher 

than its affinity at VEGFR2 (10mM) (Mamer et al., 2020), whereas PIGF binds to 

VEGFR1 with~170 pM affinity (Kd) (Sawano et al., 1996; Shaik et al., 2020) (Figure 

1.10). 

Depending on alternative splicing, VEGFR1 is expressed as both soluble and 

membrane-bound forms. The membranous-bound and soluble forms of VEGFR1 can 

function as decoy receptors of VEGF-A, as shown by a study in which decreased 
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VEGFR1 expression in endothelial cells from infantile haemangioma tumours resulted 

in constitutive VEGFR2 activation and abnormal angiogenesis (Ferrara et al., 2003; 

Jinnin et al., 2008). Thus, VEGF-A binding to VEGFR1 can act as a negative regulator 

for VEGFR2 by reducing the local concentrations of VEGF-A leading to reduced 

VEGF-A binding to VEGFR2 (H. Takahashi & Shibuya, 2005). In contrast, other 

studies show that VEGFR1 can transduce mitogenic signals in a similar way to 

VEGFR2 in certain circumstances (Maru et al., 1998). For example, monocyte 

migration in response to VEGF- A depends on the tyrosine kinase domain of VEGFR1 

rather than involvement of VEGFR2 (Barleon et al., 1996; Weddell et al., 2017). 

1.9.5.2 VEGFR2 

Human VEGFR2 is a ~200–230 kDa glycoprotein which contains 1337 amino acids. 

VEGFR2 has high binding affinity to VEGF-A, VEGF-C and VEGF-D. VEGFR2 is the 

main VEGF signalling receptor and is abundantly expressed in vascular and lymphatic 

endothelial cells. A soluble form of VEGFR2 (sVEGFR2) has been recognised in 

human plasma as well as in mouse (Ebos et al., 2004). The distinct function of 

sVEGFR2 is still unclear, even though higher plasma levels of sVEGFR2 were 

observed in association with the risk of breast cancer (H. Harris et al., 2016). 

VEGF-A homodimers bind to IgD2 and IgD3 of VEGFR2 (Figure 1.10), which induces 

receptor dimerization, stable binding of neuropilin-1, trans-autophosphorylation of 

tyrosine residues (Tyr801, Try951, Try1175, and Try1214) and receptor activation, 

leading to the intracellular signalling cascade initiation (X. Wang et al., 2020). This 

results in stimulation of angiogenesis and vasculogenesis (Ferrara et al., 2003; X. 

Wang et al., 2020). VEGFR2 is the key receptor involved in the increased vessel 

permeability in response to VEGF-A (S. Koch & Claesson-Welsh, 2012; R. O. Smith 

et al., 2020) and acts as the major signal transducer for stimulation of angiogenesis 

through PLCγ-PKC-eNOS-NO, PLCγ-PKC-MAPK, SHB-FAK-paxillin, TSAd-Src-

PI3K-Akt, NCK-p38-MAPKAPK2/3 and SHB-PI3K-Akt pathways (Masabumi Shibuya, 

2011; Wong & Jin, 2005) (Figure 1.10). 
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Figure 1.10: VEGF and its receptors with respective functions defined in endothelial 
cells. Adapted from (Tota et al., 2023). All VEGFs bind to three tyrosine kinases 
receptors (RTKs); VEGFR1, VEGFR2, and VEGFR3. VEGF receptors have extracellular 
domain (ECD) including seven Ig-like subdomains (IgD1∼7), transmembrane domain 
(TMD), and a cytoplasmic domain (CD). CD domain is further divided into two domains 
such as juxtamembrane domain (JMD) and a catalytic tyrosine kinas domain (TKD). 
TKD includes ATP binding domain (TKD1), phosphotransferase domain (TKD2) and 
kinase insert domain (KID), and a flexible C-terminal domain (CTD), and various 
functional sites. Upon ligand binding, VEGF receptors form homodimer and 
heterodimers. VEGFR1 form heterodimers with VEGFR2, whereas VEGFR3 forms a 
heterodimer with VEGFR2. VEGF-A binds to VEGFR1/2 homodimer and heterodimers; 
VEGF-B recognise VEGFR1 homodimer. VEGF-C and VEGF-D recognise VEGFR2, 
VEGFR3 homodimers and VEGFR2/3 heterodimer, whereas placental growth factor 
(PIGF) has binding affinity for VEGFR1 homodimers and VEGFR1/2 heterodimers. 
VEGFR1 and VEGFR2 play a key role in angiogenesis, while VEGFR3 is primarily 
involved in lymphangiogenesis. NRP1 and NRP2 are coreceptor for VEGFs. NRP1 plays 
important role in angiogenesis by formation of heterodimers with VEGFR2. NRP1 has 
a large extracellular domain comprised of a1/a2, b1/2 subunits, and a ‘c’ domain, and a 
small cytosolic domain. The C-terminal domain of VEGF-A165 encoded by exons 7th and 
8th (yellow and green oblongs, respectively) binds to the extracellular domain (b1) of 
NRP1. Concomitant binding of the similar VEGF-A165 domain (red ovals) to VEGFR-2 
lead to the formation of a receptor complex of NRP1 with VEGF-A165 and VEGFR-2 which 
results in enhanced intracellular signalling, required for optimal angiogenesis. KID: 
kinase insert domain; TKD1: Tyrosine kinas domain 1; TKD2: Tyrosine kinase domain 
2; CTD, carboxy-terminal domain; ERK: extracellular signal-regulated kinase, PCLγ: 
Endothelial phospholipase Cγ; PKC: Protein kinase C; TSAd: T cell specific adaptor; 
Src: Proto-oncogene tyrosine-protein kinase Src (sarcoma); MEK: Mitogen-activated 
protein kinase; SHB: SH2 domain–containing scaffold protein; FAK: Focal adhesion 
kinase;  PI3K: Phosphoinositide 3-kinase, Akt/PKB: protein kinase; NCK: non-catalytic 
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region of tyrosine kinase; P38: mitogen-activated protein kinase; MAPKAPKS: Mitogen-
Activated Protein Kinase-Activated Protein Kinases. 

1.9.5.2.1 Modulation of VEGFR1/VEGFR2 signalling  

VEGF receptors upon binding to ligands results in phosphorylation of certain receptor 

tyrosine residues, and this facilitates downstream mitogenic, chemotactic and pro-

survival signals (Figure 1.10) (X. Wang et al., 2020). Each of these receptors has the 

chance to combine factors which belongs to VEGF family due to different selectivity 

and affinity  (Zajkowska et al., 2018). VEGF-A binding affinity towards VEGFR2 is 

~100 - 400 pM (Kd) which is 10 - 100-fold lower affinity compared to VEGFR1 (Sawano 

et al., 1996). On the other hand, VEGFR1 has tyrosine kinase activity at least 10-fold 

less than VEGFR2 in endothelial cells; hence, it can be argued that VEGFR2 

homodimers are responsible for the major signal transduction upon VEGF-A binding 

(Facemire et al., 2009; Lopez-Garcia et al., 2018).  

1.9.5.2.2 VEGFR2 homodimerization and VEGFR1/R2 heterodimerization 

Although VEGFR2 homodimers are involved in functional regulation, VEGFR1 and 

VEGFR2 heterodimer formation has been identified in cell-free systems (Kendall et 

al., 1996) and in endothelial cell lines (Autiero et al., 2003; Cudmore et al., 2012; K. 

Huang et al., 2001; Kanno et al., 2000; Neagoe et al., 2005; Sarkar et al., 2022). 

According to a computational model of VEGF receptor subunit dimerization, it is 

speculated that heterodimerization is inevitable in cells that express both VEGFR1 and 

VEGFR2 subunits (Mac Gabhann & Popel, 2007). Moreover, it has been revealed that 

overabundance of one VEGF receptor subunit would lead to minimal 

homodimerization of the less abundant receptor subunit (Mac Gabhann & Popel, 

2007). On the endothelial cell surface, VEGFR1 is identified to be up to 10 fold less 

abundant than VEGFR2 (Imoukhuede & Popel, 2011; M. I. Lin & Sessa, 2006). This 

suggests that homodimerization of VEGFR1 in endothelial cells may be relatively rare 

with the majority of VEGFR1 in endothelial cells existing in heterodimeric complexes 

with VEGFR2 which predominantly modulates VEGF activity (Cudmore et al., 2012). 

Thus, VEGFR1/R2 heterodimers regulate angiogenesis and maintain endothelial cell 

homeostasis by negatively regulating pro-angiogenic and proliferative function 

mediated by VEGFR2/R2 homodimers (M. Cai et al., 2017; Cudmore et al., 2012). The 
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functional roles of VEGFR heterodimers in an in-vivo setting are currently difficult to 

predict due to the unknown signal transduction properties (Uemura et al., 2021). 

It is possible for heterodimers to have both stimulatory and inhibitory effects, which 

depend on the circumstances. However, it's still not clear how important receptor 

heterodimers are compared to homodimers. Understanding the molecular interactions 

between various VEGFs and VEGFR1 and VEGFR2 

homodimerization/heterodimerization is crucial for interpreting experimental 

manipulations and clinical observations. Additionally, it's important to keep in mind that 

differences may exist between humans and animal models in terms of isoform 

prevalence, heterodimers in the VEGF receptor family, and immune cell 

subpopulations (Uemura et al., 2021).  

VEGFR1/2 activation and signalling depend on various factors, including the 

availability of VEGFR ligands, the specific binding of ligands to VEGFR1 or VEGFR2 

(Koch and Claesson-Welsh 2012), and the binding competition of VEGF-A, VEGF-B, 

and PlGF for VEGFRs and ECM binding sites (Koch and Claesson-Welsh 2012). The 

formation of heterodimers of VEGFR subtypes also plays a crucial role in the activation 

and signalling of VEGFR1/2. 

Neuropilin-1 is the main co-receptor for VEGFR2 and is also expressed in endothelial 

cells, being involved in the regulation of VEGFR2 dependent angiogenesis. NP-1 is 

fundamentally important for the full phosphorylation and activation of VEGFR2 

particularly by VEGF-Axxxa splice variants (Figure 1.10). NP-1 enhances VEGF165a 

binding to VEGFR2 as well as increasing its signal transduction up to 6-fold (Soker et 

al., 1998). These splice variants result in VEGFR2 phosphorylation at key tyrosine 

residues, receptor dimerization and binding to NP-1, and different downstream 

signalling leads to various cellular fates such as proliferation via RAF/MEK/ERK (T. 

Takahashi et al., 1999) and PLCγ (T. Takahashi et al., 2001), cell migration (Abu-

Ghazaleh et al., 2001) and vascular permeability (X. L. Chen et al., 2012; Holmqvist 

et al., 2004) through focal adhesion kinase (FAK) and cell survival through protein 

kinase B (AKT)/phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) (Gerber et al., 

1998). 
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1.9.5.3 VEGFR3 

Human VEGFR3 contains 1363 residues which produces a mature ~195 kDa 

glycoprotein heterodimer. VEGFR3 binds to VEGF-C and VEGF-D in lymphatic 

endothelial cells with high affinity and plays a vital role in regulation of 

lymphangiogenesis (Joukov et al., 1996; Mäkinen et al., 2001). 

VEGFR2/3 heterodimers have been associated with angiogenesis and modulation of 

angiogenic sprouting (Nilsson et al., 2010). However, formation of VEGFR1 and 

VEGFR3 heterodimer is unlikely. VEGFR3 also exists as a soluble form (sVEGFR3) 

(H. Harris et al., 2016) expressed in corneal endothelial cells and have binding affinity 

to both VEGF-C and VEGF-D (Figure 1.10). Hence, sVEGFR3  act as a decoy receptor 

for both ligands and lead to anti-lymphangiogenic properties via  blocking VEGFR3 

signal transduction (N. Singh et al., 2013).  

1.9.6 Biological activities of VEGFR1 and VEGFR2  

1.9.6.1 Endothelial cells 

Endothelial cells express both VEGFR1 and VEGFR2. Both receptors upon VEGF-A 

binding facilitate endothelial cells survival and increase permeability (Hudson et al., 

2014). Even though VEGF-A/VEGFR2 are thought to mediate vascular permeability 

(Olsson et al., 2006; Peach et al., 2018), there is also evidence showing the role of 

PIGF/VEGFR1 and VEGF-A/PlGF heterodimers in vascular permeability (Cudmore et 

al., 2012; Ziche et al., 1997). But cell proliferation and vascular permeability induced 

by PIGF/VEGFR1 is weaker than those of VEGF-A/VEGFR2 (S. Koch & Claesson-

Welsh, 2012; Olsson et al., 2006; Sawano et al., 1996) and seems to contribute about 

one tenth of the total signal compared to VEGFR2 due to a significant difference in the 

level of tyrosine kinase activity of the two VEGFRs. 

1.9.6.2 Synoviocytes 

VEGF and its receptors (VEGFR1 and VEGFR2) are expressed in normal synovial 

cells but higher expression is found in both OA and RA synoviocytes (Dimitrios 

Amanitis, 2022; De Bandt et al., 2003; Fava et al., 1994; M. Ikeda et al., 2000; S. Ryu 
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et al., 2006). VEGFR2 is also abundantly expressed in the RA synovial tissues 

compared to OA, whereas VEGFR1 expression is found constitutively in both RA and 

OA synovial tissues (M. Ikeda et al., 2000; Nagashima et al., 1995; J.-l. Zhou et al., 

2009) see section 1.12.3 for more details.  

1.9.6.3 Chondrocytes 

Adult human articular cartilage does not express VEGF-A/VEGFR under most 

physiological conditions, though VEGF-A/VEGFR have important roles in neonatal 

endochondral bone development (Carlevaro et al., 2000; Moskowitz, 2007). VEGF-A 

and VEGFR expression have been observed in cartilage from donors with OA and RA 

in several studies (Enomoto et al., 2003; Pfander et al., 2001; Thomas Pufe et al., 

2001; Shakibaei et al., 2003; J. O. Smith et al., 2003; Tsuchida et al., 2014) (see 

section 1.12.4 for more details). 

1.10 Methods of investigation of VEGFR2 function 

1.10.1 Pharmacological tools – brief introduction 

There are many VEGFR inhibitors/blockers of several classes available, including 

small molecules (e.g. sorafenib (VEGFR2 & VEGFR3), sunitinib (which acts at all 

VEGFRs, plus other targets), lenvatinib, vandetanib, pazopanib, axitinib, cabozantinib, 

regorafenib, apatinib) and also humanised antibodies against VEGF-A such as 

bevacizumab (Avastin®), all of which are in use for treatment of various cancers. 

VEGFR inhibitors usually act by binding to the VEGF-A binding site or blocking the 

receptor tyrosine kinase (RTK) ATP-binding site, thus blocking ligand binding, tyrosine 

phosphorylation and receptor activation.  

1.10.2 Alternative methods of receptor inhibition– gene knockout 

Gene knockout (KO) has made a significant impact in understanding gene function. 

KO cells and KO mice have been frequently used for the analysis of physiological roles 

of specific molecules in mammalian cells as well as to discover novel therapeutic 

interventions for human diseases. CRISPR/Cas9 (Gaj et al., 2013; Gupta & Musunuru, 
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2014) and short interference RNA (siRNA)  (Crooke et al., 2018; Fire et al., 1998) are 

well known genome editing or silencing systems, that have high efficiency, relatively 

easy design and implementation, and good cost/time effectiveness; however, 

sometimes these knockdown systems which can lead to inconclusive results because 

they may not completely suppress target gene expression.  

1.10.3 Germ-line VEGF-A knockout is problematic. 

VEGF-A (Ferrara et al., 1996),VEGFR2 (Shalaby et al., 1995; Yin et al., 1998) and 

VEGFR1 (Fong et al., 1995) germ-line knockouts are all embryonically lethal. As a 

result, inducible and/or tissue specific knockout models have to be used in genetic 

studies of VEGF-A/VEGFR2 functions.  

A conditional knockout (cKO) is a suitable approach to study genes that difficult to 

investigate by standard techniques (Gu et al., 1994). In addition, cKO has an 

advantage over conventional gene KO with the deletion of a gene within germ cells, 

where knockout in the whole organism may produce complicated results or embryonic 

lethality (Jian Zhang et al., 2012). The embryonic KO studies showed that VEGF-A 

has haploinsufficiency, as a single copy of the VEGF-A gene in heterozygote mice 

was embryonically lethal, causing multiple defects in vasculature formation resulting 

in circulatory system dysfunction (Carmeliet et al., 1996; Ferrara et al., 1996; Ferrara 

& Kerbel, 2005). VEGFR1 and VEGFR2 homozygous null mutant mice were also 

embryonically lethal causing death due to blood vessel disorganization and lack of 

vascular system development or haematopoiesis, respectively (Fong et al., 1995; 

Shalaby et al., 1995). 
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Figure 1.11: Diagrammatic illustration of mechanism involved in Cre-loxP system. (A) 
A summary of Cre-loxP system. Cre recombinase (38 kDa) identifies the loxP sites 
comprises of 34 bp DNA sequences. (B) Conditional knockout using Cre-loxP system 
in which one mouse must have a tissue-specific Cre driver gene and another mouse 
with alleles of interest gene Y containing loxP flanked (floxed). Floxed locus is excised 
by the Cre recombinases and leads to inactivation of the gene Y (H. Kim et al., 2018). 

In the Cre-loxP system, two directly repeated loxP sites are recognised by a single 

Cre recombinase which excises the loxP flanked (floxed) DNA leading to the creation 

of two types of DNA (a) circular; (b); excised and inactivated gene Y (Figure 1.11). In 

addition to gene excision, the predominant mechanism used in Cre-LoxP system, it 

also induces the translocation and inversion of DNA between two loxP sites which 

depends on the location and orientation of loxP sites (Branda & Dymecki, 2004; 

Meinke et al., 2016; A. Nagy, 2000).  

The generation of cKO in specific cell types can be achieved using the now well-

defined Cre-LoxP system driven by an inducible promoter such as the oestrogen 

receptor (ER) to produce a timed gene knockout in specific cellular types or locations 

(Figure 1.12). This approach can thus overcome the difficulties described above for 

VEGF-A and VEGFR germ line knockout.  
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Figure 1.12: The Tamoxifen-inducible Cre-loxP system involves a modified oestrogen 
receptor (ER) fused with Cre recombinase, regulated by a promoter (tissue-specific). In 
its inactive state, the oestrogen receptor binds to heat shock protein 90 (Hsp90) and 
stays in the cytosol. However, upon administering tamoxifen to an animal, it binds to 
the ER, causing the Cre-ER protein to be released from Hsp90.This causes the CreER-
tamoxifen complex to move into the nucleus, where it recombines the loxP-flanked 
(floxed) target gene, resulting in a gene knockout (Gunschmann et al., 2014). 

1.11 Alternative splicing  

The human genome comprises of an estimated 20,000 protein-coding genes 

(Salzberg, 2018), but many more than 20,000 proteins are produced in the body. More 

than 95% of pre-mRNAs can be alternatively spliced in mammals (Kornblihtt et al., 

2013). Up to 40% of protein modifications result from alternative splicing and is thus 

considered one of the main processes that increase protein to gene ratio 

(Ponomarenko et al., 2016). Alternative splicing is a complex process which increases 
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the capacity of a restricted number of genes to generate multiple proteins by the 

formation of multiple mRNA products from a single pre-mRNA. Multiple proteins from 

a single transcript can, but do not always, have distinct structures or functions 

(Mthembu et al., 2017). 

Alternative splicing is heavily controlled, like most biological processes. It’s not 

surprising that mutations in splice factors, splice sites, or regulatory sequences have 

been described to contribute to numerous pathological processes or diseases. 

Moreover, in comparison with physiologic states, disease states are found to have 

strong associations with expression of abnormal proportions of splice isoforms or 

novel isoforms (Stevens & Oltean, 2016). 

1.11.1 Mechanisms of alternative splicing  

The process of alternative splicing of pre-mRNAs involves the inclusion/exclusion of 

whole exons or parts of exons/introns which leads to the formation of the mature 

mRNA transcript which is accordingly translated into protein (Matera & Wang, 2014). 

This process is achieved through a splicing reaction facilitated by the spliceosome, a 

large molecule composed of five small nuclear ribonucleoprotein particles (snRNPs) 

and over 100 associated accessory proteins (Coltri et al., 2019) . 

In pre-mRNA transcripts, the spliceosome assembles at a conserved sequence at the 

exon-intron junction known as the splice site. During splicing, constituents of the 

spliceosome undergo two trans-esterification reactions involving a specific intronic 

sequence called the branch point, and the 5´ and 3´ splice sites to achieve splicing out 

of the intron. The major forms of alternative splicing include exon skipping or retention, 

intron retention, using alternative 3´ or 5´ splice sites in exons, and the inclusion or 

exclusion of mutually exclusive exons (Figure 1.13) (Stevens & Oltean, 2016).  
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Figure 1.13: Pre mRNA transcript showing different alternative splicing mechanisms. 
Exons shown by different colours while black lines indicate introns, and dotted lines 
show where splicing events occur. (A) Constitutive splicing, with exons connected and 
introns removed. (B) Intron retention, which is the retention of an intron in this case 
between the last two exons. (C) Exon skipping, in this case two exons B and C are 
omitted from the final mRNA transcript. The number of skipped exons can vary. (D) 
Mutually exclusive exons: Either one or the other exon, but not both, is retained while 
other is spliced out. (E) Alternative 5’ splice site selection, where a 5’ splicing sequence 
in an alternative location is used, in this case within the final exon.  (F) Alternative 3’ 
splice site selection. In this case there is an alternative 3’ splicing sequence at the 
beginning of exon B2 (blue dotted line). There is also a potential alternative 5’ splice 
site indicated at the end of exon B1 (orange dotted line). Recreated from (Donaldson & 
Beazley-Long, 2016). 

 

1.11.2 Control of Serine-Rich (SR) splice factor proteins 

Alternative splicing is facilitated by the reversible phosphorylation and activation of 

splicing regulators from SR family (Pandit et al., 2008). These splicing factors are 

phosphorylated by two families of protein kinases - the Serine-Arginine-Rich protein 

kinases (SRPKs) and the CDC-like-kinases (CLKs). The process of SR protein binding 

to splicing regulating elements (SREs) is complex and is regulated via SR-protein 

activation through phosphorylation by these protein kinases. The CDC-like-kinases 

(CLKs1-4) have the ability to phosphorylate both Arg-Ser and Ser-Pro dipeptides, 

which are present in all SR proteins. On the other hand, SR-protein kinases (SRPK1-
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3) only phosphorylate Arg-Ser dipeptides. SRSF1, SRSF2, and SRSF6 are some 

examples of splicing factors that regulate the choice of splice site by the spliceosome. 

An established pathway for SRSF1-mediated alternative splicing involves 

phosphorylation of SRSF1 by SRPK1, which triggers SRSF1 binding to a transporting 

protein (Tr-SR). The resulting complex then moves to the nucleus. (Serrano et al., 

2016) (Figure 1.14), where SRSF1 is stored in nuclear speckles. SRSF1 is 

subsequently hyper-phosphorylated by CLK1 which permits SRSF1 release from 

nuclear speckle storage, enabling SRSF1 to bind to splicing regulatory elements 

(SREs) on the pre-mRNA promoting the splicing reaction (Figure 1.14) (Naro & Sette, 

2013). 

 

Figure 1.14: Diagrammatic representation of activation of SR proteins by CLK1/SRPK1 
complexes. SR proteins are concentrated mostly in the cytoplasm in unstimulated cells. 
On cell stimulation, kinases such as SRPK1 are activated (1), and lead to 
phosphorylation of SR proteins causing them to move into the nucleus (2) where mostly 
they are held into nuclear speckles (3,4). SRSF1 is hyper-phosphorylated by CLK1 
resulting in its release from the complex with CLK1 through SRPK1. This allows it to be 
released from speckles and interact with splicing regulatory elements (5). Adapted from 
(Aubol et al., 2021).  

Dysregulation of SRPK1 as well as its downstream targets has been reported in many 

pathological processes such cancer, including colon, breast, prostate, pancreas, and 

lung cancer (D. Bates et al., 2015; L. Gong et al., 2016; Hayes et al., 2007; Odunsi et 

al., 2012). High expression of SRPK1 can result in hyper-phosphorylation of SRSF1 
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protein (da Silva et al., 2015), and consequently cause an increase in the transcription, 

alternative splicing and translation of downstream target proteins such as VEGF-A.  

1.11.3 SRPK1-CLK1 interactions and nuclear localization of SRPK1 

SRPKs are present in both the nucleus and cytoplasm, although their cytoplasmic 

functions are better understood. By phosphorylating SR proteins, SRPKs stimulate 

their transport from the cytoplasm to the nucleus (as discussed earlier) (Kataoka et 

al., 1999; Lai et al., 2001; C. Y. Yun et al., 2003). In contrast, CLKs are found only in 

the nucleus and have a nuclear localization signal in their N-termini. They play a crucial 

role in mobilizing SR proteins from nuclear speckles, where they are often held, to the 

active gene splicing sites, through Ser-Pro phosphorylation (Keshwani et al., 2015). 

According to this simple model, basal SR protein phosphorylation levels are produced 

by SRPKs in the cytoplasm, while CLKs increase nuclear phosphorylation of such 

protein in the nucleus for splicing regulation (Ding et al., 2006; Keshwani et al., 2015). 

Despite this, two persistent issues about the function of phosphorylation in alternative 

splicing remain unexplained. Firstly, elevated levels of CLK inhibit SR proteins activity 

in splice-site recognition, which is supposed to be enhanced by phosphorylation 

(Prasad et al., 1999). Secondly, both SRPKs and CLKs creates a possible competitive 

rather than cooperative relationship in the nucleus. It has been observed that the 

process of phosphorylation aids in the release of SR proteins with the help of SRPK. 

(Aubol et al., 2014; Koizumi et al., 1999), whereas CLK does not release fully 

phosphorylated SR proteins (Aubol et al., 2014). These findings suggest that some 

unknown release factor is required by CLKs to generate functional SR protein.  

In relation to the presence of SRPKs and CLKs in the same compartment, a study 

conducted by Aubol et.al in 2016 sheds light on the distinctive function of SRPKs in 

the nucleus. The study showed that endogenous CLK1 and SRPK1 interact in the 

nucleus to form a complex and work together to phosphorylate substrates. Rather than 

acting competitively, the dual kinase complex acts symbiotically, with SRPK1 

functioning as a release factor for CLK1, which in turn releases phosphorylated SR 

proteins to promote spliceosome assembly. These findings resolve some of the 

previous puzzles in the field. It explains that two protein kinases are needed to 

complete the phosphorylation cycle of their substrates, from binding to release. Further 
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studies have confirmed and expanded upon these findings (Aubol & Adams, 2022; 

Aubol et al., 2021; Aubol et al., 2016). 

1.11.4 Alternative Splicing of VEGF-A  

The VEGF-A gene consists of eight exons and seven introns (Ferrara et al., 2003) and 

VEGF-A pre-mRNA undergoes extensive alternative splicing which leads to a variety 

of isoforms. Several alternatively spliced isoforms of VEGF-A have been identified, 

including VEGF-A111, VEGF-A121, VEGF-A145, VEGF-A148, VEGF-A162, VEGF-A165, 

VEGF-A183, VEGF-A189 and VEGF-A206 (Figure 1.9) (where the numbers represent the 

number of amino acids present in the isoform) (Arcondeguy et al., 2013; Peach et al., 

2018; Shaik et al., 2020). VEGF-A121, VEGF-A165, and VEGF-A189 are the most 

abundant isoforms in most biological systems (Alvarez-Aznar et al., 2017).  

In an additional layer of complexity, all these isoforms exist in two families (Figure 1.9 

A, B) that only differ by 6 amino acids at the C-terminus. Many studies have only used 

N-terminal antibodies and so measurement of VEGF-A protein expression frequently 

has not distinguished between the two families (D. O. Bates et al., 2002). Almost 20 

years ago, it was discovered that alternative splicing of exon 8 give rise to another 

family of VEGF-A isoforms termed VEGF-Axxxb. These alternative splicing isoforms 

have the same overall number of amino acids as the VEGF-Axxxa isoforms, but a six 

amino acid difference in the C terminus resulting from a distal alternative splice site at 

exon 8b (Figure 1.9B) (D. O. Bates et al., 2002). VEGF-A165b, as opposed to VEGF-

A165a, is the most predominant isoform in most normal tissues (Harper & Bates, 2008) 

other than tissues with physiological angiogenesis such as reproductive organs  

(Alvarez-Aznar et al., 2017). Note: both before and after the discovery of VEGF-Axxxb 

isoforms, many studies using VEGF-A165a have referred to this as VEGF165, or VEGF-

A165. In papers cited in this thesis, where the isoform is not clearly stated by the authors 

and there is no information on the source of the protein used, I have assumed that it 

is VEGF-A165a, and I use the most common way to refer to it, as VEGF-A165.  

VEGF-A165a is the most potent angiogenic isoform (Apte et al., 2019) that is involved 

in both physiological and pathological angiogenesis initiation and progression (Ferrara 

et al., 2003; Perez-Gutierrez & Ferrara, 2023). This isoform has been widely examined 
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for its expression, signalling, function, and roles in cancer. VEGF-A165a is the most 

common VEGF-A isoform. It is known to fully activate VEGFR2-driven signalling 

responses, as shown by both in vivo and in vitro studies. Therefore, it is typically used 

as a benchmark ligand for investigating other VEGF-A isoforms (Catena et al., 2010; 

Cebe Suarez et al., 2006; Delcombel et al., 2013; Fearnley et al., 2015; Fearnley et 

al., 2016; Hervé et al., 2005; Kawamura et al., 2008; Krilleke et al., 2007; Q. Pan et 

al., 2007; Pang et al., 2017; Shiying et al., 2017; Woolard et al., 2004). Moreover, 

VEGF-A165a has been found to induce the highest levels of phosphorylation of 

VEGFR2 (at the Y1175 residue) by AKT and ERK signalling (Fearnley et al., 2016). 

VEGF-A121a appears to act as a partial agonist at VEGFR2 compared to VEGF-A165a, 

(Cebe Suarez et al., 2006; Kawamura et al., 2008). VEGF-A121a (Fearnley et al., 2014; 

Q. Pan et al., 2007; Shiying et al., 2017) and VEGF-A145a (Kawamura et al., 2008) 

show reduced VEGFR2 phosphorylation in endothelial cells compared to VEGF-A165a.  

As a result of alternative splicing, VEGF-A isoforms differ in their molecular masses, 

bioavailability, and biological properties such as their binding affinity to heparin or 

heparin-sulphate proteoglycans (HSPG) on the cell surface and in the ECM (Figure 

1.9), as well as in their binding to different VEGF receptors. The shortest isoforms 

VEGF-A111a/b and VEGF-A121a/b lack exons 6 and 7 and are freely diffusible (Houck 

et al., 1992; Krilleke et al., 2007; J. E. Park et al., 1993), whereas the longer isoforms 

VEGF-A145a/b, VEGF-A189a/b and VEGF-A206a/b contain both exons 6a and 7, and 

therefore bind to heparin sulphate glycoproteins with high affinity (Houck et al., 1991; 

J. E. Park et al., 1993). These isoforms therefore have the lowest bioavailability 

(Mamer et al., 2020). The prototypical VEGF-A165a has intermediate binding affinity to 

heparin proteoglycans and shows moderate to high bioavailability between the freely 

diffusible and bound isoforms (Houck et al., 1992) which contributes to its greater 

potency in inducing angiogenesis compared to the other isoforms (Robinson & 

Stringer, 2001).  

Following the discovery of VEGF-A165b (D. O. Bates et al., 2002) a new sub-family of 

VEGF-Axxxb isoforms were identified (Figure 1.9B) (Harper & Bates, 2008). Since then, 

the anti-angiogenic and anti-migratory properties of VEGF-Axxxb isoforms have been 

evaluated by several other publications, particularly the downregulation of VEGFR 
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signalling pathway leading to a decrease of tumour growth (E. Rennel et al., 2008; E. 

S. Rennel et al., 2008; Varey et al., 2008). These findings have been attained 

conducting in vitro study on proliferation and migration of endothelial cells along with 

in vivo studies on tumour volume of melanoma, colorectal cancers, renal cell 

carcinoma, and experimental choroidal neovascularization (Magnussen et al., 2010; 

E. Rennel et al., 2008; Woolard et al., 2004). Downregulation of VEGF165b expression 

cause metastatic melanoma while VEGF165b expression reduces metastasis 

(Pritchard-Jones et al., 2007). In addition, downregulation of VEGF-Axxxb expression 

also has been reported in various other cancers, Denys Drash syndrome, diabetic 

retinopathy, and retinal vein occlusion, and its upregulation in asthma and systemic 

sclerosis (D. O. Bates et al., 2013). The proportion between the pro- and the anti-

angiogenic isoforms may be fundamental for the angiogenic balance, supporting 

exploration of VEGF-Axxxb anticancer properties (E. Rennel et al., 2008; E. S. Rennel 

et al., 2008; Varey et al., 2008) and as an efficient therapy of eye and other pathologies 

accompanying with exacerbated angiogenesis (Perrin et al., 2005).  

All VEGF-Axxxa splice isoforms stimulate the tyrosine kinase activity of VEGFRs; for 

VEGFR2 this is mediated through VEGFR2 receptor dimerization and stabilisation of 

the receptor dimer with NP-1 (Figure 1.10) (Ballmer-Hofer et al., 2011). Interestingly, 

VEGF-A165b and VEGF-A165a have equal binding affinity to VEGFR2 but stimulate 

both phosphorylation of different tyrosine residues linked to VEGFR2/NP-1 

heterodimerization patterns (Cebe Suarez et al., 2006; Kawamura et al., 2008) and 

distinct downstream signalling pathways (Cebe Suarez et al., 2006) in endothelial as 

well as other cell types (D. O. Bates et al., 2002; Kawamura et al., 2008; Magnussen 

et al., 2010).  

VEGF-A165b isoforms compete with VEGF-A165a isoforms for VEGFR2 binding 

(Woolard et al., 2004) through different intra-cellular pathways (Beazley-Long et al., 

2013) and only partially activate VEGFR2 as they do not stabilise NP-1 binding 

(Ballmer-Hofer et al., 2011; Kawamura et al., 2008) nor phosphorylate VEGFR2 at the 

key tyrosine residues such as Y1175. VEGF-A165b blocks the responses to VEGF-

A165a such as vascularization in the rat mesentery, rabbit cornea, chorioallantoic 

membrane, the chicken embryo, and Xeno transplanted cancer cells in mice (D. O. 
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Bates et al., 2002; Cebe Suarez et al., 2006; Woolard et al., 2004). Conversely VEGF-

A165b binds weakly to heparan sulphate and does not interact with neuropilin-1, which 

leads to significantly weaker signalling output through VEGFR2 and results in lacking 

or strongly reduced ability to induce angiogenesis (Kawamura et al., 2008). This 

further shows the importance of binding to HSPG and NP-1 that is not only requisite 

for VEGF-A165a deposition as well as storage on NP-1 expressing cells, and in the 

ECM, but also that these interactions have a direct effect on receptor signalling 

pathways.  

Prior to the discovery of the alternatively spliced VEGF-Axxxb family, and indeed still in 

recent publications studying VEGF-A contributions to pathology, the molecule was 

referred to as VEGF-A165 or VEGF165. In the discussion of literature where authors did 

not distinguish the splicing families, I refer to VEGF-A165 and assume that in most 

cases this is the same as VEGF-A165b.  

1.11.5 Control of alternative splicing of VEGF-A isoforms  

As outlined in section 1.11 – 1.11.4, there has been considerable research into the 

control of alternative splicing in exon 8 between families to generate VEGF-Axxxa or 

VEGF-Axxxb isoforms, and this is better understood than mechanisms of alternative 

splicing within VEGF-A splice variant families. Very few mechanisms of alternative 

splicing producing isoforms of different sizes within the VEGF-Axxxa/b families (Figure 

1.9) have been identified. 

The inclusion of exon 6a to make the longer splice variants VEGF-A189 and VEGF-A206 

depends on a complex of splicing factors, methyltransferase and chromatin modulator 

(Salton et al., 2014). VEGF-A165 and VEGF-A189 differ in that VEGF-A189 includes exon 

6a but not 6b, whereas VEGF-A165 excludes both exons 6a and 6b (Figure 1.9). This 

is due to an exonic splicing silencer sequence in exon 6a, but how this is controlled to 

give either isoform is not yet understood (R. Wang et al., 2009). 

Several factors are involved in the stimulation of alternative splicing of VEGF-A 

including hypoxia, and pH (Elias & Dias, 2008). Hypoxia is a major stimulus for both 

upregulation and alternative splicing of VEGF-A (Bowler & Oltean, 2019; Korbecki et 
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al., 2021), mediated by activation by hypoxia inducible factor-1 (HIF-1) (Staels et al., 

2019; H. Takahashi & Shibuya, 2005).  For example, there is evidence of a shift in 

expression to VEGF-A165a and VEGF-A121a in hypoxic conditions which has been 

detected in both human tumours and cancer cell lines, though the pattern of 

expression of these splice variants depends on the cancer type (Elias & Dias, 2008). 

Acidic environments (~pH 5.5) have been observed to induce alternative splicing of 

VEGF-A that results in the predominant expression of VEGF121a, followed by 

VEGF165a, and slight increases in other variants such as VEGF145a and VEGF189a 

(Elias & Dias, 2008).  

Loss of Wilms tumour suppressor-1 (WT1) activity promotes splicing of VEGF-A121 

(Cunningham et al., 2013), whereas overexpression of WT1D isoform increases 

VEGF-A165 (Katuri et al., 2014). VEGF-A111 isoform expression is increased by DNA 

damage and genotoxic drugs (Danastas et al., 2015).  

1.12 VEGF and arthritis  

1.12.1 VEGF-A and VEGF receptors in arthritis 

The first publications suggesting a role for VEGF in arthritis appeared in the late 1994, 

showing increased VEGF-A concentrations in synovial tissue and fluid from RA 

compared to OA patients (Fava et al., 1994; A. E. Koch, 1998; A. E. Koch et al., 1994; 

S. Lee et al., 2001; Yoo et al., 2008), and VEGF-A was shown to be induced in 

synoviocytes by inflammatory mediators (Ben-Av et al., 1995; J. Jackson et al., 1997). 

Serum and synovial VEGF-A as well as the levels of both VEGF receptors (VEGFR1 

and 2) were also raised in RA patients rather than in OA patients (Harada, 1998; M. 

Ikeda et al., 2000; S. Lee et al., 2001; Ozgonenel et al., 2010; Sone et al., 2001), and 

VEGF-A serum levels of were associated with RA disease activity, predominantly with 

swollen joints (S. Lee et al., 2001). 

VEGF and its receptors contribute to RA inflammation through several potential 

mechanisms (Figure 1.15).  



60 

 

 

(i) Increased angiogenesis caused by VEGF-A binding to VEGFR2 which leads to 

peripheral leukocyte recruitment to inflamed synovium. Hence, the developing burden 

of synoviocytes to supply the oxygen and nutrients essential for tissue metabolism is 

reduced (Falconer et al., 2018). 

(ii) VEGF-A interaction with VEGFR1 (Flt1) may directly lead to the stimulation of 

cytokines and chemokines such as IL-6, IL-8, MCP-1, and TNF-α which results in 

chronic inflammation in joints (Murakami et al., 2006; Murakami & Shibuya, 2008). 

(iii) Lastly, NP-1 can act as a survival factor to impede synoviocyte apoptosis upon 

binding with VEGF165a through induction of expression of Bcl-2. Thus, VEGF165a plays 

key role to regulate simultaneously synovial inflammation, hyperplasia, and 

angiogenesis in RA joints through NP1 actions (Yoo et al., 2008). 

1.12.2 VEGF-A and angiogenesis in arthritis 

Angiogenesis plays an important role in the development and progression of arthritis. 

Detailed reviews have been published on the angiogenesis process in arthritis (Eelen 

et al., 2020; Tahergorabi & Khazaei, 2012; D. Walsh, 1999). Angiogenesis is found in 

the synovium of arthritic joints and is closely related to chronic synovitis 

(Giatromanolaki et al., 2001). It has been shown that synovial angiogenesis and 

inflammation, being closely integrated processes, are contributing factors across the 

full range of disease severity, showing that they are not unique to early or late-stage 

disease (Malcolm Douglas Smith et al., 1997). In arthritis, vascular permeability is 

increased because of activated endothelial cells’ detachment from their neighbouring 

cells. Endothelial cell migration and proliferation is stimulated by proteolytic enzymes 

such as MMPs, leading to the degradation of endothelial basement membrane 

(Bonnet & Walsh, 2005). 

Several steps are involved in synovial angiogenesis, each of which is modulated by 

specific factors (Elshabrawy et al., 2015). The factors responsible for the increased 

endothelial cell proliferation are increased VEGF-A expression, vascular density, 

macrophage infiltration within the synovium, representing that synovial 

neovascularization may be largely driven by synovitis (L Haywood et al., 2003). The 
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process begins with hypoxia and induction of growth factors i-e. VEGF-A and fibroblast 

growth factor (FGF). These factors bind to their cognate receptors on endothelial cells 

and result in the production of proteolytic enzymes (Fraser et al., 2001). Subsequently, 

degradation of the basement membrane occurs by MMPs, leading to migration and 

further endothelial proliferation to form vascular tubules. Finally, pro-angiogenic 

factors such as Angiotensin-1 stabilize the blood vessels with subsequent 

incorporation of pericytes into the newly formed basement membrane to facilitate the 

blood flow process (MacDonald et al., 2018). 

1.12.3 VEGF-A and synovial inflammation in arthritis 

VEGF-A has been known for its significance in angiogenesis associated with both 

inflammation and malignancies (Szekanecz et al., 2009). Synovial macrophages and 

fibroblasts express VEGF-A protein and mRNA in RA joints. Moreover, cultured 

synovial cells secrete VEGF-A when stimulated by IL-1, IL-6, IL-17, IL-18, 

prostaglandin, TGF-β or hypoxic conditions (Yoo et al., 2008). These findings strongly 

suggest that inflammation and angiogenesis are closely related and that suppressing 

the angiogenic action of VEGF-A is likely to alleviate inflammation in RA. (Ferrara et 

al., 2003; A. E. Koch, 1998). However, angiogenesis can occur without inflammation, 

whereas chronic inflammation is always associated with angiogenesis (Bonnet & 

Walsh, 2005). 

VEGF-A165 contributes to the production of TNF-α and IL-6 by PBMC and has a direct 

pro-inflammatory effect on the development of RA (Yoo et al., 2005). Additionally, 

synovial fluid monocytes from RA patients show a greater response to VEGF-A165a 

stimulation compared to PBMC from healthy controls These findings indicate that 

VEGF-A165 is an important mediator of both angiogenesis and inflammation in RA 

joints, thereby establishing a crucial link between the two processes (Yoo et al., 2008). 

Several inflammatory cell types are involved in establishment of a self-perpetuating 

cycle of autoimmunity thus retaining a mutually activating network in RA joints 

(Firestein, 2003). Endothelial cells are activated by VEGF-A165 to produce 

chemokines, such as MCP-1 and IL-8 (T.-H. Lee et al., 2002; Marumo et al., 1999). 

Monocytes are attracted by MCP-1 and IL-8, and they and synoviocytes both respond 
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to both VEGF-A165, and endothelial cell contact by producing IL-6 and TNF-. This 

results in a positive feedback loop, promoting further VEGF-A release from 

synoviocytes and macrophages, and enhancing endothelial cell-contact macrophage 

activation (Figure 1.15) (Yoo et al., 2008). 

 

Figure 1.15: Diagrammatic illustration of progression of rheumatoid arthritis by VEGF-
A. In RA, VEGF-A production by synoviocytes increases the permeability of vascular 
endothelial cells and leads to angiogenesis. This results in the influx of macrophages, 

which produce IL-6 and TNF- when stimulated by VEGF-A/Flt-1 binding or by 
interacting with activated endothelial cells. These cytokines further enhance the 
production of VEGF-A by macrophages and synoviocytes, creating a self-perpetuating 
cycle of inflammation. Moreover, binding of VEGF-A to NP-1 prevents rheumatoid 
synoviocytes from experiencing apoptosis, resulting in synovial hyperplasia. 
Hyperplastic synoviocytes secrete more VEGF-A, which generates a positive feedback 
loop that promotes cell survival. Thus, VEGF-A controls joint hyperplasia, synovial 
inflammation, and angiogenesis in RA patient (Yoo et al., 2008). 

1.12.4 VEGF-A, chondrocyte hypertrophy and bone erosion in arthritis 

VEGF-A is required during the process of endochondral ossification, and in 

hypertrophic cartilage remodelling accompanied with angiogenesis and subsequent 

ossification (Carlevaro et al., 2000; Duan et al., 2015; Gerber et al., 1999; A. Horner 

et al., 1999; Nagao et al., 2017). Normal adult chondrocytes are devoid of both VEGF-

A ligand and its receptors, but chondrocytes from RA cartilage produce higher VEGF-

A levels (Onnheim et al., 2022), and express VEGFR1 and VEGFR2 (Enomoto et al., 
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2003; Pfander et al., 2001; Thomas Pufe et al., 2001). Therefore, the expression of 

VEGF-A and VEGFR2 in chondrocytes appears linked with RA.  

VEGFR2 in hypertrophic chondrocytes shows an autocrine activation mediated by 

VEGF-A (Carlevaro et al., 2000). VEGF-A produced by hypertrophic chondrocytes 

recruits endothelial cells and as a result induces blood vessel growth into cartilage. 

These blood vessels not only bring in nutrients but also recruit osteoblasts and 

chondroclasts in addition to promoting pro-apoptotic signal(s). Moreover, endothelial 

cell exposure to VEGF-A may further stimulate signalling cascades to produce 

proteinases, cytokines and other mediators that in turn affect chondrocytes, 

chondroclasts and osteoblasts (Carlevaro et al., 2000). A study conducted on 

immortalized VEGFR2 expressing chondrocytes in vitro showed that VEGF-A 

regulates the production of MMPs and MMP inhibitors, which are among the effectors 

of ECM remodelling. VEGF-A has the ability to stimulate MMP-1, MMP3, and 

specifically MMP-13 expression; however, it decreases tissue inhibitor of 

metalloproteinases 2 (TIMP-2). As a result, VEGF-A appears to be a further damaging 

factor involved in the progression of arthritis by enhancing cartilage destruction 

(Thomas Pufe et al., 2004).  

Increased bone resorption is one of the characteristic features of inflammatory 

rheumatic diseases which leads to permanent bone remodelling and joint deformation. 

VEGF-A stimulates increased osteoclast activity and leads to bone resorption through 

its actions on VEGFR1 (Aldridge et al., 2005), and VEGFR2 signalling (Nakagawa et 

al., 2000; Q. Yang et al., 2008) which may be mediated by an interaction between 

VEGFR and RANKL (Aldridge et al., 2005). Taken together, the role of VEGF-A in 

immune cells, synovium, chondrocytes, bone cells and angiogenesis (Figure 1.16) 

appears to be a substantial factor that contributes to the pathogenesis of rheumatoid 

arthritis as well as other arthritic and rheumatic diseases. 
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Figure 1.16: Illustration of the multiple roles of VEGF-A in the development and 
progression of joint damage in rheumatoid arthritis. Angiogenesis, a prominent feature 
of both RA and OA, is regulated by VEGF-A. VEGF-A and its receptors VEGFR1 and 
VEGFR2 are expressed in FLS, endothelial cells and are found in synovial fluid. 
VEGFR1 is also expressed in macrophages. VEGFR1, VEGFR2 and NRP1 activation 
lead to apoptotic resistance of synoviocytes and result in synovial hyperplasia. VEGF-
A contributes to joint destruction and bone resorption by regulating the inflammatory 
process, with elevated cytokines, MMPs, and increased osteoclast differentiation (Le & 
Kwon, 2021). 

 

1.12.5 VEGF-A splice variants in arthritis 

VEGF-A exists in several isoforms within two families, and the expression of these 

isoforms is tissue dependent (T Pufe et al., 2001; Thomas Pufe et al., 2001, 2001). 

Some cell types express multiple VEGF-A splice forms form the same family for 

example VEGF-A121, VEGF-A165, VEGF-A189 and VEGF-A206 are all detected in human 

neonatal fibroblasts (Eckhart et al., 1999), while other cells or tissues such as 

synoviocytes (Thomas Pufe et al., 2001) or osteoarthritic cartilage (Thomas Pufe et 

al., 2001) express fewer splice isoforms. Hypertrophic chondrocytes express both 

VEGF-A121 and VEGF-A165. Interestingly, the same VEGF splice forms (VEGF-A121 

and VEGF-A165) were also detected in  synovial tissues of patients with RA (Thomas 

Pufe et al., 2001), whereas samples from OA cartilage and synovium expressed the 

splice forms VEGF-A121 and VEGF-A189 (Thomas Pufe et al., 2001) or only VEGF-A121 
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(M. Ikeda et al., 2000) respectively. Recent work shows expression both VEGF-A165a  

and VEGF-A165b in human synovium from healthy post-mortem controls as well as RA 

and OA joints (D Amanitis et al., 2021).  

1.13 Anti-VEGF treatment effects in inflammatory arthritis 

VEGF-A plays such an important role in inflammation-related angiogenesis (as 

discussed earlier), VEGF-A inhibitors have been investigated in animal models with 

arthritis, as well as clinical oncology trials (A. E.-S. Abdel-Maged et al., 2018; A. E. 

Abdel-Maged et al., 2019; Hernandez et al., 2001; Kiselyov et al., 2007; A. E. Koch, 

1998; A. E. Koch et al., 1994; Shams & Ianchulev, 2006; Masabumi Shibuya, 2008). 

Targeting VEGF-A is in the focus of cancer and inflammation research (Kiselyov et al., 

2007; Naumov et al., 2008; Shams & Ianchulev, 2006) and VEGF-A-mediated 

neovascularization can be inhibited by using monoclonal antibodies to VEGF-A or 

VEGF receptors (VEGFR), soluble VEGF receptors, VEGF receptor tyrosine kinase 

inhibitors (RTKIs), VEGF-A splicing kinase inhibitors or inhibitors of VEGF-A, and 

VEGFR downstream signalling (S. T. Choi et al., 2009; Grosios et al., 2004; Holash et 

al., 2002; W.-U. Kim et al., 2007; Kiselyov et al., 2007; Lainer-Carr & Brahn, 2007; 

Manley et al., 2002; Masabumi Shibuya, 2008; Veale & Fearon, 2006) (Figure 1.17). 

Inhibition of VEGFR or VEGF-A has been effectively used in vivo to suppress synovial 

inflammation and pain in animal models (Beazley-Long et al., 2018; S. T. Choi et al., 

2009; Grosios et al., 2004; Hamilton et al., 2016; W.-U. Kim et al., 2007; Lainer-Carr 

& Brahn, 2007; Ludin et al., 2013; Ma et al., 2023; Manley et al., 2002; Nagao et al., 

2017). 

Soluble VEGF receptor treatment that sequesters VEGF-A in collagen induced arthritis 

(CIA) showed a reduction in disease severity (Miotla et al., 2000). Other studies have 

also shown effectiveness of polyclonal anti-VEGF antibodies in the CIA model (Lu et 

al., 2000; Sone et al., 2001). VEGF-A inhibition using ranibizumab, an anti-VEGF-A 

antibody used in the treatment of wet age-related macular degeneration, reduced 

cartilage and bone destruction compared to MTX or tocilizumab (interleukin-6R 

antagonist) in rat adjuvant (CFA)-induced arthritis (A. E.-S. Abdel-Maged et al., 2018). 

Co-administration of the anti-VEGFR2 monoclonal antibody, Ramucirumab, and MTX 
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in an RA experimental model also had positive effects (A. E. Abdel-Maged et al., 

2019). Hence, the small amount of evidence suggests that anti-VEGF-A mono- or 

combination therapy could be a potential treatment for IA.  

 

 

Figure 1.17: Different potential therapeutic approaches to target VEGF-A for treatment 
of arthritis including different methods to modulate VEGF-A actions. 1. Modulation of 
VEGF-A alternative splicing; 2. Block of splicing factor activation; 3. Neutralisation of 
VEGF-A with antibodies or soluble receptors; 4.  VEGFR inhibition, blockade, or genetic 
manipulation (knockout or knockdown). The methods highlighted in green text have 
those used in this thesis. 
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Figure 1.18: Schematic representation of the hypothesis, aims, models, and methods 
used in this thesis. The in vivo rat and mouse studies were conducted by Dr. Alexandra 
Durrant and Dr. Nicholas Beazley long, respectively. I used joints from these animals 
in the experiments described in this thesis. The experimental plans in red could not be 
conducted due to the impact of the COVID pandemic and time limitations. 
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Hypothesis  

Overall hypothesis 

Activation of VEGFR2 by VEGF-Axxxa splice variants contributes to joint inflammation 

and damage in rodent models of inflammatory arthritis.  

Subsidiary hypotheses  

 Systemic pharmacological inhibition of the VEGFR2 blocker PTK787 will 

reduce joint inflammation and cartilage damage in rat CFA-induced arthritis 

model.  

 Endothelial-cell specific VEGFR2 knock out (ECKO) in Tie2 positive endothelial 

cells reduces vascularity in synovium in arthritic knock-out, but not arthritic 

control mice.  

 A reduction in synovial vascularity is associated with increased cartilage 

damage in VEGFR2ECKO mice.  

 Experimental arthritis alters expression and localisation of the constituents of 

the VEGF-A splicing axis, SRPK1 and SRSF1, in a way that promotes VEGF-

A exon 8 alternative splicing, potentially producing VEGF-Axxxa isoforms in rat 

and mouse IA models, as seen in human inflamed synovium. 

 Alternative splicing kinase inhibitors will block or reduce change of the 

chondrocyte cell-line ATDC5 to a hypertrophic state. 

Thesis Aims 

The aims of this thesis were to investigate; 

 whether there is a difference in histological synovial inflammation and joint 

damage in arthritic rat joints induced by CFA of different formulation and dose 

 the effect of pharmacological inhibition of VEGFR2 blocker PTK787 on synovial 

inflammation and cartilage damage in CFA arthritic rat joints.  

 whether induction of Tie2-specific endothelial VEGFR2 knock-out affects blood 

vessel number/density in normal and/or arthritic mice, and whether this is 

related to cartilage damage. 
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 whether changes in SRPK1 and SRSF1 expression and localisation in 

synovium in mouse and rat arthritis models are similar to the changes seen in 

human arthritic synovium.   

 the effect of IA and endothelial VEGFR2 inhibition/knockout on SRPK1 and 

SRSF1 expression and localisation in synovium in mouse and rat arthritis 

models. 

 the effect of SRPK1 and CLK1 inhibitors on the morphology and 

COL2A1/COL10A1 expression by ATDC5 chondrocytes following change to a 

more hypertrophic state 
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2. MATERIALS AND METHODS 

2.1 Introduction  

This chapter includes the general methodology used for research work conducted 

throughout the PhD. Two inflammatory arthritis animal models (rat and mouse) and 

one in vitro study conducted on an immortalised chondrocyte-like cell line (ATDC5) 

were used in this thesis. Detailed methods are given in each chapter for more 

information. 

2.2 Drug and adjuvant preparation 

2.2.1 Complete Freund’s adjuvant preparation 

Complete Freund’s Adjuvant (CFA, composed of heat-denatured mycobacterium 

tuberculosis suspended in mineral oil) was purchased from Sigma-Aldrich (1mg/mL, 

F5881) containing 1 mg/mL mycobacterium tuberculosis (M.tub.), heat killed and dried 

suspended in 85% paraffin oil / 15% mannide mono-oleate vehicle.  ‘In house’ CFA 

was prepared by suspending heat denatured M.tub. (UK Ministry of Agriculture 

Fisheries and Food, now known as DEFRA, UK) in mineral oil (2mg/mL), sonicated 

for 1 hr and filtered (40μm pore size) (Kelly et al., 2007).  

2.2.2 Pharmacological inhibitor preparation  

Solutions of drugs inhibiting VEGFR-2 (PTK787, small molecule drug, AdooQ 

Bioscience USA) and TNF (Etanercept/ Enbrel®, Pfizer Ltd, anti-TNF antibody) were 

prepared in sterile PBS or saline - for PTK787 at 3.75mg/mL and Etanercept at 

1.375mg/mL. Drugs or vehicle (PBS or saline) were administered by i.p. injection at 

15mg/kg for PTK787 and 5.5mg/kg for Etanercept. Doses were determined on 

previous published studies showing efficacy on pain behaviour (Beazley-Long et al., 

2018; Michael K Boettger et al., 2008). 
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2.3 In vivo procedures 

2.3.1 In vivo animal experiments and tissue preparation 

All animal procedures were approved by the University of Nottingham Animal Welfare 

and Ethical Review Group and conducted in accordance with the United Kingdom 

Animals (Scientific Procedures) Act 1986/Amendment Regulations 2012. The project 

licence was held by Professor Lucy Donaldson, and all licensed work was done by 

personal licence holders Drs Nicholas Beazley-Long (mice) and Alexandra Durrant 

(rats).  

At the termination of the in vivo rat experiments, I was supplied with intact joints, which 

I then processed for histological analyses (section 2.5). For mouse experiments I was 

first supplied with some mounted and stained joint sections generated by Dr Beazley-

Long for training and initial analyses and I later sectioned and processed additional 

joints for further investigations.   

2.3.2 In vivo rat experimental hypotheses and design  

The in vivo experiments in rats were conducted by Dr Alexandra Durrant to test the 

hypothesis that systemic block of VEGF receptor 2 and/or TNF- would inhibit the 

spinal and/or dorsal root ganglia gliovascular/ neuroinflammatory response to IA in 

male rats. To test these hypotheses, two in vivo experiments were conducted by Dr 

Durrant with experimental groups and design as shown in Figure 2.1 and Table 2.1.  

A secondary hypothesis in both experiments was that systemic block of VEGF 

receptor 2 and/or TNF- would inhibit the joint inflammation and damage in IA in male 

rats. My work was done to address this secondary hypothesis.  

Experiments were carried out on a total of 59 adult male Sprague Dawley rats (starting 

weight ≥175g) purchased from Charles River, UK. Animals were group housed (3-4 

per cage) in individually ventilated cages and were maintained on a 12/12 light: dark 

cycle at 22oC and 55% humidity, with ad libitum access to food and water. Male rats 

were used as the hormonal changes in the rat oestrus cycle can result in effects on 

pain signalling (Becker et al., 2005; Craft et al., 2004). It is now recommended that 

animal experiments include both sexes, and I recognise that this is a limitation in the 

studies presented in this thesis.  
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Table 2.1: Animal numbers and treatment groups from which joints were processed to 
compare histological features with different CFA formulations/doses and different 
drugs (Durrant, 2021).  

*One animal was excluded from all analyses due to lack of CFA response (swelling). 

Study  Treatments  Study design  Number of 
animals  

1  Anaesthetic control + Vehicle  
CFA (100µg) + Vehicle  
CFA + PTK787 (starting day 0)  
CFA + PTK787 (starting day 3)  
CFA + Etanercept  

Within/between subjects 
comparison of the effect of 
therapeutic pharmacological 
VEGFR and/or TNFα inhibition on 
histological arthritis.  

6  
6  
6  
6  
6  

2  Anaesthetic control + Vehicle  
CFA (50µg) + Vehicle  
CFA + PTK787 (starting day 0)  
CFA + PTK787 (starting day 3)  
CFA + Etanercept  
CFA + PTK787 + Etanercept*  

6  
6  
6  
6  
6  
5  

 

Sample sizes for these two studies were determined using sample size estimates from 

previous work done in the group, using GPower (Faul et al., 2007)  and based on the 

primary hypothesis outcomes of increases in spinal gliovascular response.  In these 

studies, the two control groups (anaesthetic + vehicle) were used to determine whether 

there were any differences in joint histological features between two different CFA 

preparations (Chapter 3) and the effect of VEGFR2 blockade on joint inflammation 

and damage (Chapter 4).  

2.3.3 Induction of arthritis in rats 

The surgical procedures on rats were done by Dr Durrant before I joined the lab. 

Anaesthesia was induced in rats with the inhalational anaesthetic isoflurane (Abbot 

Laboratories, Kent, UK), at 3% vapourised in oxygen, in an induction box. When the 

righting reflex was lost, rats were transferred to a heated mat to maintain body 

temperature and anaesthetic delivery continued through a non-rebreathable delivery 

system attached to a nose cone. Anaesthetic was extracted via a Fluo-vac system 

(Harvard Apparatus, Massachusetts, U.S.A) and active eradication system (Pioneer 

Kent U.K). Surgical anaesthesia was confirmed by the loss of the noxious paw 

withdrawal reflex.  
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The anterior surface of the ‘knee’ (tibio-femoral) joint was shaved with clippers, and 

the leg disinfected with 4% chlorhexidine gluconate surgical scrub (Hydrex®). With the 

right paw extended, the base of the patella was located and a 25-gauge 16mm needle 

inserted through the infrapatellar ligament into the joint, taking care not to insert the 

needle too far to avoid penetration of the posterior joint capsule and leakage. 50µl of 

‘in house’ or commercial CFA containing either 50 or 100µg M.tub. was injected into 

the joint space. Control rats were anaesthetised, and knees shaved. After anaesthesia 

rats recovered in dedicated cages in a warm environment before returning to home 

cages. After recovery rats were transferred to individually ventilated cages and hind 

limb use and knee diameter measured as shown in Figure 2.1, and health monitoring 

carried out daily throughout the study by Dr Durrant (Durrant, 2021).  

A 

B 

Days………    -4…………….0……….1…….….2….……3…….…4….……5….……6…….…7…….…8…….…9….……10

Cull 
Joint collection

CFA

Knee joint swelling

Vehicle injections

Study 1. 
100µg in 50µl                                                                                     
‘in-house

Study 2. 
50µg in 50µl
commercial

Days………    -4…………….0……….1…….….2….……3…….…4….……5….……6…….…7…….…8…….…9….……10

Cull 
Joint collection

CFA

Knee joint swelling

Vehicle 
injections

Study 1. 
100µg in 50µl                                                                                     
‘in-house

Study 2. 
50µg in 50µl
commercial

Drug and/or vehicle injections
PTK787 15mg/kg
Etanercept 5.5mg/kg

D0 PTK
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Figure 2.1: Experimental design and timelines for A. comparison of CFA preparations 

on joint inflammation and damage, and B. effects of CFA and VEGFR2 ± TNF- blockers 
on joint inflammation and damage.   

2.3.4 Drug administration in rats 

Two different cohorts of rats followed a similar protocol, the main differences in studies 

being the CFA used and number of drug injections (Table 2.1, Figure 2.1). All animals 

were dosed intraperitoneally with vehicle for one week (2 injections, 3 days apart) 

before anaesthesia and CFA injection, to habituate them to the injection procedures, 

and then with PTK787, Etanercept, or PTK787+Etanercept (Table 2.1) as in the 

timelines in Figure 2.1. Drug injections were carried out at days 3, 6/7 and in the 

second study, day 9. In each study one additional group of animals received PTK787 

from day 0 (CFA injection) which served as a positive control as this method had been 

previously reported to alter pain in rats (Beazley-Long et al., 2018). Animals were killed 

after 10 days of inflammation by intraperitoneal anaesthetic overdose and joints 

removed for further processing.  

At the end of all experiments, rats were killed with an overdose of sodium 

pentobarbitone (intraperitoneal injection (i.p)., 60mg/kg body weight) and 

transcardially perfused with saline plus 1U heparin to prevent blood clotting, followed 

by perfusion with 4% paraformaldehyde in 0.1M phosphate buffer saline. Joints were 

removed and placed in 4% paraformaldehyde in PBS until processed for sectioning 

(section 2.4).  

2.3.5 Inducible endothelial cell VEGFR2 knockout mice 

A colony of tamoxifen-inducible endothelial cell-specific knockout mice was generated 

in 2015 by Dr Nicholas Beazley-Long. Mice homozygous for the VEGFR2 gene with 

floxP sites either side of exon 1 (vegfr2fl/fl) (Albuquerque et al., 2009) were crossed 

with Tie2CreERT2 mice [supplied from the European Mutant Mouse Archive EM:00715] 

(Forde et al., 2002) to enable oestrogen receptor-driven VEGFR2 knockout. Animals 

were bred for experimental purposes from double transgenic animals, and 

experiments described in this thesis were conducted on tissues from F3/F4 mice of 

both sexes. All mice used were confirmed as homozygous for the VEGFR2-loxP 

transgene (vegfr2fl/fl) and either heterozygous or wild-type for Tie2CreERT2. Data on 
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the mice from which tissues are taken have been previously published (Beazley-Long 

et al 2018). 

2.3.6 In vivo mouse experimental hypotheses and design  

The in vivo experiments in mice were conducted by Dr Nicholas Beazley-Long to test 

the primary hypothesis that knock-out of endothelial VEGFR2 (VEGFR2ECKO) would 

reduce spinal vascular endothelial cell and microglial activation, and hence activation 

of spinal VEGFR2 resulting in pain. VEGFR2ECKO mice did show significantly reduced 

pain behaviours, but as VEGFR2 endothelial knock-out was not location-specific, 

these mice had significantly reduced endothelial cell numbers in other tissues as well 

as spinal cord (Beazley-Long et al 2018). My experiments were therefore designed to 

test the secondary hypothesis that VEGFR2ECKO resulted in reduced synovial vascular 

endothelial cell and/or blood vessel number and therefore reduced joint inflammation 

and damage, leading to reduced pain behaviour.  

Experiments were carried out on a total of 39 transgenic adult mice of both sexes (19 

female, 20 male), derived from several litters and bred in house (starting weight ≥25g). 

Tissues came from the numbers of mice shown in each study, 30 animals in 

assessment of blood vessels density and cartilage damage (Chapter 5) and 19 for the 

assessment of hypoxia. Joint tissues from 26 of these mice were randomly selected 

for inclusion in the investigation of VEGF-A splicing axis (Chapter 6). Animals were 

group housed (2-4 per cage), with males and females housed separately in single-tier 

ventilated cages and were maintained on a 12/12 light: dark cycle at 22oC and 55% 

humidity, with ad libitum access to food and water. Mice treated with tamoxifen were 

housed separately from vehicle-treated mice as tamoxifen is excreted in urine 

(Kisanga et al., 2005) which can lead to cross-contamination in the cage.  

Sample sizes for the study was determined using sample size estimates from previous 

work done in the group, using GPower (Faul et al., 2007) and based on the primary 

hypothesis outcomes of changes in pain behaviour.  

2.3.7 Induction of endothelial VEGFR2 knockout in mice 

Tamoxifen (Sigma, T5648) was first dissolved in ethanol and then diluted in autoclaved 

sunflower oil (vehicle: 10% ethanol and 90% oil) (Acharya et al., 2011). Five daily 
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doses of vehicle or tamoxifen (1mg/100μL i/p.) were given to groups of Tie2CreERT2 

negative (groups 1 & 2 tamoxifen) or Tie2CreERT2-positive mice (groups 3&4 vehicle, 

5&6 tamoxifen, Table 2.2, Figure 2.2). VEGFR2fl/fl-positive/Tie2CreERT2-negative 

mice (groups 1&2) were included as controls for any potential effects of tamoxifen 

(sham (±Tam), and VEGFR2fl/fl x Tie2CreERT2 without tamoxifen (uninduced ±CFA) 

were the controls for any strain effect i.e. an effect of the genetic manipulation.  

Table 2.2: Animal numbers and treatment groups from which joints were processed to 
compare histological features with and without endothelial VEGFR2 inducible knockout 
(Beazley-Long et al., 2018). * all animals underwent brief anaesthesia.   

+ in column 3 denotes animals receiving CFA, therefore inflamed.  

Genetic 
background  

Treatments*  Groups  Number of 
animals  

Study design  

VEGFR2fl/fl   
(Tie2CreERT2 
negative, genetic 
control)  

Tam, no CFA  
  
Tam, CFA  

1. Sham (-)  
  
2. Sham (+)  

5  
  

5  

Within/between 
subjects 
comparison of the 
effect of 
VEGFR2ECKO on 
histological 
arthritis.   

  

VEGFR2fl/fl x 
Tie2CreERT2 

(inducible 
knockout)  

No Tam, no CFA  
No Tam, CFA  
Tam, no CFA  
Tam + CFA  

3. Uninduced (-)  
4. Uninduced (+)  
5. VEGFR2ECKO (-)  
6. VEGFR2ECKO (+)  

5  
5  
5  
5  

 

2.3.8 Induction of arthritis in mice 

Inflammatory arthritis was induced in mice as discussed below, up to the point of 

achieving surgical anaesthesia. Once areflexive surgical anaesthesia had been 

achieved, ankle (tibio-tarsal) joints were disinfected with 4% chlorhexidine gluconate 

surgical scrub (Hydrex®). Transgenic mice underwent two unilateral subcutaneous 

peri-articular injections each of 80µg CFA (in house) in 40µL mineral oil, on either side 

of the joint. Sham mice underwent limb preparation and anaesthesia with no injection. 

After anaesthesia mice recovered in dedicated cages in a warm environment before 

returning to home cages. After recovery mice were transferred to individually ventilated 

cages and joint swelling was measured throughout the duration of the study (Figure 

2.2). Health monitoring carried out daily throughout the study by Dr Beazley-Long. At 

the end of the experiments, mice were killed using intraperitoneal pentobarbital 

overdose (60mg/kg), and joints collected and processed as for rat joints (section 2.4).   

At the end of experiments to determine joint hypoxia (Chapter 5), mice were terminally 
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anaesthetised as above and perfused fixed with 4% paraformaldehyde and tibio-talar 

joints removed for further processing (Section 5.2.2).  

 

Figure 2.2: Timeline for genetic endothelial cell knockout in mouse. 

2.4 Preparation and processing of mouse and rat joints 

2.4.1 Decalcification of joint tissue 

Hind limbs of mice and rat were collected, post-fixed and then skin and other soft 

tissues trimmed close to the tibio-tarsal (ankle) joint and tibio-femoral (knee) joint 

respectively in such a way to remove as much soft tissue as possible. Joints were 

decalcified in 10% EDTA buffer (10% EDTA, 0.01M Trisma base, 7.5% 

polyvinylpyrrolidone, 10% NaOH, Appendix Table A1) for three to four weeks until 

bone could be penetrated with a fine pin. EDTA buffer was changed 1 – 2 times per 

week and then joints were rinsed and embedded in paraffin (embedding was done in 

King’s Mill hospital). Mouse ankle joints and rat knee joints were paraffin embedded in 

sagittal and coronal orientation respectively. Rat joints were treated in the same way 

but required a longer time, and more frequent changes of EDTA buffer to achieve 

complete decalcification.  

2.4.2 Embedding and sectioning of joint tissue 

After automated paraffin embedding (King’s Mill hospital) with dehydration in graded 

ethanol (70%, 90%, 100%) over 2 hours, clearing in xylene, followed by wax infiltration, 

and embedding, 10 µm and 8µm sections were cut with a microtome for mice ankle 

and rat knee joints samples respectively and collected on poly-lysine coated slides 

(ThermoFisher Scientific UK). Mouse joints were orientated during embedding for 

sectioning in the sagittal plane to enable visualisation of the tibio-talar articulation from 
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the lateral aspect (Figure 2.3A), and rat tibio-femoral joints were oriented for sectioning 

in the coronal plane to enable visualisation of the joints from the anterior aspect (Figure 

2.3B). After brief drying at room temperature, the slides were oven-dried at 59°C to fix 

the tissue on the slides. 

 

Figure 2.3. Mouse (left) and rat (right) joint sections and orientations. (A) Sagittal 
section of mouse tibio-talar (ankle) joint and (B) of rat tibio-femoral (knee) joint. Scale 
bars 200µm. Labels show key structures in the joints, AC = articular cartilage 

2.5 Histological staining of rat joints  

2.5.1 Histological staining methods 

2.5.1.1 Haematoxylin and eosin (H&E) Staining 

Haematoxylin and eosin (H&E) stain is a standard reference stain for cationic and 

anionic tissue components widely used for medical diagnosis and examination (Chan, 

2014). It is a combination of two stains giving a clear distinction between the nucleus 

(stained blue with haematoxylin) and cytoplasm (stained pink by eosin). H&E staining 

was used for all histological scoring analysis in rat joints. 

Paraffin embedded rat ‘knee’ joint sections (8μm) were dewaxed in xylene for 2 x 5 

minutes. Descending methanol concentrations (100%, 70%, and 50%, 5 minutes 

each) were used to rehydrate the tissues followed by washing with distilled water for 

1-5 minutes. The sections were then immersed in Mayer’s haematoxylin (Sigma 

Aldrich: MHS32) for 15 minutes, and then washed in tap water. Afterwards, the 

sections were immersed briefly (20 seconds) in acid alcohol to define nuclei (1% HCl 

in 70% methanol). To remove any excess stain, the sections were rinsed with water 
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for three minutes. After that, they were stained with eosin (1%) solution for one minute, 

followed by another wash in tap water for one minute. Finally, the sections were 

dehydrated using increasing concentrations of methanol (50%, 70%, and 100%) and 

then treated with xylene. To complete the process, they were cover-slipped with DPX 

medium. 

2.5.1.2. Toluidine blue and Safranin O Staining 

The severity of disease in OA and RA tissue specimens has frequently been 

demonstrated by the intensity of glycosaminoglycan (GAG) and proteoglycan content 

in comparison with normal cartilage. Safranin O and toluidine blue are the cationic 

dyes which have been used routinely for this purpose (Rosenberg, 1971). 

A. Toluidine blue staining protocol 

Since its discovery by William Henry Perkin in 1856 toluidine blue has been used in 

various medical applications as well as being a histological stain (Sridharan & 

Shankar, 2012). Toluidine blue is a metachromatic cationic dye with high affinity for 

the sulphate groups of proteoglycans thus this staining visualizes the presence of 

proteoglycan content in a tissue (Vickers, 2017). It stains cell nuclei dark blue, 

cytoplasm light blue, and ECM, as in hyaline articular cartilage, pink or purple (Tyndall 

et al., 1998).  

For staining, slides were de-waxed in xylene (2 x 5 minutes), rehydrated in graded 

methanol (100%, 70%, 50%), rinsed with tap water and staining in 0.04% toluidine 

blue (Sigma Aldrich:198161) for 8 minutes. Sections were rinsed again with tap water, 

dehydrated in graded methanol (50%, 70%, 100% for 5 minutes each), cleared in 

xylene (2 x 5 minutes) and cover-slipped with DPX.  

B.  Safranin O staining protocol  

Safranin O/Fast Green is a standard stain used to assess cartilage damage in articular 

joints. The degree of pathological degradation of macromolecules in ECM of hyaline 

cartilage can be determined by evaluating the intensity of collagen and proteoglycan 
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staining (Alibegović et al., 2020). Safranin O stains cartilage red in proportion to its 

proteoglycan content and Fast Green stains bone green (Zorzi et al., 2015).  

Following dewaxing in xylene (2 x 5minutes), sections were stained with Weigert’s iron 

haematoxylin solution (1% haematoxylin (Sigma Aldrich: H3136), 45mM FeCl3 (Sigma 

Aldrich:157740) in 50% acidified ethanol, Appendix Table A3), rinsed quickly with acid 

alcohol solution for no more than 20 seconds and washed for 3 minutes in running tap 

water. Sections were then stained with Fast Green (0.2% Fast Green in deionised 

water) for 5 minutes, followed by a brief dip in acetic acid (1% in distilled water) and 

stained with Safranin O (Sigma Alrich: S8884)/Fast Green (Sigma Alrich:F7258) (0.1% 

in distilled water) for 5 minutes followed by wash for 5 minutes with running tap water. 

All sections were dehydrated and cover slipped as above.   

2.5.1.3. Masson’s trichrome staining  

Masson’s trichrome staining (Abcam: ab150686) was used to identify collagen in bone 

marrow, as an indication of FVT formation (Bain et al., 2019; Bancroft & Gamble, 2008; 

Kuter et al., 2007). The sections were deparaffinised as above and further fixed for 15 

minutes in preheated Bouin’s Solution at 56°C. Sections were washed under running 

tap water until the water ran clear of yellow stain, then stained with Wiegert’s iron 

haematoxylin solution for 5 minutes and washed again in running tap water for 5 

minutes. Sections were then stained in Bieberich Scarlet-Acid fuchsin (Bierich scarlet 

0.9%, acid fuchsin 0.1% in 1% acetic acid) for 5 minutes followed by rinsing in 

deionized water. The staining was differentiated in phosphomolybdic-phosphotungstic 

acid solution (Appendix Table A3) for 5 minutes transferred to aniline blue solution 

(2.4% aniline blue in 2% acetic acid) for 5 minutes, differentiated in 1% acetic acid for 

2 minutes, and rinsed in deionised water, then rapidly dehydrated through alcohols, 

cleared in xylene, and mounted as described above. 

2.6 Scoring of histological parameters of arthritis in rat joints 

2.6.1 Histological scoring 

Several different parameters of joint inflammation and damage were scored: physical 

cartilage damage and proteoglycan loss, degree of synovial inflammation, presence/ 
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absence of pannus infiltration, appearance of FVT in bone marrow was assessed 

morphologically and bone marrow collagen fibre presence (Figure 2.4). H&E staining 

was used for initial histological/morphological scoring of cartilage damage, synovial 

inflammation, pannus infiltration and bone marrow FVT. 

 

Figure 2.4: Histological scoring of joints. H&E stained sections were first scored for 
physical cartilage damage, synovial inflammation, and the presence or absence of 
pannus infiltration and FVT in bone marrow. The degree of FVT was also assessed by 
the degree of collagen fibre deposition in Masson’s trichrome stained sections. 
Cartilage proteoglycan loss was assessed using Toluidine blue/Safranin O stained 
sections.  

The scores were graded by examining three stained sections from different depths of 

sectioning for each joint using a Zeiss Axioscop-50 microscope (Carl Zeiss, Welwyn 

Garden City, UK) under 5x, 20x and 40x magnification. All sections were blinded 

during scoring, and only unblinded once all scoring was completed. Examples of 

scored features for each parameter are shown in Figures below, and the scoring 

system for each in the respective tables below the Figures. 

Signs of physical/morphological cartilage damage were scored on changes in several 

parameters according to existing recognised systems (Armstrong et al., 2021; Z. Yan 

et al., 2015). These included cartilage surface smoothness, presence of empty 

lacunae showing chondrocyte loss, fibrillation of the cartilage surface, fissures in the 
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cartilage surface of varying degrees of penetration, and partial or full thickness loss of 

cartilage (Figure 2.5, Table 2.3).  

 

Figure 2.5: H&E staining in rat knee joint showing physical/morphological features used 
in cartilage damage scoring. (A) Normal. The arrow shows the normal cartilage surface. 
(B) Minimal surface damage only, Arrowhead shows a superficial wear. (C) Mild surface 
fibrillation (upper middle zone damage). Arrowhead shows mild surface tear. (D) 
Moderate damage - arrowheads show empty lacunae indicating damage into the 
midzone. (E) Splitting damage into cartilage deep zone that did not reach the tidemark. 
Arrows show splits. (F) Full thickness loss. Complete cartilage damage is shown by the 
dotted line where pannus infiltration occurs, and cartilage has been replaced/lost. Scale 
bar - 50µm for all images. 
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Table 2.3: Cartilage morphological damage scoring system. 

Cartilage damage scoring Description 

0 Normal 

1 Minimal surface damage only 

2 Mild, upper middle zone 

3 Moderate, well into mid-zone 

4 Marked, into deep zone but not to tidemark 

5 Full thickness degradation 

Cartilage damage was also assessed by scoring of proteoglycan loss in cartilage, 

based on the degree / area of cartilage over which there was a loss of toluidine blue 

and/or Safranin O/Fast Green staining in cartilage (Gerwin et al., 2010) (Figures 2.6 & 

2.7; Table 2.4).  

Figure 2.6: Toluidine blue staining in rat knee joint cartilage. (A) Normal proteoglycan 
content indicated by intense toluidine blue stain. (B) Mild proteoglycan loss showed 
11–25% of cartilage damage indicated by loss in toluidine blue staining. (C) Moderate 
proteoglycan loss shown by 26–50% loss in toluidine blue staining. (D) Marked 
proteoglycan loss (51–75% reduction in toluidine blue staining) (E) Severe 
proteoglycan loss with greater than 75% toluidine blue reduction. Arrowheads show 
loss of toluidine blue in the tibia, whereas normal cartilage is indicated by an arrow. 
AC: articular cartilage. Scale bar, 50µm for all images. 
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Table 2.4: Cartilage damage scoring using toluidine blue and Safranin O staining 
for proteoglycan loss analysis. 
Parameter Grade Toluidine blue staining Safranin O staining 

 
 
 

Cartilage 
degeneration 

score 

0 No degeneration or loss Normal proteoglycan staining 

1 Mild loss: 11–25% affected Minimal loss (slight reduction) in 
superficial zone 

2 Moderate degeneration: 26–
50% affected 

Moderate loss (reduction) to mid 
zone 

3 Marked loss; 51–75% 
affected 

Marked loss (reduction) in 
proteoglycan staining 

4 Severe loss; greater than 
75% affected 

Severe loss of proteoglycan 
staining 

 

Figure 2.7: Safranin O staining in rat knee joint cartilage. (A) Normal proteoglycan 
staining. (B) Minimal proteoglycan loss (slight reduction SO stain in superficial zone. 
(C) Moderate proteoglycan loss into the mid zone. (D) Severe proteoglycan loss (E) 
Complete proteoglycan loss indicated by reduction of SO stain in the entire cartilage. 
Black arrow shows normal cartilage while arrow heads indicate areas of cartilage 
damage. Scale bar - 50µm for all images. 
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Synovial inflammation was scored on several features of inflammation including the 

thickness of the synovial lining/number of cellular layers, and infiltration/increased 

cellularity of the synovium and sub-synovial tissues (Figure 2.8, Table 2.5).  

  

Figure 2.8: H&E staining in rat knee joint showing features identified in synovial 
inflammation scoring. (A) Normal with 1–2 layers of synovial lining cells. (B) Mild 
synovitis with increased number of lining cell layers (3–5 layers). (C) Moderate synovitis 
with further increased number of lining cell layers (6–8 layers). (D) Severe synovitis 
with greater increased number of lining cell layers (≥9 layers) and /or large increase in 
cellularity. Arrow indicating normal synovium while arrowheads show the inflamed 

synovium. Scale bar - 50µm for all images. 

 

Table 2.5:  Synovial inflammation scoring. 
Synovial inflammation 

scoring 

Description 

0 Normal 

1 Mild (lining 3- 5 layers) 

2 Moderate (lining 6 – 8 layers or mild increase in 

cellularity 

3 Severe (Lining > 9 cell layers and / or severe increase 

in cellularity) 

 



86 

 

 

Pannus (Figure 2.9) and the morphological FVT presence in bone marrow (Figure 

2.10) were scored as either present or absent in H&E stained sections. Scoring for 

pannus was based on the appearance and thickness of the synovial lining, and any 

signs of infiltration of pannus into cartilage or bone.  

 

Figure 2.9. (A) Normal synovium, no pannus (B) Zoom image of A showing 1 – 2 
cells in synovial lining, score 0. (C) Pannus infiltration into articular cartilage 
damaging the joint, score 1. Tib; tibia. BM; bone marrow, TB; trabecular bone. 
Dotted white arrow indicates pannus infiltration into articular cartilage, the white 
arrowhead shows the articulating cartilage/ joint. Scale bar - (A) 200 µm, (B & C) 
50µm. 

FVT scoring in H&E stained sections was based on the presence/absence of fibroblast 

proliferation and infiltration of inflammatory cells in the bone marrow (Figure 2.10), and 

analysis of Masson’s trichrome stained sections, in which the degree of collagen 

deposition was assessed (Figure 2.11, Table 2.6).  
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Figure 2.10: H&E staining in rat knee joint for FVT presence in bone marrow. (A) Normal 
bone marrow, score 0. (B) low power view of H&E stained inflamed joint; (C) zoom 
image of black box in B showing proliferation of fibroblasts, deposition of collagen, 
formation of thin-walled vascular channels, infiltration of macrophages, lymphocytes 
and plasma cells into bone marrow (score 1). Arrows indicate collagen fibres (Coll), 
osteoclast (OC), fibroblasts (FB), lymphocytes (Lym) in the bone marrow. White dotted 
box shows the articulating cartilage. 

AC; articulating cartilage joint, TB; trabecular bone, BM; bone marrow, FC; femoral 

condyle. Scale bar – (A&C) 50µm, (B) 200µm. 

 

Table 2.6:  Bone marrow FVT based on collagen staining.  
FVT score Description 

0 Normal, Perivascular collagen only  

1 Focal paratrabecular or/and central collagen 

deposition without connecting meshwork 

2 Paratrabecular or/and central deposition of collagen 

with focally connecting meshwork or generalized 

3 Diffuse (complete) connecting meshwork of collagen 
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Figure 2.11: Collagen deposition scoring using Masson’s trichrome staining. (A) Grade 
0 corresponding to a normal bone marrow where there is only staining of the 
perivascular tissue (positive control) shown by arrows. (B) Grade 1 with a central 
collagen deposition without connecting meshwork; area with the dotted line and 
indicted by arrowheads. (C) Grade 2 shows presence of collagen fibres with central 
deposition which leads to a focally connecting meshwork shown by marked dotted area 
and arrowheads. (D) Grade 3 is the presentation of connecting meshwork of collagen 
shown in the whole image and indicted by arrowheads. TB: Trabecular bone; BM: Bone 

marrow. Scale bar - 50µm for all images. 

2.7 Immunohistochemistry  

Immunohistochemistry (IHC) is an important application for the detection of specific 

antigens in tissue sections ranging from amino acids and proteins by the utilization of 

monoclonal and polyclonal antibodies. It plays pivotal role in the diagnosis of diseases 

as well as in research laboratories (Brandtzaeg, 1998; Compton et al., 2015; 

Fukuvama et al., 1970; Garcia & Swerdlow, 2009; Guerrero et al., 2023; Imam, 1985; 

Oumarou Hama et al., 2022; Roskams, 2002; Terra et al., 2023; Truong & Shen, 2011; 

Yoon et al., 2020). Histological and histochemical methods are key tools in the analysis 
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of joint tissue samples for degenerative joint diseases in humans and in animal models 

(Schmitz et al., 2010).  

Antibodies (Abs) are immunoglobulins formed by the humoral immune system by 

plasma cells for identification and neutralization of foreign antigens such as pathogenic 

bacteria and viruses. There are several types of antibodies including IgA, IgD, IgE IgG 

and IgM. Experimentally, the most used antibody is IgG which is composed of two light 

and two heavy chains joined by disulfide bonds (bridges) to form a “Y” shaped 

structure (Odell & Cook, 2013). Antibodies are further divided into two regions (1); a 

variable region and (2); a constant region (Figure 2.12). 

The variable region includes fragment antigen binding (Fab) which is responsible for 

the antigenic specificity of an antibody, while the constant region of an antibody 

comprises a fragment crystallization (Fc) portion that binds cell surface receptors (Fc 

receptors) on the surface of circulating of immune cells. This binding is necessary to 

initiate an immune reaction (Figure 2.12). 

 

 

Figure 2.12: Diagrammatic representation of the “Y-shaped” structure of an IgG 
antibody molecule showing the light and heavy chains, disulphide bridges, Fab and Fc 
domains, and antigen binding sites. 
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Antibodies used in IHC are categorised in to two classes (a) monoclonal; (b) 

polyclonal. Kohler and Milstein were the first to describe the procedure used to 

produce monoclonal antibodies from an immunised animal (Köhler & Milstein, 1975). 

A monoclonal antibody secreting cell line is produced by hybridisation of the antibody 

producing lymphoid B cells with immortal myeloma cells to produce an immortalised 

antibody producing cell line, termed a hybridoma. Monoclonal antibodies produced in 

this way are a homogeneous population produced from a single B cell clone. They can 

bind with high specificity and affinity to a single epitope. This can be useful for the 

detection of a single member of a protein family and can distinguish proteins that may 

share a high percentage of amino acid identity. Polyclonal antibodies are acquired 

from experimental animals through repetitive stimulation of antigen. This produces a 

population of antibodies that recognize multiple epitopes in a single antigen which can 

give greater sensitivity but also potential for off-target or non-specific antibody binding.  

Labelled secondary antibodies tagged with enzymes are usually used for the detection 

of the sites of interaction between the primary antibody and the target antigen. The 

avidin-biotin complex method labelled streptavidin biotin method (Figure 2.13), 

phosphatase anti-phosphatase method, polymer-based detection system are the 

commonly used detection systems (Hou et al., 2014), many of which also amplify the 

signal produced for more sensitive detection.  

2.7.1 Indirect immunohistochemistry 

There are two commonly utilized methods of IHC, known as direct and indirect 

methods. Irrespective of the specific method, the main purpose of this technique is the 

selective binding of the primary antibody with its specific target which can then be 

visualized with a chromogenic reaction catalysed by reporter enzymes for example 

Horseradish Peroxidase (HRP) or Alkaline Phosphatase (AP). In the case of direct 

IHC, the primary antibody is labelled directly with HRP or AP enzymes for detection of 

location (Figure 2.13A). The labelled primary antibody method is faster, less expensive 

and reduces the necessity for a secondary antibody and additional incubation phases 

for signal detection. However, indirect detection is usually the preferred strategy 

because of its higher sensitivity and amplified signal. 
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Indirect IHC is a technique that uses an unlabelled primary antibody to bind to the 

antigen of interest. The antigen is then detected by a secondary antibody that is raised 

against the host species of the primary antibody. The secondary antibody is 

conjugated or labelled to enable detection of the antigen. The secondary antibody is 

either bound directly to a chromogen, labelled with a fluorescent agent to produces a 

chromogen, or bound to a target such as biotin which can then bind to molecules with 

enzymatic activity such as HRP or AP. Use of several secondary antibodies that bind 

different epitopes of the primary antibodies can provide high flexibility in detection of 

a wide range of primary antibodies against different antigens in the same tissue or 

location. 

There are several mechanisms used to amplify the signal generated in IHC such as 

peroxidase/anti-peroxidase (PAP), the Avidin-Biotin complex (ABC), Labelled 

Streptavidin Biotin (LSAB), or Polymer-based detection methods. However, the most 

used detection methods are peroxidase/anti-peroxidase (PAP) and the 

Avidin/Biotinylated enzyme complex (ABC). PAP detection depends on the formation 

of a peroxidase/anti-peroxidase complex (Figure 2.13B), which connects to the 

primary antibody through a secondary antibody and is the most extensively used 

method in diagnostic immunohistochemistry. 

The ABC method is the most popular and widely used IHC detection method in 

experimental science and involves non-covalent interaction between avidin and biotin 

as an amplification step. Avidin is a large (67 - 68 kDa) tetrameric glycoprotein, found 

in the egg-whites of birds, amphibians, and reptiles, with enormously high affinity for 

a biotin molecule. Up to four biotin molecules can bind per avidin molecule. Biotin is a 

small vitamin (~244 Da) and act as an essential co-enzyme for mammalian 

carboxylases in the synthesis of fatty acids, gluconeogenesis, and metabolism of 

amino acids. Due to the moderate size of biotin, it easily conjugates with other 

macromolecules for example avidin without altering their activity. Its carboxylase 

activity is not needed in the ABC method. 

The ABC method consist of a three-step detection technique that involves the binding 

of the primary antibody to the specific target antigen, and binding of the biotinylated 



92 

 

 

secondary antibody to the primary antibody. The secondary antibody, raised against 

the host species in which the primary antibody was raised, acts a link between the 

primary antibody and the ABC complex. Due to the binding properties of avidin and 

biotin, extensive enzyme/avidin/biotin complexes can form resulting in very strong 

signal amplification at the antigenic site (Figure 2.13C). The elevated enzyme:antibody 

ratio and high sensitivity makes the ABC detection system one of the most widely used 

techniques in both diagnostic and research fields.  

 

Figure 2.13: Schematic illustration (A) Direct IHC detection: the primary antibody is 
directly labelled with a chromogenic or fluorescent molecule. (B) PAP detection method 
involves the binding of an unlabelled primary antibody (dark blue) to the antigen of 
interest (light blue) on the cell surface (yellow matrix). The secondary antibody binds 
both the unlabelled primary antibody (dark blue) and the PAP complex (yellow), which 
produces a signal (red). (C) ABC detection method: Like the PAP method, the 
secondary antibody binds the unlabelled primary antibody (dark blue). The primary 
antibody is then recognised by a biotinylated secondary antibody (green). Subsequent 
incubation with avidin (purple) and the biotinylated-peroxidase enzyme (grey), ABC are 
formed. These amplify the signal and can be visualised using different chromogens, 
such as DAB. (Adapted: Enzo Life Sciences, Plymouth Meeting, PA, USA). 
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2.7.2 General indirect immunohistochemistry protocol and workflow  

Existing protocols for different antibodies were performed to validate and optimise 

immunohistochemistry experiments to visualise CD31, SRPK1, and SRSF1 

immunoreactivity. Details on the individual antibodies and reagents used are shown in 

Table 2.8 and 2.9, respectively. The master IHC protocol with original reagent 

concentrations can be seen in Figure 2.14 below, while the adjustments made for each 

antibody are discussed in the results chapters. Details on how each primary antibody 

was optimized in the master protocol and how non-specific staining was minimized 

can be found in section 2.7.3. 

Different stages involved in IHC are illustrated in Table 2.7. The slides underwent de-

waxing and rehydration through a process involving xylene and graded methanol 

(100%, 70%, and 50%), followed by a wash in Tris buffered saline (20 mM Tris, TBS, 

, 0.9% NaCl pH 7.4). Antigen retrieval was performed because the epitopes may be 

cross-linked and inaccessible after fixation making it difficult for antibody-binding. The 

cross-linked epitopes can be re-opened by pre-treatment with antigen retrieval 

reagents or procedures allowing antibody access to target antigens. Antigen retrieval 

was done using Tris-EDTA solution (10mMTris, 1mM EDTA, 0.05% Tween-20 buffer, 

pH9) solution at 65 - 80°C for 20 - 30 minutes. The slides were immersed in the buffer 

preheated to boiling point using a microwave. They were then placed in a closed box 

inside a water bath. The temperature of the water bath was adjusted depending on the 

antibodies used and how it affected the adhesion of the sections to the slides. The 

specific temperature for each antibody is shown in relevant chapter methods sections. 

After 20-30 minutes slides were left to cool in running tap water for 10 minutes. Tissues 

were then circled with a PAP pen to minimise the volume of reagents and avoid drying 

out the tissue. Blocking of endogenous peroxidase was done by incubating slides in 

0.3% H2O2 for 20 - 30 minutes in a humid environment at room temperature, followed 

by TBS wash and incubation with a blocking solution (1.5 % NHS (normal horse 

serum) + 1% BSA (bovine serum albumin in TBS) in a humid environment at 4°C.  The 

concentrations of H2O2 and NHS and BSA in blocking solution used were different for 

each antibody and are detailed in the results chapters. Blocking buffer was removed 

by aspiration, and sections were washed with TBS and incubated with the primary 
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antibodies diluted in blocking solution overnight at 4°C, and at concentrations specific 

to individual antibodies (Table 2.8). Sections were then washed with TBS before 

incubation with secondary antibodies diluted in blocking solution (1.5% NHS + 1% 

BSA, at the concentrations in Table 2.8) in a humid environment at room temperature. 

The sections were washed with Tris-buffered saline + 0.1% Tween 20 (TBST) before 

applying the ABC horseradish peroxidase kit (Table 2.9) for 30 minutes, followed by a 

TBST wash and 3,3’-diaminobenzidine (DAB) precipitation staining for 15 minutes. All 

incubations were performed at room temperature in a humid environment. After 

performing DAB staining, the slides were washed for 5 minutes in deionized water. 

Then, they were counterstained with haematoxylin for 10 seconds and washed again 

in water. This was done to prevent the staining from interfering with the DAB signal. 

The tissue was then dehydrated in graded methanol and cleared in xylene. Finally, the 

tissue was mounted with glass coverslips using DPX mountant (Sigma-Aldrich 44581). 

Table 2.7: Stages involved in immunohistochemistry. 

Tissue preparation stages in the process Analysis 

 

specimen fixation and 

tissue processing 

1. antigen retrieval 

2. non-specific site block 

3. endogenous peroxidase block 

4. primary antibody incubation, and 

the employment of systems of 

detection, revealing and 

counterstaining and 

5. slide mounting and storage 

interpretation 

and 

quantification of 

the obtained 

expression 
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Table 2.8: List of antibodies, sources, and dilutions. 

Antibodies Working 
conc. 

Catalogue 
no. 

Details Manufacturer 

Anti-CD31 antibody 
0.2mg/ml, 

1:100 AF3628 CD31/ PECAM-1 
Antibody (Goat IgG) 

R&D, UK 

Anti-EF5, 
ELK3-51 
2mg/mL 

75µg/mL EF5-30A4 EF5 Hypoxia detection 
kit, Alexa Fluor488 

ThermoFisher 
Scientific, UK 

 

Anti-SRSF1 
antibody 

0.5mg/mL 
 

1:100 32-4500 Mouse monoclonal 
anti- SRSF1 (96) 

ThermoFisher 
Scientific, UK 

Anti-SRPK1 
antibody 

0.2mg/mL 
 

1:300 Ab90527 Rabbit polyclonal 
antiSRPK1 

Abcam 
 

anti-SRPK1 
antibody 
1mg/mL 

1:200 SAB4502857 Rabbit polyclonal Anti 
SRPK1 

Sigma Aldrich, 
UK 

Secondary Donkey 
anti-Goat IgG 

0.2mg/ml, 

1:200 BAF109 Donkey anti-Goat IgG 
Secondary Ab 

(Biotinylated Ab) 

R&D, UK 

Secondary Goat 
anti-Rabbit 
0.60mg/mL 

1:100 656140 Goat anti-Rabbit IgG 
Secondary Ab 

(biotinylated Ab) 

Invitrogen, UK 
 

Secondary goat 
anti-mouse 
1.3 mg/mL 

1:100 31800 Goat anti-Mouse IgG 
Secondary Ab 

(Biotinylated Ab) 
 

ThermoFisher 
Scientific, UK 

M.O.M.® (Mouse on 
Mouse) 

Immunodetection 
Kit 

 BMK-2202 For blocking of mouse 
epitopes and detection 

of IgG primary 
antibodies on mouse 

tissue sections. 

Vector 
laboratories 
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Table 2.9: Reagents used in immunohistochemistry. 

Reagents Working 
conc. 

Catalogue 
no. 

Details Manufacturer 

H2O2 (30%) 0.3% 2167633 Hydrogen peroxide 
solution 

Sigma  
Aldrich, UK 

BSA 1 -5% A7906 Bovine serum 
albumin 

Sigma Aldrich, 
UK 

NHS 
60mg/mL 

 

1.5 -3% 135899 Normal horse serum Jackson 
Immuno 

Research 

EDTA 1mM 15697 Ethylene diamine 
tetra acetic acid 

USB 
corporation, 

USA 

Trizma Base 10mM T6066 - Sigma Life 
sciences, UK 

ABC kit - PK-4000 Avidin-biotin 
complex/horseradish 
peroxidase standard 

kit 

Vector 
Laboratories 

Ltd, UK 

Tween 20 0.05% P1379 - Sigma Aldrich, 
UK 

DAB - SK-4100 Peroxidase 
substrate kit 

Vector 
Laboratories 

Ltd, UK 

Haematoxylin - 361075 Harris 
haematoxylin 
(mercury-free) 

 

RAL- 
diagnostics, 

France 

DPX mountant - STBGG996 Distyrene Plasticizer 
Xylene 

Sigma Aldrich, 
UK 
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Figure 2.14: Flow diagram showing the master protocol for IHC. Adjustments and 
changes were made for specific antibodies as detailed in results chapters. 
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2.7.3 Optimisation of conditions in immunohistochemistry 

The aim of IHC is to achieve specific staining and to minimise non-specific background 

staining. There are various conditions that influence the outcome and quality of IHC. 

The conditions which were changed to optimise the IHC protocols for different antigen 

targets were: 

 antigen retrieval temperature, 

 washing time, 

 H2O2 concentration and incubation time, 

 concentration and incubation time of NHS and BSA, 

 Control for antibodies. 

 Primary antibody and secondary antibody concentration. 

A series of initial experiments were conducted changing a single parameter between 

the runs to optimise of conditions for IHC. The optimal concentration of primary 

antibody was unknown, so on first use antibodies were first used at several different 

dilutions (1:300, 1:200, 1:100), to give an idea of a suitable concentration. 

Simultaneously different antigen retrieval methods were explored using citrate buffer 

or Tris buffer (incubation for 20 mins at 90°C and 30mins at 75°C in either buffer).  

A. Antigen retrieval 

Antigen retrieval is crucial for IHC standardization to unmask binding epitopes for 

antibody in formaldehyde-based fixation due to the cross-linking of amino groups on 

end-to-end molecules, which limit antigen: antibody interactions (Fox et al., 1985). 

Various approaches can be used for antigen retrieval such as proteolytic/enzymatic or 

heat induced methods.  In proteolytic-induced epitope retrieval (PIER), the retrieval is 

done using proteinases such as trypsin, proteinase K or pepsin for degradation of 

protein links which allows the interaction of primary antibody and antigen. The most 

used procedure is heat-induced epitope retrieval (HIER) which uses heat and buffers, 

for example Tris-EDTA pH 9 or citrate buffer pH 6, to break the protein-protein cross-

linking. The samples are placed in either a basic or acidic buffer solution and incubated 

at high temperature (65 – 80oC) either in a water-bath or microwave to promote 
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degradation protein cross-links. There are important factors to considering when using 

HIER in IHC, such as the chemical composition of the retrieval buffer, the use of 

different heating devices (e.g. water bath, heating plate, pressure cookers, autoclaves 

and microwave ovens), temperature and duration of heating. To optimise the protocols 

for antibodies used in this thesis, a variety of different combinations of these were 

tested to identify the best combination to retrieve the masked epitopes with maximum 

efficiency, to optimise IHC signal, while maintaining the tissue integrity. The two most 

common practices for heating use water-baths or microwave ovens. Previous use of 

microwave approaches in the lab had resulted in rapid boiling and evaporation of 

buffer solutions and poor temperature control (Dimitrios Amanitis, 2022), so I used 

water bath approaches for antigen retrieval. Further details on HIER protocols 

optimisation for specific investigations are in later chapters.  

B. Non-specific IHC staining 

Non-specific staining in IHC can occur when primary or secondary antibodies bind to 

unintended antigens, leading to high background staining and masking of the desired 

antigen signal. To reduce non-specific binding, a blocking solution can be used before 

incubating tissue samples with the primary antibody. Protein blocking reagents and 

serum are often used to prevent antibodies from binding to non-specifically to Fc 

receptors present on cell surfaces. However, serum used for blocking should be 

obtained from a different species than the primary antibody, as using serum from the 

same species may result in significant non-specific signal. To achieve optimal results, 

it is recommended to use a serum that matches the species in which the secondary 

antibody was raised. Either casein or BSA can be used to prevent non-specific binding 

of antibodies with no requirement of matching these reagents to the secondary 

antibody species. The most used protein blocking reagent is BSA. 

When using serum for blocking, it is important to make sure that the serum comes 

from a different species than the primary antibody. This is because using serum from 

the same species could lead to significant non-specific signal. To get the best results 

possible, it is recommended to use serum from the same species in which the 

secondary antibody was raised. 
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High background or nonspecific staining may also appear because of endogenous 

peroxidase activity when using the HRP detection method. Endogenous peroxidases 

are found in tissues such as liver, kidney, and those containing red blood cells for 

example vascular tissue, or if tissues are not perfused to remove blood prior to 

removal. Endogenous peroxidase results in nonspecific staining because it reacts with 

H2O2 to reduce the 3, 3’-diaminobenzidine (DAB) substrate or any other peroxidase 

substrates. To analyse the endogenous peroxidase activity level, test tissues can be 

incubated with DAB before incubation with primary antibody. A blocking step is 

required if tissues have high levels of endogenous peroxidase, indicated by brown 

staining on DAB incubation. Tissue incubation in 0.3% H2O2 for 10 -15 minutes is 

considered adequate for blocking endogenous peroxidase activity. I used different 

concentrations of BSA as well as H2O2 for blocking non-specific antibodies binding 

and endogenous peroxidases activity, as discussed in detail in later chapters.  

After incubating samples with primary and secondary antibodies, two main steps of 

IHC protocols can be used such as signal amplification and visualisation steps using 

ABC or alkaline phosphatase (AP) amplification followed by DAB visualisation. Both 

steps can cause non-specific staining. Biotin is present in many tissues so blocking 

nonspecific binding by this compound is required. Non-specific avidin/biotin staining 

can be reduced with pre-incubation of the tissue sections with avidin followed by biotin 

to block biotin binding sites on the avidin molecule, prior to incubation with the 

biotinylated secondary antibody.  

 

As mentioned, HRP or AP enzymes can be biotinylated and used for visualisation of 

antigen: antibody complexes with enzymatic chromogenic reactions. Blocking 

endogenous peroxidase activity is described above. Blocking of endogenous AP is 

necessary when endogenous AP is present, which can be determined by incubating 

the tissue with 5-bromo-4-chloro-3-indoyl phosphate (BCIP) in combination with nitro 

blue tetrazolium (NBT), where an appearance of blue colour indicates the presence of 

endogenous AP. Levamisole (Ponder & Wilkinson, 1981) or 1% acetic acid are used 

to block endogenase AP. Levamisole is the equivalent to using H2O2 for blocking 
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endogenous peroxidase, and acetic acid is used in tissues where Levamisole is 

ineffective such as when blocking intestinal AP.  

 

I used DAB staining to visualise all antigen: antibody complexes in IHC. In this 

technique the conjugated HRP oxidises DAB and result in the formation of a brown 

precipitate. These brown precipitates can be visualised via light microscopy. When 

tissues are incubated with DAB for a long time, it can result in decreased signal to 

noise ratio due to non-specific precipitation in the tissues and high background 

staining. To avoid this problem, I kept the duration of DAB incubation to 15 minutes. 

This was sufficient to enhance immunoreactivity and prevent any increase in non-

specific staining, for further analysis. 

 

C. Controls for IHC 

The inclusion of appropriate controls is crucial for analysis of IHC results and 

confirmation of the specificity of the antibodies used (Burry, 2011). There are different 

types of controls used in IHC such as negative, positive and antibody isotype controls. 

All controls should be run in parallel with each experiment. Negative controls are 

important to exclude false positive staining. The most common negative control is 

omission of the primary antibody from the staining run with replacement with serum 

solution (NHS + BSA). This will confirm the specificity of the secondary antibody and 

identify any non-specific binding caused by the secondary antibody if present. There 

will be no staining if the secondary antibody is specific to the primary antibody, 

background staining may occur if the secondary antibody binds to alternative sites in 

the tissue. Secondary antibody may bind to charged groups in cells in fixed tissues, 

this can usually be prevented by the addition of BSA to the normal serum in blocking 

solution  (Burry, 2011). If negative controls show positive staining this would indicate 

elevated levels of unspecific background staining or a lack of specificity of the antibody 

which can be avoided by optimising the conditions discussed above.  A positive 

control, such as inclusion of a tissue sample known to express the target protein which 

should show positive staining in predicted locations should also be included in each 

experiment.  
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I routinely ran two controls for IHC staining, (a); the primary antibody was omitted and 

replaced with blocking solution (NHS + BSA) alone; (b) the secondary antibody was 

omitted, and only primary antibody was used.  No signal with omission of the primary 

antibody indicates that non-specific binding is not caused by primary antibody but may 

be caused by the secondary antibody. To determine whether the primary antibody 

shows non-specific binding, an IgG isotype control can be used at the same 

concentration as the primary antibody under the same experimental conditions. 

Isotype controls are used only for monoclonal antibodies. An isotype control uses the 

same class and subtype as the primary antibody raised against the target of interest, 

e.g. an IgG, that does not bind specifically to a potential or known target. The purpose 

of including isotype control is to verify that the binding of the primary antibody is 

specific for the antigen, and there are no nonspecific interactions with Fc receptor 

proteins. I did not see any signal when primary antibodies were omitted, and most of 

my primary antibodies were polyclonal, so I did not use isotype controls.  

There are further IHC controls such as negative tissue (a tissue known not to express 

the target protein), anti-body absorption and endogenous tissue background controls.  

Negative tissue controls can reveal false positive or nonspecific binding using tissues 

which do not express the protein of interest. An absorption control is performed to 

determine antibody specificity to the protein of interest, using prior incubation of the 

primary antibody at an antigen to antibody working dilution of 10:1 molar ratio. This 

pre-absorption technique should result in binding of protein to all available antibodies.  

The pre-absorbed antibody solution is then used in place of the primary antibody in 

the standard protocol and should result in no tissue staining as antibody binding sites 

are blocked and cannot binding to tissue epitopes. This control is not always possible 

to use, due to limitations in obtaining the necessary specific purified immunogens. It 

is a highly specific control for verification of specific primary antibody binding/staining.   

Endogenous tissue background controls are performed because some tissues have 

inherent properties resulting in background staining (or natural fluorescence that can 

confound immunofluorescence) which can result in misinterpretation of results.  One 

example is background staining resulting from endogenous tissue peroxidase 

described above. Tissues should be inspected, prior incubation with primary 
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antibodies, using bright field illumination (chromogenic labels) or fluorescence 

microscopy (for immunofluorescence) to ensure that there is no endogenous 

background.  

Finally, optimisation included omission of both primary and secondary antibodies to 

determine whether the reagents used in the IHC caused non-specific staining. This 

allowed me to identify non-specific staining caused by the ABC / DAB kit reagents, 

which were then replaced.  

2.8 SRPK1 and SRSF1 expression in rodent models of inflammatory 

arthritis 

SRPK1 and SRSF1 expression was studied in rodent synovium using the general IHC 

protocol (SRPK1 as in section 2.7.2, Figure 2.14) with specific modifications detailed 

in Chapter 6, Table 6.1.  

2.8.1. Mouse-on-mouse (M.O.M) immunohistochemistry method 

When using antibodies generated in mouse to detect protein expression in mouse and 

sometimes rat tissues, there is a risk of high non-specific binding. The detection of 

anti-mouse antibodies in mouse tissues is very challenging because anti-mouse 

detection antibody cannot distinguish between the endogenous mouse 

immunoglobulins present in mouse tissue and a primary antibody produced in mouse 

and results in obscuring specific staining due to in high background staining. To block 

mouse endogenous immunoglobulins in a mouse tissue, M.O.M blocking solution is 

used which controls the background nonspecific staining. The only suitable, specific 

and available anti-SRSF1 antibody is raised in mouse, and so I optimised the mouse-

on-mouse protocol for SRSF1 identification in synovium.  
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Table 2.10: Working solutions for M.O.M IHC protocol. 

Solution 

No 

M.O.M. working solutions  

1 
 M.O.M. Mouse IgG Blocking Reagent: add 2 drops (90 µL) of 

M.O.M Blocking Reagent stock solution to 2.5 mL of PBS or TBS 

2 
 M.O.M. Diluent: add 600 µL of M.O.M. Protein Concentrate stock 

solution to 7.5 mL of PBS or TBS 

3 
 M.O.M. Biotinylated Anti-Mouse IgG Reagent: add 10 µL of 

M.O.M. Biotinylated Anti-Mouse IgG stock solution to 2.5 mL of 
M.O.M Diluent prepared above 

 

2.8.1.2 Staining procedure  

The M.O.M IHC protocol is similar to the general IHC method (section 2.7.2) apart 

from a few differences such as the use of specific M.O.M blocking reagents and an 

additional Avidin/Biotin blocking step. Paraffin embedded tissue sections were 

deparaffinised and hydrated by xylene and descending concentration of methanol 

(100%, 70% and 50%), respectively followed by washing with TBS. Antigen retrieval 

was done for 30 minutes using Tris-EDTA (pH9) solution to unmask antigen epitope, 

followed by washing with TBS for 10 minutes (2x). Avidin/Biotin blocking was 

performed using Avidin/Biotin Blocking Kit (SP-2001). Tissue sections were then 

incubated for 1 hour in working solution of prepared M.O.M. Mouse IgG blocking 

reagent and subsequently washed for 10 minutes (2x) in TBS followed by incubation 

for 5 minutes in working solution of prepared M.O.M. diluent.  Primary antibody was 

diluted in M.O.M. diluent to the working concentration and applied on the tissues 

sections, after M.O.M. Diluent removed, for overnight followed by washes with TBS 

for 10 minutes (2x). Sections were incubated with working solution of prepared M.O.M. 

biotinylated anti-mouse IgG for 2 hours followed by TBS washes for 10 minutes (2x). 

Avidin/Biotin and DAB was used as detection system and visualise signal, 

respectively. Finally, the tissue was dehydrated in graded methanol and xylene and 

mounted with glass coverslips using DPX. 
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2.8.2 SRPK1 and SRSF1 fractional area of expression in inflamed rodent 

synovium  

Following staining for SRPK1 and SRSF1, fractional area of expression in synovium 

was measured in three images taken per joint section – from two sections per animal 

from mice and one section per animal from rats. Images were captured using a Zeiss 

Axioskop-50 microscope (Carl Zeiss, Welwyn Garden City UK), a 3-CCD camera and 

KS300 imaging software (Zeiss). All slides were blinded to condition throughout image 

capture and analysis.  

A custom macro in the KS300 software (housed in Prof. David Walsh’s laboratory City 

Hospital Nottingham) was used for SRPK1 and SRSF1 fractional area calculation in 

synovium (Figure 2.15). The area was selected for analysis was based on hotspot 

regions having greater expression of staining (Figure 2.15A). The region of interest 

(ROI) was identified and highlighted (Figure 2.15B) to isolate the region of staining. 

The ROI was isolated (Figure 2.15 C&D), a threshold set to identify stained cells 

(Figure 2.15E) and background subtracted to identify only stained cells (Figure 2.16 

F&G). Background levels for subtraction were set from negative control sections. Data 

were extracted from the software and held in Excel (Microsoft365). The total positive 

area and the total area of staining in cells were used to calculate fractional area of 

expression. 

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎
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Figure 2.15: Method for quantification of % area of SRSF1 staining. (A) Photomicrograph showing the area of interest with 
synovial cells stained with SRSF1 antibody. (B) Areas of interest selected to separate the region of interest (ROI). (C) The 
ROI of SRSF1 staining was isolated and (D) background was removed to isolate the ROI. (E) Positive cellular staining 
identified and threshold set. (F). Background threshold set and positive cellular staining identified (G) Final image analysed 
for cellular SRSF1 staining and percentage area with staining calculated.
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2.8.3 SRPK1 and SRSF1 expressing cells and nuclear localisation.  

To calculate SRPK1 and SRSF1 nuclear localisation (NL) in synovium from the mice 

and rat (sham vs CFA inflamed), three images per section, two sections per animal 

from mice and one section per animal from rat, were captured from areas of hotspot 

staining using a light field Leica DM4000B microscope. To ensure consistency in the 

analysis, I selected three hotspot regions for quantification, taking into account that a 

maximum of three hotspots can be considered from uninflamed tissue in both mouse 

and rat tissues. 

A. Identification of SRPK1 and SRSF1 positively stained cells 

Positively stained cells were identified as those cells which had clear and distinct 

cytoplasmic and nuclear IHC staining compared to unstained areas and control 

sections.  

B. Identification of SRPK1 and SRSF1 nuclear staining in cells 

The evaluation of SRPK1/SRSF1 NL was done using ImageJ (Rueden et al., 2017). 

SRPK1 and SRSF1 activation was measured by the degree of NL of SRPK1 and 

SRSF1 compared to total number of cells with positive stained in synovium using 

ImageJ. The number of cells with strong nuclear staining was counted. Strong nuclear 

staining was defined as staining in more than 70% of the nuclei. The number of cells 

with strong nuclear staining was then divided by the total number of positive cells (cells 

with nuclear staining, cytoplasmic staining and cells having positive but less than 70% 

nuclear staining) in the surrounding area, to provide a ratio demonstrating the 

percentage of SRSF1 NL. Figure 2.16 shows the procedure for cell counting in normal 

(a) and inflamed synovium (b). Cell counter was used indicating total number marked 

as 1 (nuclear staining, cytoplasmic staining and cell having less than 70% of staining) 

and nuclear staining marked as 2. 

𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝑙𝑜𝑐𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛

=
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑡𝑎𝑖𝑛 𝑜𝑛𝑙𝑦

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑠𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙 (𝑛𝑢𝑐𝑙𝑒𝑎𝑟 + 𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚𝑖𝑐)
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Figure 2.16: Fiji software - ImageJ used for the analysis of nuclear localisation of SRSF1 
in (A) synovial cells including macrophages like synoviocytes and fibroblast like 
synoviocytes in tibiotalar mouse joint. (B) ImageJ quantification of stained cells in 
synovium. Blue dots indicate cells with positive cytoplasmic staining and cells with 
less than 70% of staining in the nucleus (nuclei show slightly blue with haematoxylin 
stain) while green dots show cells with strong brown nuclear staining. Scale bar = 
25µm. 

2.9. Statistical analyses 

Data were extracted from images as described in results chapters. Statistical analysis 

of data used Student’s t-tests or Mann-Whitey U tests for comparisons of two groups, 

and one way ANOVA followed by Dunnett’s or Sidak’s multiple comparison tests for 

comparison of three or more groups. Dunnett’s tests were used for statistical 

comparisons with a single control, and Sidak’s tests were used for selected multiple 

independent comparisons. Statistical p value < 0.05 was considered as significant.  

 

 

 

 

 

 



109 

 

 

 

3. COMPARISON OF DIFFERENT COMPLETE FREUND’S 

ADJUVANT FORMULATIONS ON RAT KNEE JOINT 

MODELS OF INFLAMMATORY ARTHRITIS 

3.1 INTRODUCTION 

Animal disease models have been established and used for many years to explore the 

mechanisms and pathogenesis of inflammatory arthritis as well as for testing of 

efficacy of therapeutic agents. Mice and rats are the most widely used animal species 

in the study of induced arthritis. Arthritis is induced in these species by several different 

methods such as direct injection of arthritogenic stimuli into the joint or systemically, 

or by means of joint destabilisation using surgical approaches (Fischer et al., 2017; 

Glasson et al., 2007). 

Many different arthritogenic reagents have been used to induce acute or chronic 

inflammatory arthritis models. These include irritants, enzymes, and toxins such as 

carrageenan with or without kaolin, collagenase and distinct molecules that can 

directly stimulate an immune system response. Among the most widely used 

approaches to stimulate immune reactions are adjuvants, immunisation against 

collagen, or administration of autoreactive antibodies or sera (Bevaart et al., 2010; 

Sardar & Andersson, 2016).  

Complete Freund’s adjuvant consists of a suspension of heat-killed mycobacteria in 

mineral oil, usually Mycobacterium tuberculosis or butyricum, often with an emulsifying 

agent (Freund et al., 1947). For the induction of inflammatory arthritis in rats, CFA was 

originally administered systemically by injection at the tail base (Boyle et al., 2002) 

when it stimulates a multiarticular reaction, but more latterly it has been administered 

locally, in refined, usually single joint models (Butler et al., 1992; Chillingworth & 

Donaldson, 2003; Donaldson et al., 1993). CFA injection is hypothesised to trigger an 

immune reaction involving T lymphocytes and macrophages, due to structural 

similarities between Mycobacterium cell wall constituents and proteoglycans. This 
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results in T-cell-dependent destructive relapsing-remitting inflammatory articular 

disease, with pannus formation, and cartilage and bone damage (Barbosa et al., 2014; 

Hawkins et al., 2015; Kong et al., 1999; Pearson & Wood, 1959; Rainsford, 1982). 

No animal model of rheumatoid or osteoarthritis is capable of fully replicating all human 

disease features. CFA-induced arthritis is one of the most common and widely 

accepted methods for modelling RA in rodents due to the similarities with the clinical 

features of human arthritis including joint swelling, lymphocyte infiltration, pannus 

invasion and cartilage degradation (Q. Guo et al., 2018; Kamal et al., 2021; Ren et al., 

2019; Silverman et al., 1996). In refined CFA models, joint disease with inflammation 

and bone destruction typically develops rapidly, usually within 10 -14 days. The 

disease can continue in a relapsing-remitting pattern for weeks to months, and 

eventually results in joint deformity and ankylosis (Hawkins et al., 2015; Pearson & 

Wood, 1959; Rainsford, 1982), although this is reduced in the more refined 

monoarticular models (L. Bracht et al., 2012; Donaldson et al., 1993). Key cytokines 

and chemokines are also produced in rodent joints using CFA based models e.g. IFN-

γ, IL-17 and TNF- are expressed on macrophage stimulation, and levels of monocyte 

chemotactic protein-1, IL-4, IL-6, and TGF-ß are correlated with the severity of 

inflammation in the joint. There are also physiological, morphological and histological 

similarities such as bone and cartilage destruction, infiltration of T cells (Asquith et al., 

2009), and pain (Fischer et al., 2017). While the CFA model may therefore have a 

disadvantage in the different time course of disease compared to human RA, it also 

has utility for study of many aspects of the disease process.  

The degree and location of inflammation, joint damage, and duration of disease in the 

CFA model have been linked to various factors, such as the dose, constituents and 

route of CFA given (A. Bracht et al., 2016; Donaldson et al., 1993), the rodent species 

(Chillingworth & Donaldson, 2003) and strain (Cannon et al., 1999). While there has 

been comparison of the effects of different CFA doses on histological inflammation, to 

my knowledge there has been no direct comparison made between commercial CFA 

and in-house CFA. The latter has been routinely used in our group to enable induction 

of arthritis using a lower intra-articular injection volume to deliver the necessary dose 

to induce arthritis (Kelly et al., 2007) in mice, where higher concentrations of heat-
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killed mycobacteria in the CFA may be required than are available in commercial 

preparations (Chillingworth & Donaldson, 2003). 

My primary hypothesis for this thesis is that ‘activation of VEGFR2 by VEGF-Axxxa 

splice variants contributes to joint inflammation and damage in rodent models of 

inflammatory arthritis’. To address this hypothesis, I worked with other lab members 

who supplied me with joint tissues from in vivo studies in rats and mice conducted to 

investigate spinal gliovascular/neuroinflammatory mechanisms and pain consequent 

to peripheral arthritis (Beazley-Long et al., 2018; Durrant, 2021). 

In rat experiments with a primary hypothesis that systemic block of VEGF receptor 2 

and/or TNF- would inhibit the nervous system gliovascular/neuroinflammatory 

response to inflammatory arthritis in male rats, I hypothesised that such 

pharmacological intervention would also affect synovitis and joint integrity/damage 

(Chapter 4), in view of the importance of VEGF-A in arthritis (Section 1.12). In the first 

in vivo study conducted by Dr Durrant, some animal welfare issues were raised which 

resulted in a second study where a lower dose of commercial CFA (50µg in 50µl) was 

used instead of 100µg in 50µl CFA made ‘in house’. Dr Durrant’s findings showed that 

inflamed knee joints injected with the 50µg commercial CFA had greater swelling than 

those injected with the 100µg ‘in house’ CFA, which was unexpected as most studies 

report a relationship between dose of CFA and joint swelling (Noh et al., 2021). As I 

planned to use the joints from these arthritic animals to determine any effects of 

systemic VEGFR2 and/or TNF- blockade on joint histology, I first had to determine 

whether these two different doses of CFA resulted in equivalent features of arthritis.  

Aim: to determine whether there is a difference in histological synovial inflammation 

and joint damage in arthritic rat joints induced by CFA of different formulation and 

dose.  

Objective: to measure the histological changes in the inflamed joints from rats treated 

with two formulations and dose of CFA, in terms of cartilage damage, synovial 

inflammation, pannus infiltration and FVT formation and compare these between 

different CFA doses.  
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3.2. MATERIALS AND METHODS 

3.2.1 Experimental design 

The experimental design of the studies in which the effect of VEGFR2 and/or TNF- 

block on features of arthritic joint histology was investigated used between subject 

comparisons (Chapter 4). To determine whether the two CFA formulations resulted in 

different joint histological changes, the data from the control group (anaesthetic control 

in which animals were briefly anaesthetised and knees shaved but no injection given) 

and the groups receiving CFA and drug vehicle (section 2.3.3) are presented in this 

chapter.  

Detailed information on animal methods prior to the isolation of tissues, and for joint 

tissue processing and preparation for histology can be found in Chapter 2 General 

Methods (sections 2.3.2 – 2.3.4, 2.4 -2.6). 

Table 3.1: Animal numbers and the two treatment groups from which joints were 
processed to compare histological features with different CFA formulations/doses 

(Durrant, 2021).  

Study Treatments Study design Number of 

animals 

1 Anaesthetic control + Vehicle 

CFA (100µg) + Vehicle 

Within/between subjects 

comparison of the effect of 

therapeutic pharmacological 

VEGF-R and/or TNFα inhibition 

on histological arthritis. 

6 

6 

 
2 Anaesthetic control + Vehicle 

CFA (50µg) + Vehicle 

6 

6 

 

The experiments were conducted by Dr Durrant as in the timeline shown in Figure 2.1 

reproduced below for ease. Knee swelling was monitored throughout as a measure of 

the pro-inflammatory effect of CFA, which was apparent in all animals. Animals were 

habituated to intraperitoneal vehicle injections before CFA injection. Animals were 

killed 10 days after arthritis induction by anaesthetic overdose and perfusion-fixation 
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(section 2.3.4) and joints collected, post-fixed in 4% paraformaldehyde and embedded 

in paraffin (King’s Mill hospital). Following sectioning and staining, the histological 

features of the joints were scored for cartilage damage, synovitis, pannus, and FVT.  

Three sections from different depths were scored for each feature for each joint and 

the mean score for each animal used in the final analyses. The presence of pannus 

and FVT was scored as present (1) or absent (0), so the mean of the internal replicates 

was a value between 0 and 1.  Full details on scoring methods are in Chapter 2 

General Methods section 2.6.  

 

Figure 3.1: Experimental timeline of the two rat studies, partially reproduced from 
Chapter 2 for ease of reference, showing only the control groups that did not receive 
drugs. Both studies followed similar timelines, with monitoring of knee joint swelling 
(green arrows) before and after induction of arthritis with CFA (red arrow). At the end 
of the experiment, animals were killed with barbiturate anaesthetic overdose, joints 
removed and placed in 4% paraformaldehyde. Animals in both studies received 
intraperitoneal vehicle injections throughout (purple arrows) as they also serve as 

controls for the effects of VEGFR2 and TNF- block (Chapter 4).  

 

3.2.2 Statistical analysis: 

One-way ANOVA was performed followed by Sidak's multiple comparison tests to 

compare histological scoring between in-house CFA and commercial CFA. A value of 

p < 0.05 was considered statistically significant. 
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3.3 RESULTS 

Rats in the two anaesthetic control groups received exactly the same treatment. The 

histological scores for these two groups were not significantly different from each other 

for each histological component, so they were pooled for further analyses.  

The cartilage damage that resulted from in-house CFA (100µg in 50µL) was only seen 

in half the animals (Figure 3.2A) and the mean damage score in this group was not 

significantly different from control animals. Commercial CFA (50µg in 50µL) resulted 

in cartilage damage in more animals than in-house CFA, and the mean score was 

significantly greater than in controls, but not significantly different to in-house CFA 

(control 0, in-house CFA 0.6±0.6 (mean ± SD), commercial CFA 0.8±0.8). Synovitis 

scores were significantly increased using both CFA formulations with equivalent mean 

values, but with less variability for commercial CFA (control 0.2 ± 0.5, in-house CFA 

2.7±0.5), commercial CFA 2.9±0.1, Figure 3.2B). Pannus presence was significantly 

greater in CFA compared to controls and was slightly more variable using in house 

compared to commercial CFA (control 0, in-house CFA 0.9±0.3, commercial CFA 

0.9±0.1, Figure 3.2C), as was the FVT in the bone marrow (control  0.03±0.1, in-house 

CFA 0.7±0.3, commercial CFA 0.9±0.1, Figure 3.2D). The mean value of all scores 

using commercial CFA was slightly but not significantly higher than in-house CFA 

despite the lower M.tub. dose. In addition, the data variability was lower in all scores 

for commercial CFA, except for cartilage damage. 
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Figure 3.2: Histological scoring including cartilage damage, synovial inflammation, 
pannus infiltration and bone marrow FVT. Both CFA formulations produced equivalent 
histological changes, and there were no significant differences between in-house CFA 
(100ug in 50µL) and commercial CFA (50ug in 50µL) in all histological features. (A) 
Cartilage damage (F (2, 20) = 5.205) p=0.0151 (B) Synovial inflammation F (2, 20) = 93.50) 
p<0.0001 (C) Presence of pannus p=F (2, 20) = 104.4) p<0.0001 (D) Presence of FVT in 
bone marrow F (2, 20) = 52.68, p<0.0001. One way ANOVA followed by Sidak's multiple 
comparisons tests *p<0.05, ****p<0.0001.  
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3.4 DISCUSSION  

The investigation aimed to determine any histopathological differences between two 

different formulations/doses of CFA used to induce inflammatory arthritis. Surprisingly, 

I found that the reduction in M.tub dose from 100μg to 50μg had no significant effect 

on any histological measure of arthritis (Figure 3.2), despite some (Donaldson et al 

1993) but not all (Chillingworth et al 2003) previous reports suggesting that different 

doses of M.tub result in distinct differences in histological features. There have been 

very few more recent studies on the relationship between the arthritic stimulus and the 

resulting histopathology. Studies usually report the relationships between CFA dose 

and joint swelling, which is usually positive (Gomes et al., 2013; Lussier et al., 1984; 

Noh et al., 2021) but give little if any information on histopathological features (Cannon 

et al., 1999), and where histological changes are seen, these studies rarely report any 

quantitative analyses of histological differences (Cannon et al., 1999; Gomes et al., 

2013; Lussier et al., 1984). 

The rationale for using two models of CFA arthritis was due to animal welfare issues, 

but surprisingly the commercial, lower dose CFA caused significantly larger knee 

diameters than the higher dose in-house CFA (Durrant, 2021). My data show that this 

difference in swelling is not reflected in any difference in histopathological 

inflammation/damage in the joints.  

The main differences between the two CFAs are the M.tub dose and the vehicle. The 

commercial CFA used contains the surfactant mannide monooleate which, when used 

in Freund’s incomplete adjuvant without M.tub. is reported to induce an immune 

response (B. Berlin, 1962; B. S. Berlin & Wyman, 1971) and to boost the immune 

reaction when in an emulsion (Billiau & Matthys, 2001; van Doorn et al., 2016). Mineral 

oil alone, and other additives to incomplete Freund's adjuvant (IFA) can also cause 

inflammation (Kleinau et al., 1991). Considering this, the lack of difference in histology 

with a lower dose of M.tub could be due to the surfactant mannide monooleate 

(Kleinau et al., 1991) which is present in the commercial but not the ‘in house’ CFA, 

and could increase the level of inflammation from a lower M.tub dose to that equivalent 

of a higher dose.  
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Adjuvants result in more severe synovial joint destruction in both Freund’s adjuvant 

arthritis (Whitehouse et al., 1974) and CIA (Larsson et al., 1990) compared to oil 

induced arthritis which is mild and limited (Donaldson et al 1993). This clearly shows 

that immune reactions induced by mycobacteria or collagen II add specific clinical 

features and augment arthritis above changes induced by oil (Kleinau et al., 1991). 

While whole inactivated mycobacteria suspension has been used for many decades, 

it does result in variable histological effects which may be due to differences in actual 

dose when using a suspension. Similar arthritogenic responses can be achieved by 

replacement of inactivated mycobacteria with recombinant mycobacterial heat-shock 

protein 65 (MHSP65) which also causes lymphocyte infiltration, synovial inflammation, 

and cartilage erosion, probably through induction of TNF-α, IL-6 and IL-1β through the 

activation of Toll-like receptors (TLR)2 and TLR4 (L. Zhou et al., 2012). TLR2 causes 

antigen presentation cell activation  and cytokine release and TLR4 is a key receptor 

in inflammatory responses (Wetzler, 2003). TLR2 and TLR4 are found in inflamed 

synovium in clinically active RA (Q.-Q. Huang et al., 2009). Thus, inactivated 

mycobacterium could be replaced by MHSP65 to potential yield a more reproducible 

model.  

For animal welfare reasons, the use of a lower dose of commercial CFA was 

suggested as an approach to refine the model used; however, it resulted in increased 

joint swelling and, as I have shown, had similar effects on joint histology as the ‘in-

house’ CFA. Moreover, use of the lower dose commercial CFA did not result in the 

primary physiological outcome measure under investigation, spinal reactive 

microgliosis, although the higher dose CFA did (Durrant, 2021). Spinal microglia are 

a vital players in mechanisms for arthritic (Hans‐Georg Schaible et al., 2022) and 

neuropathic pain (Tsuda, 2016), and several already available agents that target 

microglia are being tested as possible analgesics (Haight et al., 2019). Thus, while the 

lower dose commercial CFA model may be useful for study of joint histological 

features, it is not associated with important spinal cord alterations that may contribute 

to pain. Use of higher M.tub doses therefore appears necessary to model both 
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histopathological features and central spinal mechanisms in rat inflammatory arthritis 

models (Beazley-Long et al., 2018).  

Based on histological scoring, and the lack of significant differences between the 

arthritis models in the two studies, I subsequently used joints from rats from both 

studies for further investigation of the systemic inhibition of VEGFR2 on synovial 

inflammation and joint integrity.  

3.5 CONCLUSION 

The different doses/concentrations and formulation of CFA did not result in different 

degrees of histological arthritis in rats, but there was a greater range of scores using 

in-house CFA. This means that lower dose commercial CFA may be used to produce 

an equivalent and more consistent histological arthritis, showing both inflammation 

and cartilage damage after 10 days.   
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4. EFFECT OF VEGFR2 BLOCKER PTK787 (VATALANIB) 

ON SYNOVITIS AND JOINT INTEGRITY IN INFLAMMATORY 

ARTHRITIS 

4.1 INTRODUCTION 

Inflammation of the synovial membrane (synovitis) is an important contributor to the 

cartilage and bone damage in RA. Synovitis is caused by leucocyte infiltration in the 

synovial membrane, which is facilitated through several pathways, predominantly 

through endothelial cell activation in the synovial microvessels. This leads to an 

increase in the expression of pro-inflammatory cytokines, chemokines, and adhesion 

molecules (Szekanecz et al., 2009). The loss of the protective properties of the 

synovium alters the protein-binding features of the cartilage surface and promotes FLS 

adhesion and invasion. These processes result in cartilage surface destruction 

(McInnes & Schett, 2011) which is followed rapidly by bone erosion that affect 80% of 

untreated patients within 1 year after diagnosis (Daniel et al., 2010). 

Cytokine production is central to the pathogenesis of RA (Remmers et al., 2007). TNF-

α is considered the key inflammatory cytokine in RA (E. H. Choy & Panayi, 2001; 

Kokkonen et al., 2010; Tetta et al., 1990). It is produced by monocytes, macrophages, 

B-cells, T-cells (predominantly type 1 helper T cells (Th1)) and synovial fibroblasts 

(Horiuchi et al., 2010; Laurent et al., 2015). TNF-α plays a fundamental role in cartilage 

damage and bone erosion in RA through inflammatory cell recruitment (E. H. Choy & 

Panayi, 2001; S. R. Goldring, 2002; A. E. Koch et al., 1994; Pulik et al., 2023), and the 

activation of chemokines, including CCL5, CXCL10, CXCL8, (Bahlas et al., 2018), 

CXCL12 (H. R. Kim et al., 2014) and CXCL116 (Van Der Voort et al., 2005) and other 

pro-inflammatory and pro-angiogenic molecules such as VEGF-A (Giraudo et al., 

1998), endothelial-cell adhesion molecules such as intercellular adhesion molecule 

(ICAM-I) (Feldmann, 1996; Hess et al., 2011), and MMPs (; Pulik et al., 2023; H.-J. 

Yun et al., 2008) (Figure 4.1). 

 

 



120 

 

 

 

Figure 4.1: The role of TNF-α and VEGF-A in RA. In RA, TNF-α is secreted by T helper 
cells and macrophages. TNF-α activates synovial fibroblasts and promotes synovial 
hyperplasia, inflammation, and angiogenesis by the production of chemokines, 
cathepsins, adhesion molecules, MMPs and VEGF-A. All these factors cause the 
breakdown of proteoglycan and collagen followed by cartilage and bone destruction, 
and joint erosion. TNF-α also activates osteoclasts which induce synovial hyperplasia 
and angiogenesis in RA and results in joint destruction. 
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TNF-α drives expression of both endothelial VEGF-A165a and adhesion molecules 

(Haraldsen et al., 1996; Radisavljevic et al., 2000) and is positively  correlated with 

VEGF-A expression (Nowak et al., 2008). TNF- plays a key role in endothelial 

proliferation and migration along with the formation of new blood vessels (Leibovich et 

al., 1987). Moreover, TNF-α promote angiogenesis indirectly by stimulating synovial 

fibroblasts and macrophages in the pannus to produce VEGF-A through its synergic 

effect with cytokines such as IL-1β and IL-17 (Harada, 1998; Honorati et al., 2006; A. 

E. Koch et al., 1994; Szekanecz & Koch, 2010). 

Increased TNF-α expression was found in the serum of RA patients compared to 

controls (Nakahara et al., 2003). Etanercept is an approved anti-tumour necrosis factor 

(anti-TNF-α) biologic treatment which not only decreases the signs and symptoms of 

RA, but also delays the progression of radiographic damage (Haraoui & Bykerk, 2007). 

Etanercept was reported to significantly reduce the levels of VEGF-A in RA (Macías 

et al., 2005; Strunk et al., 2006). Etanercept reduced disease activity in adults and 

children with chronic rheumatoid arthritis who had insufficient response to other 

therapies (Lovell et al., 2000; Moreland et al., 1997; Moreland et al., 1999; Weinblatt 

et al., 1999); however, it was not effective in reducing VEGF-A levels (Knudsen et al., 

2009). This suggests there is also TNF-independent VEGF-A expression in RA.  

VEGF-A participates in synovitis and pannus formation in RA by promoting the 

formation of new blood vessels and enhancing vascular permeability (MacDonald et 

al., 2018). Pannus infiltration into the joint space further facilitates its invasion into the 

cartilage matrix (Matsui et al., 2009). VEGF-A stimulates a change to a catabolic 

pathway in articular cartilage tissue and chondrocyte hypertrophy through activation 

of MMPs and down-regulation of TIMPs (Fenwick et al., 1999; P. I. Mapp & Walsh, 

2012) which eventually leads to cartilage destruction (Enomoto et al., 2003; Lotz, 

2001; Thomas Pufe et al., 2004; Vuolteenaho et al., 2007). In addition to the increased 

VEGF-A expression in inflamed synovium and arthritic articular chondrocytes, 

vascular invasion of articular cartilage and increased osteochondral vascularity in 

arthritis are associated with subchondral bone marrow replacement by FVT 

expressing VEGF-A (D. A. Walsh et al., 2010) (see more details in section 1.5.4). 



122 

 

 

Targeting FVT formation is considered as a potential novel treatment approach that 

may reduce symptoms and modify structural progression in inflammatory arthritis 

(Appel et al., 2006; Bugatti et al., 2005). 

Literature evidence shows a very strong relationship between VEGF-A and arthritis 

severity. Increased VEGF-A concentrations are found in both the synovial fluid and 

serum of RA patients compared to controls (Fava et al., 1994; Harada, 1998; A. E. 

Koch et al., 1994; S. Lee et al., 2001; Paleolog et al., 1998; Sakalyte et al., 2022). 

VEGF-A serum levels are directly related to the degree of joint damage/destructive 

lesions in radiographic studies (Ballara et al., 2001; Paleolog, 2002) and disease 

activity (Sone et al., 2001). The degree of synovial angiogenesis is associated with 

synovial VEGF-A expression, and VEGF-A and VEGFR2 expression in cartilage was 

also observed in association with vascular invasion at cartilage, consistent with 

angiogenesis (M. Ikeda et al., 2000). In addition, Qian, Xu et al. showed a direct 

correlation between the degree of arthritis and the expression of VEGF-A and 

VEGFR2 (J.-j. Qian et al., 2021).  

As described in the Introduction, VEGF-A binds to multiple tyrosine kinase VEGF 

receptors, but with highest affinity to its cognate receptor, VEGFR2 (Lohela et al., 

2009; M Shibuya, 2006). VEGF-A165a isoform acts as a full agonist at VEGFR2 

resulting in VEGFR2 dimerization, autophosphorylation, stabilisation of the VEGFR2 

dimer with NP-1 and activation of intra-cellular signalling cascades (Ballmer-Hofer et 

al., 2011) (section 1.11.4 and 1.12.1 – chapter 1). These signalling cascades induce 

endothelial cells and synoviocytes proliferation, migration, and survival as well as 

increase neovascularization and vascular permeability (Holmes et al., 2007; Hong et 

al., 2017). Hence, it can be inferred that this particularly relates to VEGF-Axxxa 

isoforms as these are known to promote angiogenesis and inflammation, which 

contribute to joint damage and pain. Angiogenesis, innervation, and inflammation are 

highly interconnected, and each may up-regulate the others (Bonnet & Walsh, 2005; 

J. R. Jackson et al., 1997). It has been speculated for many years that inhibition of 

angiogenesis and inflammation could reduce pain and retard joint damage in arthritis 

(Bonnet & Walsh, 2005; Lu et al., 2000; Semerano et al., 2016). All currently approved 

therapeutic anti-VEGF antibodies are targeted against the common N terminus and 
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thus block both VEGF-Axxxa and VEGF-Axxxb, and VEGFR blockers also inhibit actions 

of both isoform families at the receptors. VEGF-A blocking antibodies and low-

molecular- weight VEGFR tyrosine kinase inhibitors (TKIs) are currently in 

experimental studies for multiple diseases, and despite the lack of isoform-specific 

block, anti-VEGF therapies using such strategies decrease the clinical severity score 

and joint destruction in collagen and antigen-induced models of arthritis (S. T. Choi et 

al., 2009; Mould et al., 2003).  

I used rat knee joints collected from a study conducted by Dr. Durrant, in which rats 

with CFA-induced arthritis had been treated with PTK787 (Vatalanib) and/or 

Etanercept, to investigate the effect of VEGFR2 inhibition on synovial inflammation 

and joint integrity.  PTK787/Vatalanib is a small molecule inhibitor with a broad 

spectrum multi-targeting of kinases, with some selectivity for VEGFRs, but which also 

inhibits c-kit, Flt3 and other kinases (Branca, 2005; Jain et al., 2006). PTK787 had 

significant activity against tumour growth and metastasis in pre-clinical studies (Traxler 

et al., 2001; Wood et al., 2000). The anti-arthritic effects of this receptor tyrosine kinase 

inhibitor are mediated by anti-angiogenic actions in a RA model and it also exerted 

analgesic actions in an acute inflammatory pain model (Grosios et al., 2004).  

Hypothesis: systemic pharmacological inhibition of the VEGFR2 blocker PTK787 will 

reduce joint inflammation and cartilage damage in a rat CFA-induced arthritis model.  

Aim: to determine the effect of pharmacological inhibition of VEGFR2 blocker PTK787 

on synovial inflammation and cartilage damage in CFA arthritic rat joints.  

Objective: to measure the histological changes in the inflamed joints from rats treated 

systemically with the pharmacological VEGFR2 blocker PTK787 and compare to 

vehicle treated inflamed rats.   
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4.2 MATERIALS AND METHODS 

4.2.1 Experimental design  

The experimental design of the studies in which the effect of VEGFR2 and/or TNF- 

block on features of arthritic joint histology was investigated using between subject 

comparisons (Table 4.1).  

Table 4.1: Animal numbers and treatment groups from which joints were processed to 
compare histological features with anti-VEGF-A and anti-TNF treatment (Durrant, 2021).   

*One animal was excluded from all analyses due to lack of CFA response (swelling). 

Study  Treatments Study design Number of 

animals 

1 Anaesthetic control        
(no CFA, no drug) 

Between subjects 
comparison of the 
effect of therapeutic 
pharmacological 
VEGFR and/or TNF-α 
inhibition on 
histological arthritis. 

6 

CFA (100µg/50µL) + vehicle  6 

CFA + PTK787  
(from day 0 with CFA) 

6 

CFA + PTK787 (from day 3) 6 
 CFA + Etanercept (from day 3) 6 

2.  Anaesthetic control        
(no CFA, no drug) 

6 

CFA (50µg/50µL) + vehicle  6 

CFA + PTK787  
(from day 0 with CFA) 

6 

CFA + PTK787 (from day 3) 6 
 CFA + Etanercept (from day 3) 6 

CFA + Etanercept + PTK787  
(from day 3) 

5 

 

The primary differences in the design of these two studies was firstly the use of 

different CFA doses and preparations, and secondly that the animals in the second 

study received three drug injections rather than two (Figure 4.2). The different CFA 

preparations did not in themselves have different effects on inflammation and joint 

damage (Chapter 3), but the findings from each study are presented separately due 

to the different drug dosing regimen.  
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Detailed information on animal care and induction of inflammation can be found in 

Chapter 2 sections 2.3.3 and 2.3.4.  

4.2.2 Drug dosing 

Further details of drug preparation and dosing are in sections 2.2.2 and 2.3.4. Rats 

were dosed with the VEGFR2 selective blocker PTK787 (Vatanilib) at Day 0 and 

Etanercept as a positive control. Doses given were determined based on previous 

experiments (Beazley-Long et al., 2018; R. P. Hulse et al., 2016) and publications from 

other groups (Michael K Boettger et al., 2008; Michael Karl Boettger et al., 2010). 

Briefly rats were habituated to intraperitoneal injections for one week before induction 

of CFA-arthritis in one ‘knee’ (tibio-femoral) joint under isoflurane anaesthesia 

(sections 2.3.3 and 2.3.4). Animals were then dosed intraperitoneally with timings as 

shown in Figure 4.2 and Table 4.1. Animals were killed 10 days after CFA injection by 

anaesthetic overdose, perfused with 4% paraformaldehyde, and joints isolated for 

processing, staining and analysis following further immersion fixation in 4% 

paraformaldehyde. Following decalcification (Section 2.4.1), paraffin embedding, 

sectioning (section 2.4.2) and staining (section 2.5), the histological features of the 

joints were scored for presence and degree of synovitis, cartilage damage, pannus, 

and FVT (section 2.6).  

 

Figure 4.2: Experimental timelines for the two studies, in a partial reproduction from 
Chapter 2 for ease of reference, showing the timeline for therapeutic VEGFR2 or TNFα 
inhibition in the two study with different CFA doses (red). Timelines show days before 
and after arthritis induction on day zero (on dotted line), measurement of knee joint 

Days………    -4…………….0……….1…….….2….……3…….…4….……5….……6…….…7…….…8…….…9….……10

Cull 
Joint collection

CFA

Knee joint swelling

Vehicle 
injections

Study 1. 
100µg in 50µl                                                                                     
‘in-house

Study 2. 
50µg in 50µl
commercial

Drug and/or vehicle injections
PTK787 15mg/kg
Etanercept 5.5mg/kg



126 

 

 

diameter as indicator of swelling (green arrows), intra-articular CFA injections (red 
arrows), intraperitoneal vehicle and drug injections (purple and brown arrows) and 
tissue collection at the end of the experiments (blue arrow).  

4.2.3 Histological features of inflammatory arthritis in the rat model 

To quantify the histological features of IA in PTK787 and Etanercept treated rats, 

specific histopathological scoring systems were used for signs of physical cartilage 

damage, score range from 0 (normal) to 5 (full thickness degradation) (Table 2.3), 

synovial inflammation, score range 0 (normal) to 3 (severe) (Table 2.5), pannus 

infiltration, presence (1) or absence (0), FVT presence of a meshwork of connected 

collagen deposition in bone marrow (1), or absence (0). Proteoglycan loss in cartilage 

and collagen deposition in bone marrow were assessed using toluidine blue/Safranin 

O and intra-bone marrow collagen by Masson’s trichrome staining, respectively. 

Where possible to score, proteoglycan loss was scored 0 (no loss) to 4 (severe loss) 

(Table 2.4), and collagen staining scored on 0 (normal) to 3 on the degree of staining 

(Table 2.6).  

Scoring was done on at least 3 sections of each joint cut at different depths and a 

mean value for each joint calculated.  

Note that the data shown in this chapter for the vehicle treated rats are the same as 

those used to compare the histological features of the two CFA doses, shown in Figure 

3.2.  

4.2.4 Data analysis 

Data were analysed using one-way ANOVA followed by Dunnett’s multiple comparison 

tests to compare the effects of drugs with vehicle. Comparisons were also made to the 

absolute control CFA to confirm the positive effect of CFA on joint histological features, 

i.e. the induction of inflammation. Statistical p value < 0.05 was considered as 

significant. 
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4.3 RESULTS 

4.3.1 Histological features of inflammatory arthritis  

Injection of CFA into the knee joint of rats resulted in varying degrees of synovitis, 

pannus formation and invasion, bone marrow FVT formation and cartilage damage, 

the latter assessed as either physical damage, or loss of proteoglycans assessed by 

toluidine blue or Safranin O/Fast Green staining.  

4.3.1.1 Synovial inflammation (synovitis) and pannus 

 A. Synovitis  

Synovitis was scored on the morphology of the synovium, primarily on thickness of 

synovial lining and the cellularity of the sub-synovium (Figure 2.8, Table 2.5). 

Commercial CFA resulted in significant consistent severe synovitis, whereas synovitis 

with in-house CFA was more variable across all groups (Figure 4.3), as already noted 

in the vehicle control groups in Chapter 3. Synovitis scores were significantly higher in 

all CFA groups compared to untreated controls (one-way ANOVA followed by 

Dunnett’s multiple comparisons test, all groups ****p<0.0001 compared to uninflamed 

control).  

None of the drug treatments (2 or 3 doses of PTK787 or PTK787 + Etanercept) had 

any significant effect on synovitis although there were slight non-significant reductions 

in synovitis scores observed after 2 doses of PTK787 or Etanercept treatment starting 

on day 3, using in-house CFA (Figure 4.3A control 0±0, CFA + vehicle 2.7±0.5, Day 0 

PTK787 2.8±0.3, Day 3 PTK787 2.6±0.7, Day 3 Etanercept 2.1±1, F (4, 24) = 17.66). 

No effect was found in treatment groups compared to vehicle treated groups for the 

commercial CFA (Figure 4.3B control 0.4±0.7, CFA + vehicle 3±0.1, Day 0 PTK787 

3±0, Day 3 PTK787 3±0, Day 3 Etanercept 3±0, Day 3 PTK787 + Etanercept 3±0.1, F 

(5, 29) = 77.43). 
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Figure 4.3: (A&B) Effect of PTK787 and/or Etanercept on synovial inflammation scoring 
in IA rat knee joints. Symbols (+ and -) indicate when animals have received CFA. There 
was no significant reduction in synovial inflammation with any treatment (PTK787 
and/or Etanercept) compared to vehicle in either study (In-house CFA: drug groups left 
to right p=0.9980, p=0.9939, p=0.4136 respectively c.f vehicle. Commercial CFA:  
Commercial CFA:  drug groups left to right p=0.9974, p=0.9974, p=0.9974, p=>0.9999 
respectively cf. vehicle. One-way ANOVA followed by Dunnett’s multiple comparisons 
test for all treatments vs vehicle. D0: Day 0, D3: Day 3, PTK: PTK787; ETN: Etanercept. 

B. Pannus  

Pannus score was based on the synovial tissue invasion into the subchondral bone 

and cartilage surface. Both in-house and commercial CFA caused significant pannus 

proliferation compared to uninflamed controls (one-way ANOVA followed by Dunnett’s 

multiple comparison tests, vehicle and PTK groups all p<0.001, Etanercept group 

p=0.02). Neither 2 nor 3 doses of PTK787 or PTK + Etanercept showed any significant 

changes compared to  vehicle in animals receiving either 2 doses of PTK (Figure 4.4A 

control 0±0, CFA + vehicle 0.9±0.3, Day 0 PTK787 0.9±0.2, Day 3 PTK787 0.8±0.3, 

Day 3 Etanercept 0.5±0.5, F (3, 20) = 1.674) or 3 doses of PTK (Figure 4.4B control = 

0 ± 0, CFA + vehicle 1±,0.1, Day 0 PTK787 = 1 ± 0, Day 3 PTK787 1±0, Day 3 

Etanercept 1±0, Day3 PTK787 + Etanercept 1±0, F (4, 24) = 0.9517). 
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Figure 4.4: (A&B) Effect of PTK787 and/or Etanercept on pannus infiltration scores in 
IA rat knee joints.  Symbols (+ and -) indicate when animals have received CFA 
injections. There was no significant effect of treatment (PTK787 and/or Etanercept) on 
pannus infiltration compared to vehicle either study (In-house CFA: drug groups left to 
right p=0.9975, p=0.9810, p=0.1527 respectively cf. vehicle, Commercial CFA: 
Commercial CFA: drug groups left to right p=0.3642, p=0.3642, p=0.3642, p=0.4049 
respectively cf. vehicle). One-way ANOVA followed by Dunnett’s multiple comparisons 
test for all treatments vs vehicle. D0: Day 0, D3: Day 3, PTK: PTK787; ETN: Etanercept.   

4.3.1.2 Cartilage damage  

Neither CFA formulation resulted in significant cartilage damage in all animals in all 

groups, compared to the uninflamed controls (Figure 4.5A, Figure 4.5B). In some 

groups where commercial CFA was used, and all groups treated with the in-house 

CFA there were animals in which there was no cartilage damage at all (Figure 

4.5A&B).  There were also no statistical differences between the cartilage damage in 

animals treated PTK787 or PTK787 + Etanercept and vehicle in either study 

irrespective of whether 2 or 3 doses of drugs were given.   

Cartilage damage scores were, however, slightly lower using in-house CFA (Figure 

4.5A) compared to the commercial CFA (Fig 4.5B in-house CFA control 0 ± 0, CFA + 

vehicle 0.6 ± 0.6, Day 0 PTK787 1.1±0.8, Day 3 PTK787 0.7±0.7, Day 3 Etanercept 

0.4±0.4 (mean ± SD), F (3, 20) = 1.150). Commercial CFA control 0±0, CFA + vehicle 

0.8±0.8, Day 0 PTK787 1.2±0.8, Day 3 PTK787 1.7±1.3, Day 3 Etanercept 1.6±1.3, 

Day 3 PTK787 + Etanercept 1.3±1.1) F (4, 24) = 0.6432). 
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Figure 4.5: Effect of PTK787 and/or Etanercept on cartilage damage (A&B) and 
proteoglycan loss (C&D) in IA in rat knee joints. Symbols (+ and -) indicate when 
animals have received CFA injections.            
(A&B) There were no significant differences in cartilage damage scores between 
groups treated with PTK787 and/or Etanercept compared with CFA + vehicle (In-house 
CFA: drug groups left to right p=0.4422, p=0.9834, p=0.9225p respectively cf. vehicle. 
Commercial CFA: Commercial CFA: drug groups left to right p=0.9176, p=0.4777, 
p=0.6529, p=0.9210 respectively cf. vehicle). (C&D) There was loss of both toluidine blue 
and Safranin O staining in control animals (Toluidine blue -CFA vs +CFA  p=0.9998, 
Safranin O -CFA vs +CFA; p=0.9967). (C) There was no significant effect of treatment 
(PTK787 and/or Etanercept) on toluidine blue staining compared to vehicle (drug 
groups left to right p=0.8677, p=0.6071, p=0.3542 respectively cf. vehicle). (D) There was 
also no significant effect of treatment (PTK787 and/or Etanercept) on Safranin O 
staining compared to vehicle (drug groups left to right p>0.9999, p=0.9993, p=0.6435 
respectively cf. vehicle). One-way ANOVA followed by Dunnett’s multiple comparisons 
test for all treatments vs (+) vehicle. D0; Day 0, D3: Day 3, PTK; PTK787; ETN; 
Etanercept  
 

Toluidine staining was used to determine cartilage damage in terms of proteoglycan 

(PG) loss (Figure 4.5 C&D). Staining was not fully effective in some of the animals in 

which in-house CFA was used, and many control (no CFA) joints showed 

unexpectedly low toluidine blue staining intensities (Figure 4.5C. control = 2 ± 0.7, CFA 

+ vehicle = 1.9 ± 0.7, Day 0 PTK787 = 1.6 ± 0.9, Day 3 PTK787 = 2.2 ± 0.7, Day 3 

Etanercept = 1.2 ± 0.4, F (3, 20) = 2.205, p=0.1190. Hence, Safranin O was used for 
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PG analysis in these sections. Only two control animals showed loss of safranin O 

staining, thus control vs inflamed joints had nearly equivalent mean values (control 

1±1.7, CFA + vehicle 1.1±1.7, Day 0 PTK787 1.1±1.7, Day 3 PTK787 1.2±0.6, Day 3 

Etanercept 2±1.6, F (3, 20) = 0.4566). There were no statistical differences in either 

toluidine blue or Safranin O staining between drug-treated animals and vehicle in 

either study irrespective of whether 2 or 3 doses of drugs were given.   

Only the data from the in-house CFA groups are shown in Figures 4.5 C&D as none 

of the joint sections from animals in which commercial CFA (Figure 4.2) showed any 

toluidine blue staining. I attempted to use Safranin O/Fast Green as an alternative 

stain for proteoglycans in these sections as well, but this was also unsuccessful 

suggesting a problem with the tissue rather than the staining techniques.  

 

Figure 4.6: Rat knee joints stained with H&E (A & B), Toluidine blue (TB) (C) and 
Safranin O (SO) (D). H&E with complete absence of nuclear staining in cartilage. 
Proteoglycan staining by TB and SO also did not give desired staining in control 
cartilage. C: cartilage, AC: articular cartilage (shown by dotted box), TB: trabecular 
bone, SCB: subchondral bone, BM: bone marrow. 



132 

 

 

4.3.1.3 Bone marrow fibrovascular tissue  

The presence of FVT was assessed as described in Chapter 2, using both 

presence/absence of morphological changes in the bone marrow (Figure 2.10) and 

the degree of bone marrow collagen deposition (Figure 2.11).  

A. Morphological changes in bone marrow 

Control uninflamed animals showed no FVT in bone marrow, as expected. All inflamed 

groups had varying degrees of FVT present in bone marrow. As with synovitis, 

cartilage damage and pannus, the degree and variability of bone marrow FVT score 

was related to the CFA used, being most variable when in-house CFA was used 

(Figure 4.7A. control = 0 ± 0, CFA + vehicle = 0.7 ± 0.3, Day 0 PTK787 = 0.7 ± 0.3, 

Day 3 PTK787 = 0.4 ± 0.4, Day 3 Etanercept = 0.66 ± 0.2, F (3, 20) = 1.274). compared 

to commercial CFA (Figure 4.7B. control = 0 ± 0.1, CFA + vehicle = 0.9 ± 0.14, Day 0 

PTK787 = 0.9 ± 0.2, Day 3 PTK787 = 1.0 ± 0, Day 3 Etanercept = 1.0 ± 0, Day 3 

PTK787 + Etanercept = 0.9 ± 0.1. F (4, 25) = 1.120). There were no statistically 

significant differences in FVT between drug and vehicle treated animals in either study.  

 

Figure 4.7: (A&B) Effect of PTK787 and/or Etanercept on histological scoring for bone 
marrow FVT in IA rat joint. Symbols (+ and -) indicate when animals have received CFA 
injections. There was no significant effect of treatment (PTK787 and/or Etanercept) on 
bone marrow FVT compared to vehicle either study (In-house CFA: drug groups left to 
right p>0.9999, p=0.2523, p=0.9807 respectively cf. vehicle. Commercial CFA: drug 
groups left to right p=0.9869, p=0.8657, p=0.8657, p=0.9997 respectively cf. vehicle. 
One-way ANOVA followed by Dunnett’s multiple comparisons test for all treatments vs 
(+) vehicle. D0; Day 0, D3: Day 3, PTK: PTK787; ETN: Etanercept.  
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B. Collagen deposition scoring 

Neither CFA preparation resulted in significantly increased bone marrow collagen 

deposition (BMCD) in treated groups compared to controls although in this measure 

commercial CFA resulted in greater variability in BMCD (Figure 4.8A in house: control 

= 0 ± 0, CFA + vehicle = 0.8 ± 1.3, Day 0 PTK787 = 0.3 ± 0.5, Day 3 PTK787 = 0.4 ± 

0.9, Day 3 Etanercept = 0.3 ± 0.5, F (3, 19) = 0.4477); (Figure 4.8B Commercial: 

control 0.6 ± 0.9, CFA + vehicle = 1.8 ± 1.5, Day 0 PTK787 = 1.7 ± 1.4, Day 3 PTK787 

= 1.6 ± 1.5, D3 Etanercept 0.8 ± 0.4, PTK787 + Etanercept 1.3 ± 1.3, F (4, 20) = 

0.5076). Interestingly, two animals in the control group for commercial CFA + 3 drug 

doses showed BMCD, and these animals also had low level synovitis (Figure 4.3B) 

and PG loss (Figure 4.5D). 

 

Figure 4.8: (A&B) Effect of PTK787 and/or Etanercept on bone marrow collagen 
deposition scoring in inflammatory arthritis rat knee joint. Symbols (+ and -) indicate 
when animals have received CFA injections. There was no significant effect of 
treatment (PTK787 and/or Etanercept) on BMCD compared to vehicle in either study (In-
house CFA: drug groups left to right p=0.6468, p=0.7591, p=0.6468 respectively vs 
vehicle. Commercial CFA: drug groups left to right p=0.9999, p=0.9991, p=0.5975, 
p=0.9354 respectively cf. vehicle. One-way ANOVA followed by Dunnett’s multiple 
comparisons test for all treatments vs (+) vehicle. D0 PTK787 – positive control, D3 
PTK787, D3 Etanercept and PTK787 + Etanercept. VEH; vehicle, PTK; PTK787, ETN; 
Etanercept, D0; Day 0, D3; Day 3.  

 

There was no statistically significant effect of either 2 or 3 doses of drugs on BMCD in 

any group compared to vehicle treated animals. In the commercial CFA group where 

BMCD scores were slightly higher, there was a slight non-significant reduction in both 

level and variability of BMCD score with 3 doses of PTK787 + Etanercept.  
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4.4 DISCUSSION   

I used joints from two studies where rats with CFA-induced arthritis were treated with 

PTK787 (Figure 4.2) to test the hypothesis that systemic pharmacological inhibition of 

VEGFR2 would reduce joint inflammation and cartilage damage. The differences 

between these studies were that 1. different CFA preparations were used due to 

animal welfare issues (as discussed earlier), and 2. the animals that received 

commercial CFA also had one additional dose of PTK787 or PTK787 + Etanercept. In 

chapter 3 I showed that there were no statistically significant differences between the 

two studies in the model histopathology. Histopathological features were evaluated in 

both studies but although there were some small differences in the two studies, neither 

two nor three doses of PTK787 or PTK787 + Etanercept had an effect on synovitis, 

cartilage damage, or bone marrow FVT compared to vehicle. This lack of effect of 

PTK787 could result for several reasons: the dose and frequency of dosing; the half-

life of the drug; the receptor targeted by the drug and the potential effects of VEGFR2 

inhibition on other cell types in the joint.  

Beazley-Long et al used the same dose of PTK787 (15mg/kg) in the CFA model in 

rats and showed that PTK787 was effective at reducing pain in this model (Beazley-

Long et al., 2018). Despite this, the dose might be ineffective at reducing inflammation. 

Other studies have showed an analgesic effect of PTK787 at higher doses of 30 mg/kg 

i.p. (R. Hulse et al., 2014; R. P. Hulse et al., 2016), but anti-angiogenic and anti-

oedema effects were only seen at higher oral doses (45mg/kg p.o) (Grosios et al., 

2004). In the latter study, oral PTK787 exerted significant effects on histological 

arthritis scores at 45 mg/kg in collagen-induced arthritis, but not in BSA antigen-

induced arthritis in mice (Grosios et al., 2004).  It is possible that the dose of PTK787 

in the studies presented here was not sufficient to have an effect on joint inflammation, 

although the bioavailability of small molecules in rodents is usually higher when they 

are delivered by intraperitoneal injection compared to oral administration (Al Shoyaib 

et al., 2020). It is also possible that the cellular mechanisms in the CFA model are not 

VEGFR2-depdendent. The short half-life of PTK787 (4–6 hours) (Gerstner et al., 2011; 

Thomas et al., 2005) could also affect the concentration of drug in the joint, as would 

the frequency of dosing and length of study time. It is therefore possible that although 
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this dose of PTK787 is effective for pain control in in vivo models (Beazley-Long et al., 

2018), it was not present in sufficient quantity or time to affect joint structures at the 

dose, frequency and duration given. Therefore, different doses of PTK787 at higher 

concentration, frequency or alternative route of administration i-e intra-articular 

administration would be an option to determine the optimal concentration of PTK787, 

as administered in various pilot studies using VEGFR2 inhibitors as therapeutic 

strategy for OA and RA (Y.-Y. Chen et al., 2014; Ma et al., 2023; Nagao et al., 2017). 

Intra-articular injections appear to have some potential advantages, such as lower 

dose, increased bioavailability and minimal side effects if any, over systemic 

administration (C. H. Evans et al., 2014). 

PTK787 inhibits all three VEGFRs (VEGFR1, VEGFR2 and VEGFR3) (Hess‐Stumpp 

et al., 2005) but has up to 100-fold greater selectivity for VEGFR2 than VEGFR1. 

VEGFR1 and VEGFR2 are highly expressed on vascular endothelial cells (Eichmann 

et al., 1993; Jakeman et al., 1992; Kaipainen et al., 1993; Yamane et al., 1994) that 

regulate vascular permeability and angiogenesis (X. Wang et al., 2020) in normal 

development and pathological angiogenesis (Ferrara & Davis-Smyth, 1997; 

Giatromanolaki et al., 2001; Mustonen & Alitalo, 1995; Risau, 1997; Schroeder et al., 

2013; Masabumi Shibuya, 2001; Masaubmi Shibuya, 2006). Both receptors are 

upregulated in synovial cells (Enomoto et al., 2003; Pfander et al., 2001; Thomas Pufe 

et al., 2001; Shakibaei et al., 2003; J. O. Smith et al., 2003; Tsuchida et al., 2014), 

chondrocytes and cartilage tissue in OA and RA (De Bandt et al., 2003; M. Ikeda et 

al., 2000; J.-l. Zhou et al., 2009). 

There is evidence that VEGFR1 is more strongly correlated with animal IA model 

progression than VEGFR2 (De Bandt et al., 2003; Luttun et al., 2002; Murakami et al., 

2006) which suggests that VEGFR1 may be more important in joint integrity. VEGFR1 

inhibition attenuates synovial inflammation, and bone destruction in animal models of 

IA (Autiero et al., 2003; Harris Jr, 1990; Murakami et al., 2006). Therefore, a possible 

reason of PTK787 treatment showing no effects on joint histology could be that 

PTK787 inhibits VEGFR2 more effectively than VEGFR1. Although VEGF-A165a has 

a high affinity at VEGFR1 (1pM), this receptor has much lower kinase activity than that 
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of VEGFR2 (Davis‐Smyth et al., 1996; Ferrara & Davis-Smyth, 1997; Sawano et al., 

1996; Seetharam et al., 1995). A limiting factor for a contribution of VEGFR1 signalling 

in the progress of inflammatory arthritis could therefore be the availability of VEGFR1 

rather than that of VEGF-A ligand. VEGFR1 is also highly expressed in 

monocytes/macrophages (Barleon et al., 1996; Clauss et al., 1996; Sawano et al., 

2001) and is important for the VEGF-A dependent tissue migration of these cells 

(Barleon et al., 1996; Hiratsuka et al., 1998; Sawano et al., 2001); there is reduced 

infiltration of inflammatory cells in an IA model in VEGFR1 tk–deficient pX mice 

(Murakami et al., 2006). It is possible that VEGFR1 could be important in joint integrity 

and PTK787 didn’t affect my outcome measures because of its selectivity for VEGFR2 

and that VEGFR1 is also important in mechanisms of IA joint damage.  

Novel compounds are being considered for VEGFR2 and/or VEGFR1 inhibition for RA 

treatment. Recently, a new compound, a VEGFR2 inhibitor named compound 25 has 

been synthesised as a prospective drug candidate for anti-angiogenic and anti-arthritic 

therapy. This compound potently inhibits VEGFR2 (IC50 = 19.8 nM), reducing 

phosphorylation of VEGFR2 in human umbilical vein endothelial cells in a dose 

dependant manner and inhibits capillary-like tube formation in vitro. It also fully inhibits 

platelet-derived growth factor receptor  (PDGFR, and Aurora kinase B, and 

partially inhibits Tie2 and fibroblast growth factor receptor 1 (FGFR1) at 1µM 

concentration) (Y. Liu et al., 2022). Compound 25 reduced the severity and 

development of adjuvant-induced arthritis in rats by inhibiting synovial VEGFR2 

phosphorylation, angiogenesis, pannus formation, cartilage damage and arthritic 

index (Q. Chen et al., 2023). 

PTK787 did not show any significant effect on joint histology in IA. This is most likely 

due an insufficient concentration of the drug for full penetration into the joint to alleviate 

inflammatory arthritis damage, or the mode of administration used although i.p. 

injection usually gives good bioavailability, and increased perfusion in an inflamed joint 

would predict good penetration into arthritic tissues. It is also possible that it may have 

competing actions at different cell types in the joint, for example there was an 

indication that groups treated with PTK787 for longer might have slightly more 
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cartilage damage (Figure 4.5B).  Alternative possible routes of administration such as 

intra-articular injection (Ma et al., 2023), or using a higher systemic dose may, 

however, show better effects in the treatment of IA.  

Etanercept is effective in experimental IA arthritis models, for example therapeutic 

administration of Etanercept either every other day (Gözel et al., 2018), every 3-4 days 

(Michael K Boettger et al., 2008; X. Huang et al., 2019; H‐G Schaible et al., 2010) or 

once a week (Lon et al., 2011) reduced arthritis score, swelling and inflammation in 

collagen-induced arthritis (CIA), but did not fully resolve histological inflammation. 

Single doses of Etanercept showed only modest effects, so multiple dosing was 

suggested to be necessary for a strong effect (Lon et al., 2011). In CFA-induced 

arthritis, a lower dose of Etanercept given every other day was also effective against 

thermal and mechanical hypersensitivity as well as swelling (Elsheemy et al., 2019; 

Inglis et al., 2005). 

Etanercept was used here as a positive control and was expected to have an impact 

on IA score as the dosing regimens were comparable to previous studies, but 

surprisingly it did not. Etanercept has good penetration into arthritic tissue  (X. Chen 

et al., 2015) so Etanercept should reach the site of inflammation provided the 

circulating concentration is sufficient. However, the half-life of Etanercept is 1.2–1.9 

days in rats (Lon et al., 2011), so it is possible that the dosing regime in this study was 

not sufficient to have an effect on joint histology in IA .  

Taken together, an increased concentration, possibly an alternative route of 

administration as well as longer duration of dosing of PTK787 and/or Etanercept, or 

inhibition of both VEGFR1 and VEGFR2 may show greater effectiveness on joint 

inflammation and cartilage damage in rodent IA. 

4.5 CONCLUSION 

Systemic inhibition of VEGFR2 over a short period of time did not reduce histological 

signs of cartilage damage, synovial inflammation, pannus infiltration and FVT in 

inflammatory arthritis in rats. 
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5. INDUCIBLE ENDOTHELIAL-CELL VEGFR2 KNOCKOUT 

CONTRIBUTES TO ARTICULAR CARTILAGE DAMAGE IN 

EXPERIMENTAL INFLAMMATORY ARTHRITIS 

 

5.1 INTRODUCTION 

Most research relating to angiogenesis in inflammation and arthritis has focused on 

the actions of VEGF-A/VEGFR2 on endothelial cells, and a blockade of angiogenesis 

has been frequently suggested as a possible therapeutic target in arthritis (Beazley-

Long et al., 2018; Bonnet & Walsh, 2005; Q. Chen et al., 2023; D'Aura Swanson et al., 

2009; Hamilton et al., 2016; Le & Kwon, 2021; MacDonald et al., 2018).  Angiogenesis 

is accepted as a vital step in the development of arthritis, promoting synoviocyte 

proliferation, pannus formation and invasion, and immune cell recruitment to sites of 

inflammatory arthritis (Marrelli et al., 2011), as well as delivery of nutrients to an active 

inflammatory reaction. Angiogenesis drives initial synovial proliferation and expansion, 

and enhances cartilage and bone damage in later stages of IA (P. Taylor, 2005).  

Increased angiogenesis is closely associated with an hypoxic environment within joints 

in RA (Akhavani et al., 2009; Hitchon et al., 2002; Konisti et al., 2012), and is facilitated 

by a number of pro-angiogenic factors, including growth factors, adhesion molecules 

and cytokines such as VEGF-A (see section 1.12 for more details) (De Bandt et al., 

2000). VEGF-A induces angiogenesis through endothelial cell activation by VEGFR2, 

endothelial cell proliferation and migration in vitro, and stimulation of capillary 

formation in in vivo models of inflammation and angiogenesis (A. E. Koch et al., 1994; 

Szekanecz & Koch, 2010). 

Systemic VEGFR2 blockade has been reported to reduce pain behaviours in 

inflammation/arthritis (Beazley-Long et al., 2018), as has endothelial-specific-

VEGFR2 knockout (Tie2-VEGFR2ECKO) in inflammatory arthritis in mice (Beazley-

Long et al., 2018) but has more unpredictable effects on joint damage as discussed in 

Chapter 4.   
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Two VEGFR2-selective small molecules have been reported to be systemically 

effective in animal models of inflammatory arthritis, PTK787/ZK222584/Vatalanib and 

compound 25, as discussed in Chapter 4 (Q. Chen et al., 2023; Grosios et al., 2004). 

Intra-articular pharmacological VEGFR2 blockade is also reported to inhibit cartilage 

damage in rodent OA models (Ma et al., 2023), angiogenesis and swelling/oedema in 

mice CIA (Gözel et al., 2018; K. Qian et al., 2022), and cartilage and bone damage in 

rat adjuvant arthritis (Y. Gong et al., 2021; Z.-Z. Wang et al., 2020). Systemic treatment 

with agents that reduce VEGF-A expression (Talaat et al., 2015) or neutralise 

circulating VEGF-A (Miotla et al., 2000) also reduce joint damage in IA in rats and 

mice. Many of these small molecules are, however, not specific for VEGFR2 and may 

also interact with other effector molecules.   

Genetic alteration is a more targeted alternative to such pharmacological methods for 

investigating the functions of specific molecules in physiological and pathological 

processes. Germ-line VEGFR2 knock-out is, however, embryonically lethal in 

heterozygotes, when even only one allele is lost, due to multiple defects in the 

formation of vascular structures (Section 1.10.3) (Shalaby et al., 1995). Genetic tools 

now enable more specific knockout, both in terms of cell type targeted and the time of 

gene knockout.  

The Tie2-VEGFR2ECKO colony was established in Nottingham in 2015 to investigate 

whether VEGFR2 block would affect pain in IA. The mice were used to test the primary 

hypothesis that altered VEGF-A/VEGFR2 mediated vascular responses in the spinal 

cord would affect arthritic pain behaviour. Induced Tie2-VEGFR2ECKO mice have 

significantly reduced endothelial VEGFR2 protein expression in lung and spinal cord, 

a significant reduction in viable CD31+/Tie2+ cells and of VEGFR2 expression in these 

cells, and delayed onset and distant spread of pain in inflammatory CFA arthritis 

(Beazley-Long et al., 2018). It was, however, possible that changes in the joint 

vascular supply, and hence inflammatory response resulting from the VEGFR2 gene 

deletion, could also have contributed to the effect on pain.  

Previous work in the lab had shown that Tie2-VEGFR2ECKO had no significant effect 

on the histological features of synovitis and bone erosion (Figure 5.1, Nalvelnathan, 

Beazley-Long and Donaldson, unpublished), but had highly significant effects on 
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cartilage integrity only in arthritic Tie2-VEGFR2ECKO mice (Figure 5.1B, (Vitterso et al., 

2018). The potential cause of these differences was not known, but VEGFR2, 

therefore a study was designed with the hypothesis that Tie2-VEGFR2ECKO arthritic 

mice would have reduced blood vessel number/density in mouse tibio-talar joint.  

 

Figure 5.1: (A) CFA caused a significant and equivalent increase in the overall synovitis 
and bone erosion scores in all groups, control (VEGFR2fl/fl +ve/Tie2CreERT2 -ve), 
uninduced (VEGFR2fl/fl x Tie2CreERT2, no tamoxifen) and induced Tie2- VEGFR2ECKO 
mice. This shows that inducible endothelial-VEGFR2 knockout had no significant effect 
on histological signs of synovitis or bone erosion (Nalvelnathan J and Donaldson LF, 
unpublished).  (B) Mean cartilage damage scores were significantly higher in induced 
Tie2- VEGFR2ECKO mice than in all other groups, showing that loss of endothelial- 
VEGFR2 had significantly greater effect on cartilage damage than arthritis alone. 
****p<0.0001, ***p= 0.0002. One-way ANOVA followed by Sidak’s multiple comparisons 
test (see Supplementary data Table S1 and Figure S1) (Vitterso et al 2018, data shown 
provided by J Nalvelnathan and E Vitterso). 

Inflamed joints are more hypoxic than normal joints (Sivakumar et al., 2008). Hypoxic 

synovium produces and releases several MMPs responsible for breakdown of 

collagen and gelatin in cartilage such as MMPs 2, 8 and 9, and thus results in damage. 

It has been hypothesised that the level of hypoxia drives the invasive, destructive 

nature of rheumatoid synovium (Akhavani et al., 2009). Cartilage is hypoxic under 

normal conditions (Lafont, 2010) and in addition, greater hypoxia in inflammation can 

result in chondrocyte death and cartilage damage (Zeng et al., 2022). Cartilage oxygen 

supply has long been thought to come predominantly from synovial fluid (Ito & Bishat, 

1924; Strangeways, 1920; Y. Wang et al., 2013).  

My primary thesis hypothesis was that ‘activation of VEGFR2 by VEGF-Axxxa splice 

variants contributes to joint inflammation and damage in rodent models of arthritis’. In 
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the experiments presented in this chapter I used joints from induced Tie2-VEGFR2 

mice and controls to address the following primary hypotheses and aims.  

Hypotheses:  

1. Endothelial-cell specific VEGFR2 knock out (ECKO) in Tie2 positive endothelial- 

cells reduces vascularity in synovium in arthritic knock-out, but not arthritic control 

mice.  

2. A reduction in synovial vascularity is associated with increased cartilage damage in 

VEGFR2ECKO mice.  

Aim: to determine whether induction of Tie2-specific endothelial-VEGFR2 knock-out 

affects blood vessel number/density in normal and/or arthritic mice, and whether this 

is related to cartilage damage.  

Objective: to measure the blood vessel density in synovium in Tie2-VEGFR2ECKO 

mice and controls, with and without inflammatory arthritis and determine the 

relationship with cartilage damage.  
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5.2 MATERIALS AND METHODS 

5.2.1 Experimental design  

The experimental design to test the hypothesis that tamoxifen-induced knockout of 

endothelial-VEGFR2 would affect synovial vascularity in IA in mice was investigated 

using between subjects comparisons (Table 5.1). Additional control groups were 

included to determine any effects of tamoxifen dosing (Sham) in VEGFR2 floxed mice, 

and the effect of genetic background without induction of the gene knockout 

(Uninduced). Experiments were conducted on F3/F4 mice of both sexes. All mice used 

were confirmed homozygous for the VEGFR2-loxP transgene (vegfr2fl/fl) and either 

heterozygous or wild-type for Tie2CreERT2. Symbols are used to show when animals 

also received CFA injections (+ and -). Tibio-talar joint (‘ankle’) tissues from Tie2-

VEGFR2ECKO mice were provided by Dr N Beazley-Long for experiments shown in this 

chapter (Figure 2.2), these came from six groups of mice with 5 -6 per group previously 

used in studies reported in Beazley-Long et al (2018).  

Table 5.1: Experimental groups with numbers and treatments, from which joints were 
processed to compare histological features with and without CFA inflammation and 
endothelial-VEGFR2 inducible knockout (Beazley-Long et al., 2018).  
* all animals underwent brief anaesthesia to control for any effects.  

This Table contains the same information as Table 2.2, reproduced here for ease of 
understanding.   

Genetic background Treatments* Groups Number 

of 

animals 

VEGFR2fl/fl  

(Tie2CreERT2 

negative, genetic 

control) 

Tam, no CFA 

 

Tam, CFA 

1. Sham (-) 

 

2. Sham (+) 

6 

 

5 

VEGFR2fl/fl x 

Tie2CreERT2 

(inducible knockout) 

No Tam, no CFA 

No Tam, CFA 

Tam, no CFA 

Tam + CFA 

3. Uninduced (-) 

4. Uninduced (+) 

5. VEGFR2ECKO (-) 

6. VEGFR2ECKO (+) 

5 

5 

5 

5 

 



143 

 

 

5.2.2 Synovial blood vessel fractional area and density in mouse 

tibio-talar joints 

5.2.2.1. CD31 immunohistochemical staining was used to stain the endothelial cell 

lining on blood vessels to investigate the effect of Tie2-VEGFR2ECKO on the total area 

occupied by vessels (fractional area) and density of blood vessels in synovium and 

subsequently also in subchondral bone (section 5.31, 5.3.2). CD31 is an endothelial 

cell marker expressed in vascular development and is used for identification of newly 

formed and mature blood vessels (Lertkiatmongkol et al., 2016; J.-j. Qian et al., 2021). 

Details on the general IHC methods and antibodies used in this thesis are in sections 

2.7.1, Figure 2.14, and Table 2.8, 2.9).  

The experiment for CD31 IHC was carried out as illustrated in Figure 2.15. All the 

sections were stained on the same day in two batches, with some modifications in the 

master IHC protocol. For instance, the time and temperature for antigen retrieval were 

increased from 20 minutes to 25 minutes and from 65°C to 70°C, respectively. The 

timing for inactivation by H2O2 was increased from 20 minutes to 25 minutes, and the 

concentration of BSA in blocking solution was increased from 1% to 2%. The methods 

used in processing of tissues, sectioning and blinding of sections are in section 2.4. 
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Figure 5.2: Flow diagram showing the protocol and adaptations used in CD31 IHC in 
mouse synovium.  

Images were captured using a Zeiss Axioplan microscope located in SLIM (School of 

Life Sciences Imaging) with a 20x objective lens and analysed by using Fiji Imaging 

analysis software. Images were adjusted for colour balance to clearly visualize the 
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CD31 DAB staining in vessels. Hotspots of CD31 staining were identified in the 

synovium and subchondral bone and the area of vessels with positive expression 

measured. Blood vessel density in synovium was measured to a 100µm depth from 

the synovial surface (Figure 5.3A). The total area of the synovium was outlined as a 

region of interest (ROI) and measured (Figure 5.3B). The area of all individual CD31-

positive blood vessels within the synovial ROI, excluding vessel lumens (Figures 5.3C 

&D) was also measured and the CD31-positive blood vessel area calculated using the 

equation below. Three images per section were measured and means for each joint 

was calculated (as discussed in section 2.3.3 - the reason of considering three 

hotspots/three images). 

% 𝑆𝑦𝑛𝑜𝑣𝑖𝑎𝑙/𝑆𝐶𝐵 𝐵𝑉𝐷 =
𝑀𝑒𝑎𝑛 𝑎𝑟𝑒𝑎 𝐶𝐷31 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑏𝑙𝑜𝑜𝑑 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑖𝑛 𝑠𝑦𝑛𝑜𝑣𝑖𝑢𝑚/𝑆𝐶𝐵 

𝑀𝑒𝑎𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑦𝑛𝑜𝑣𝑖𝑢𝑚/𝑆𝐶𝐵
ꓫ 100 

 

The length of synovium, over which measurements were made, was also recorded 

was to verify that equivalent lengths of expanded synovium were studied (Figure 5.4). 

During quantitation of synovial blood vessel density, observation of CD31 staining in 

blinded mouse joint sections suggested differences in blood vessel density in SCB. 

Subchondral bone blood vessel density was therefore calculated in a similar manner 

to synovium, over a length of 100 µm, and to an initial depth of 100µm from the 

cartilage/SCB junction. Vascular density was also calculated at a depth of 200-300µm 

from the cartilage/SCB junction for comparison with the more superficial SCB.  



146 

 

 

 

Figure 5.3: Determination of regions of interest (ROI) and vessel density in inflamed 
synovium in mice. Sections were stained for CD31 to identify vessels and H&E for 
morphology. Scale bars = 50µm. (A) Vertical yellow line shows 100µm depth from 
surface of synovium. (B) Yellow outline shows the area of synovium identified as the 
region of interest for measurement. Red arrows show vessels within the ROI, black 
arrows show the edges of the ROI. (C) White dotted lines outline an area containing a 
vessel, the area of which is outlined in yellow. (D) Vessel lumen area (shown in yellow) 
was also measured and subtracted from the vessel area in C. to determine total 
vascular area in the ROI.  

Figure 5.4: Measurement of length of region of interest in inflamed synovium in mice. 
Sections are stained for CD31 to identify vessels and H&E for morphology. Scale bars 
= 50µm. Straight horizontal line shows the length of synovium indicated by arrows.  
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5.2.3 Measurement of hypoxia in mouse joints 

Based on the findings on cartilage damage (Figure 5.1B) and synovial vascularity in 

Tie2-VEGFR2ECKO mice I hypothesised that VEGFR2 knockout may have increased 

the level of hypoxia in arthritic mice. A study was therefore designed to attempt to 

investigate the level of hypoxia in Tie2-VEGFR2ECKO mouse joints.  

A further 19 genetically modified mice of both sexes from multiple litters were included 

in this pilot study (Table 5.2). The same experimental groups were used as in the 

histology study (Vitterso et al., 2018), with 2 – 5 animals per group as shown in table 

5.2, using the same experimental design and timeline as shown in Figure 2.2. Animals 

were housed in the same conditions as above and all licenced procedures including 

endothelial-VEGFR2 knockout were performed as described in section 2.3.7 by Dr 

Beazley-Long.  

Table 5.2: Experimental groups with numbers and treatments, from which joints were 
processed to compare hypoxia with and without CFA inflammation and endothelial- 
VEGFR2 inducible knockout (Beazley-Long et al., 2018).  

* all animals underwent brief anaesthesia to control for any effects. 

Genetic 

background 

Treatments* Groups Number 

of 

animals 

VEGFR2fl/fl  

(Tie2CreERT2 

negative, genetic 

control) 

Tam, no CFA, no EF5 

 

Tam, CFA, no EF5 

1. Sham (-) 

 

2. Sham (+) 

2 

 

2 

VEGFR2fl/fl x 

Tie2CreERT2 

(inducible 

knockout) 

No Tam, no CFA + EF5 

No Tam, CFA +EF5 

Tam, no CFA + EF5 

Tam + CFA + EF5 

3. Uninduced (-) 

4. Uninduced (+) 

5. VEGFR2ECKO (-) 

6. VEGFR2ECKO (+) 

3 

4 

3 

5 

 

Inflammation was induced in 11 animals under brief anaesthesia using CFA injection, 

as described in section 2.3.8. In these animals, the dose of CFA was halved to 40µg 

on welfare grounds and based on advice of University of Nottingham Named Animal 

Welfare Officer.  
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At the end of the experiment, 14 days after induction of inflammation, mice were deeply 

anaesthetised with pentobarbital and the hypoxia-sensitive molecule EF5 ((2-(2-Nitro-

1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) acetamide) was injected 

intravenously (60mg/kg) in all uninduced and VEGFR2ECKO animals 30 minutes prior 

to perfuse-fixation with 4% paraformaldehyde. Sham animals were not injected with 

EF5 as negative controls.  Tissues were collected and processed as discussed earlier 

in section 2.4.  

5.2.4 IHC protocol for EF5 detection to identify hypoxic tissues. 

EF5 is a lipophilic, uncharged molecule that allows very rapid, even tissue distribution 

that selectively binds to hypoxic cells forming adducts with cellular macromolecules. 

Binding is inversely proportional to oxygen partial pressure (Jenkins et al., 2000). The 

distribution of EF5 was used to detect the location of cellular adducts using 

immunofluorescence (IF). The IF protocol was similar to the IHC protocol (Figure. 5.2), 

but without an antigen retrieval step, and a different process for detection of the 

fluorescent probe.  

Slides were rinsed in PBS/0.3% Tween-20 (PBS-Tween, 3 x 10 minutes incubations) 

after rehydration and blocked overnight in blocking solution (10% non-fat dry milk (Bio-

Rad Cat. No.1706404) dissolved in PBS, 1.5% NHS, and 3% lipid free bovine serum 

albumin (Cat. No. 126575) at 4°C. Sections were incubated with the EF5 antibody-

conjugate (Alexa Fluor® 488) at 75µg/mL in PBS/0.3% Tween-20/1.5% albumin 

solution at 4°C in a humid box for 6 hours followed by 5 x 10 minutes washes in PBS-

Tween at room temperature in the dark, followed by mounting in Fluoroshield (Sigma 

Aldrich, F6182). Slides were stored in the dark at 4oC until imaged using a Leica SPE 

confocal microscope.  

5.2.5 Data extraction and analysis 

All measurements and analyses were performed blinded to the experimental 

conditions of each histological section.  Statistical analysis for comparisons between 

groups was carried out using one way ANOVA followed by Sidak's multiple 

comparisons test. Correlations between vascular density and cartilage damage were 

determined using Spearman’s test. Statistical P value < 0.05 was considered as 

significant. 
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5.3 RESULTS 

These experiments were designed to test the hypothesis that endothelial-specific 

VEGFR2 knock out in Tie-2 positive endothelial cells (Tie2-VEGF2ECKO) would reduce 

the vascularity in synovium in arthritic but not in arthritic genetic/tamoxifen control 

mice. Loss of VEGFR2 in the Tie2-VEGFR2ECKO mice would be expected to reduce 

VEGF-A-dependent angiogenesis and blood vessel formation normally seen in 

inflammation/synovitis, and through this action, result in the observed increase in 

cartilage damage seen in Tie2-VEGFR2ECKO mice (Figure 5.1B).  

5.3.1 Effect of Tie2-VEGFR2ECKO on synovial vascularity  

Blood vessels were evident in sections from all groups (Figure 5.5) and initial 

observation suggested there were higher numbers of blood vessels in sections from 

inflamed compared to uninflamed joints (Figure 5.5B, D, F compared to A,C, E).  

 

Figure 5.5: CD31 expression in synovial blood vessels in Tie2-VEGFR2ECKO ± 
inflammation in mouse tibio-talar joint. (A & B) Sham animals (VEGFR2fl/fl Tie2CreERT 

negative, + tamoxifen ± inflammation). (C & D) Uninduced animals (VEGFR2fl/fl 
Tie2CreERT, no tamoxifen ± inflammation) (E & F) Induced animals (VEGFR2fl/fl Tie2CreERT 
+ tamoxifen ± inflammation). The appearance of brown CD31 staining was less in Tie2-
VEGFR2ECKO mouse joints with inflammation (F) compared to control mice with 
inflammation (B, D). Arrows indicate CD31 stained endothelial cells in blood vessels in 
synovium. Scale bar for all images - 50µm. 
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There were no differences in the mean synovial area in noninflamed joints between 

different groups (Figure 5.6A). There was an increase in synovial area in inflamed 

joints compared to controls (F (5, 19) = 44.38, ****p<0.0001) (Figure 5.6A), and, 

surprisingly, a significantly higher overall synovial area in inflamed Tie2-VEGFR2ECKO 

joints compared to inflamed joints from both control groups. The length of synovial 

surface for each measured synovial segment was not different between the groups F 

(5, 20) = 0.1948, p=0.9609) (Figure 5.6B), and the depth in which vessels were 

quantitated (100µm) was the same in all sections, showing that similar areas of 

synovium were used in comparisons of total vascular number and vascular density 

(synovial length x 100µm depth). 

The total area occupied by blood vessels (fractional area), not including vessel lumen 

in each ROI (Figure 5.6C) in synovium was measured to investigate differences in 

Tie2-VEGFR2ECKO mice compared to controls (sham and uninduced animals with 

inflammation). There was a significant increase in the total area occupied by blood 

vessels in inflamed synovium in both sham and uninduced mice compared to non-

inflamed mice (Figure 5.6C), as expected in synovitis (sham (-) 1001±915µm2, sham 

(+) 2373±697µm2, uninduced(-) 738±125µm2, uninduced(+) 2265±313µm2, mean 

vessel area±SD, F (5, 20) = 6.450, p=0.0010). There was no change in the total area 

of blood vessels in the same area of synovium in Tie2-VEGFR2ECKO inflamed 

synovium (842±466, p=0.9708) in comparison to non-inflamed Tie2-VEGFR2ECKO 

mice (1137±340). There was a significant reduction compared to the inflamed control 

groups, showing that knocking out endothelial-VEGFR2 in these animals reduced the 

total area occupied by blood vessels (fractional area) in inflamed synovium.  
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Figure 5.6: (A) Mean area of synovium of endothelial-VEGFR2 knockout mice. Symbols 
(+ and -) indicate when animals have received CFA injections. There was an expansion 
of synovium in CFA inflamed animals compared to their controls. (****p < 0.0001). The 
mean area of synovium in inflamed Tie2-VEGFR2ECKO mice was significantly greater 
than in sham control (*p=0.04) and uninduced mice (**p=0.004). (B) Mean length of 
synovium was similar in all groups. (C) Fractional area of synovial blood vessels (total 
area occupied by blood vessels) was significantly higher in inflamed sham (+) 
(*p=0.0100) and uninduced (+) (*p=0.0114) animals compared to their non-inflamed 
controls, but not in Tie2-VEGFR2ECKO mice (+). Tie2-VEGFR2ECKO (+) mice had lower 
numbers of blood vessels than sham (+) (**p=0.0054) and uninduced (+) (**p=0.0062) 
mice. (D) % Synovial blood vessel density in endothelial-VEGFR2 knockout mice (+) 
decreased significantly as compared to VEGFR2ECKO (-) (*p= 0.0357) as well as sham (+) 
(*p=0.023), and uninduced (+) (p=0.013). On-way ANOVA followed by Sidak's multiple 
comparisons tests. *p<0.05, **p<-0.01. 

All groups had similar blood vessel densities (Figure 5.6D) in inflamed and uninflamed 

joints, with mean vascular densities of 5-10% (sham (-) 7.7±4.4%, sham (+) 6.3±1.5%, 

uninduced (-) 5.7±1.8%, uninduced (+) 6.9±0.9%, Tie2-VEGFR2ECKO (-) 5.9±1.2%, 

mean±SD). The mean blood vessel density in inflamed Tie2-VEGFR2ECKO mice was 

significantly lower than the other inflamed control groups (1.8±0.9%), as hypothesized 

(Figures 5.5 B, D,F & 5.6D).These data show that the fractional area of blood vessels 

increased with the expansion synovium in most inflamed animals, maintaining synovial 

vascular density. The significantly higher synovial area with no change of blood vessel 

number in Tie2-VEGFR2ECKO mice results in a reduced vascular density in Tie2-

VEGFR2 knockout mice.  
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5.3.2 Effect of Tie2-VEGFR2ECKO on subchondral bone vascularity 

While analysing the blood vessel density in synovium, I also noted some sections in 

which there appeared to be fewer blood vessels in SCB. This led me to then evaluate 

blood vessel density in SCB. The aim of this was to determine whether Tie2-

VEGFR2ECKO affected SCB in normal and/or arthritic mice, and I determined this by 

measuring the blood vessel density in SCB in Tie2-VEGFR2ECKO mice and controls, 

with and without IA, using the same sections and methods as described in sections 

5.2.1 & 5.2.2. Vessel area was measured to a depth of 100um depth from the 

cartilage/SCB junction (Figure 5.7). 

 

Figure 5.7: CD31 stained blood vessels in SCB in Tie2-VEGFR2ECKO ± inflammation in 
tibiotalar mouse joint. (A & B) Sham: VEGFR2fl/fl Tie2CreERT negative, + tamoxifen ± 
inflammation (C & D) Uninduced: VEGFR2fl/fl Tie2CreER, no tamoxifen ± inflammation (E 
& F) Induced: VEGFR2fl/fl Tie2CreERT, + tamoxifen ± inflammation.  
(A, B, C, D, E) There were blood vessels present in SCB from the cartilage/SCB junction 
to at least 100µm depth in all groups except in Tie2-VEGFR2ECKO mice with inflammation 
(F) where there was a complete loss of blood vessels. Arrowheads indicate CD31 
stained endothelial cells in blood vessels in SCB. White dotted lines starting from the 
cartilage/SCB junction show the depth of SCB considered for blood vessel density 
analysis. SCB: subchondral bone, BM: bone marrow, AC: articulating tibiotalar joint. 
Scale bar for all images = 50µm. 

 

In the sham and uninduced groups (+ CFA), inflammation did not significantly affect 

the vascularity of SCB to a depth of 100µm although there was a lot of variability 
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between animals particularly in the uninduced (+ CFA) group (Figure 5.8A) with one 

animal having no SCB vessels in the measured area. There were no significant 

differences between the 4 control groups (sham (-) 2.7±0.6%, sham (+) 2.1±0.96%, 

uninduced (-) 2.2±1.1%, uninduced (+) 3±2.5%, Tie2-VEGFR2ECKO (-) = 1.7 ± 1.0%, 

mean ± SD. Interestingly all inflamed Tie2-VEGFR2ECKO mice had a complete absence 

of blood vessels in SCB from cartilage/SCB junction to 100um depth which was a 

significant reduction compared to other inflamed control groups (Figure 5.8A, Tie2-

VEGFR2ECKO (+) = 0 ± 0%, F(5,19)=3.296, p=0.026). 

 

Figure 5.8: Blood vessel density in SCB 100µm length from tidemark. Symbols (+ and -
) indicate when animals have received CFA injections.  (A) Inflamed Tie2-VEGFR2ECKO 
mice showed regression of blood vessels compared to inflamed control groups (p>0.05 
cf. sham (+) and uninduced (+) groups. One-way ANOVA followed by Sidak's multiple 
comparisons tests (B) Blood vessel density in SCB 200 – 300µm from cartilage/SCB 
junction. There were no significant differences in subchondral bone blood vessel 
density in any groups (VEGFRECKO (+) p=0.0571 cf. VEGFRECKO (-). 

 

I also investigated blood vessel density between 200 - 300 µm depth from the tidemark 

to determine whether this effect on blood vessels also affected those deeper in SCB 

(Figure 5.8B). At this depth there was no significant change found in blood vessel 

density (one way ANOVA F(5,17) = 0.87, p=0.52) between the 4 control groups (sham 

(±CFA) and uninduced (±CFA), similar to blood vessel density in 100µm depth, but a 

slight reduction was seen in VEGFRECKO (+) compared to all other groups (Sham (-) = 

1.5±1%, sham (+) = 1.2±0.8%, uninduced (-) 0.9±1%, uninduced (+) 1.3 ± 0.7, Tie2-

VEGFR2ECKO (-) =1.2±0.5%, Tie2-VEGFR2ECKO (+) = 0.4±0.4%).  
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5.3.3 The relationship between synovial/subchondral bone 

vascularity and cartilage damage 

To investigate whether there was any relationship between synovial and SCB 

vascularity and cartilage damage, the correlation between blood vessel density 

(synovial and SCB) and cartilage damage score were determined (Figure 5.9). A 

moderate negative correlation was found between synovial/SCB blood vessel density 

and cartilage damage which supports my hypothesis that reduced synovial and SCB 

vascularity are associated with more severe cartilage damage.  

 

Figure 5.9: Synovial and subchondral bone vascularity is negatively correlated with 
cartilage damage in mouse tibio-talar joints in IA. There was a significant negative 
correlation between (A) synovial (rs = - 0.5; p= 0.019) and (B) subchondral blood vessel 
density up to the depth of 100µm starting from the tidemark (rs = - 0.6; p= 0.006), and 
cartilage damage. The correlation between cartilage damage and SCB blood vessel 
density up to the depth of 200 - 300µm from the cartilage/SCB junction (C) was not 
significant (rs = - 0.4; p= 0.093). Two tailed Spearman’s rank correlation.  

 



155 

 

 

After finding reduced blood vessel density in synovium and SCB Tie2-VEGFR2ECKO, 

we designed a study to test the hypothesis that the reduction in vessel density in 

synovium and SCB in inflamed Tie2-VEGFRECKO mice might increase cartilage 

damage by increased hypoxia in inflamed joints. Joints from inflamed mice from all 

groups were imaged. Unfortunately, fluorescence was seen in negative control 

sections, in which no antibody against EF5 was used. As cartilage is normally hypoxic, 

I expected to see brighter fluorescence in this tissue than other tissues even in 

uninflamed controls. There were no obvious differences in the fluorescence staining 

between positive and negative controls (Figure 5.10), suggesting that there may be 

elevated levels background or auto-fluorescence. I was unfortunately unable to 

optimise the protocol for further analysis or get meaningful analyses from these joint 

sections with this technique.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Optimisation of EF5 hypoxia antibody. Presence of EF5 fluorescence signal 
in randomly taken sections from EF5 injected inflamed mice (A, B) without primary anti-
EF5 antibody, (C, D) with primary antibody. Arrows indicate synovium and SCB, while 
dotted box showing the articular cartilage. High background or autoflorescence was 
found which made it impossible to see any specific differences in staining between 
animals. S; Synovium, AC; articular cartilage, BM; bone marrow. 
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5.4 DISCUSSION 

The initial study was designed to determine the effect of a reduction of endothelial- 

VEGFR2 on pain behaviour in mice, and then to verify whether Tie2-VEGFR2ECKO 

effects on pain were mediated through an effect on synovial inflammation. Analysis of 

the effect of Tie2-VEGFR2ECKO on joint inflammation showed little effect on synovitis 

but a detrimental effect on tibiotalar cartilage integrity during CFA-induced 

inflammation (Figure 5.1) (Vitterso et al., 2018). This unexpected finding led me to 

hypothesize that cartilage damage in Tie2-VEGFR2ECKO mice might occur through 

altered synovial vascularity, which was evident in both synovium and superficial 

subchondral bone only in Tie2-VEGFR2ECKO mice. In addition, the negative correlation 

between cartilage damage and synovial/superficial SCB blood vessel density further 

supports a relationship between the reduced synovial and subchondral vasculature 

density and cartilage integrity in IA in VEGFR2ECKO mice. These findings suggest that 

endothelial-VEGFR2 in both synovial and superficial SCB may play a vital role in the 

maintenance of cartilage in IA. 

5.4.1 Sources of cartilage nutrition 

Extensive and old literature evidence indicate that deficiencies in the nutrition of 

cartilage could be one of the main reasons for this tissue’s degeneration in arthritis 

(Grimshaw & Mason, 2000; H. A. Horner & Urban, 2001; A. R. Jackson & Gu, 2009; 

Razaq et al., 2003). Articular cartilage is an avascular tissue (A. R. Jackson & Gu, 

2009) with little capability for self-repair, that is hypothesised to be nourished by two 

potential sources, synovial fluid and SCB vessels (Pörtner & Meenen, 2010).  

Despite the close anatomical association between the tissues, the nutritional 

interaction between SCB and articular cartilage in synovial joints has not been the 

emphasis of broad research (Mansell et al., 2007) as the basal calcified cartilage zone 

at the osteochondral junction has been considered as an impermeable barrier to fluid 

and solute transport (Clark, 1990; M. A. R. Freeman, 1979). Although some still state 

that “The synovial fluid is the only source of nutrients for avascular, alymphatic, and 

aneural cartilage” (Semenistaja et al 2023), there is evidence for nutrition from both 
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sources (Kulkarni et al., 2021). More recent evidence does show that there is dynamic 

exchange of signals and communication taking place between cartilage and SCB (X. 

Wu et al., 2021; X. Zhou et al., 2020), and that small molecular weight solutes can 

penetrate calcified cartilage (Arkill & Winlove, 2008),  suggesting that this interface is 

sufficiently permeable to contribute to cartilage support.  

A. Synovium  

The hypothesised synovial fluid contribution for nutrient supply to the articular cartilage 

is an old one. Synovial fluid derives from blood plasma and is concentrated as it filters 

through the synovium where molecules such as hyaluronan are secreted into the fluid 

providing lubrication (Tamer 2013). The cartilage surface can absorb fluid (Leidy, 1849 

cited in (Malinin & Ouellette, 2000), such as synovial fluid, potentially providing 

sufficient nutrition to the articular cartilage (Virchow, 1867). Use of polymethacrylate 

bone cement at the osteochondral junction in fracture repair in sheep did not affect 

cartilage integrity (Goetzen et al., 2015). Depriving cartilage of nutrition from SCB, 

synovium, or both showed that, in the short term (8 weeks), synovial fluid derived 

nutrition is the prevailing source of nourishment for adult cartilage structure in rabbits 

(Wang, Wei et al. 2013) demostrating the importance of synovium to cartilage integrity. 

The predominant hypothesis is therefore that synovial fluid is the most significant route 

of nutrient supply to cartilage in mature animals (Hewitt & Stringer, 2008; HONNER & 

THOMPSON, 1971; Y. Wang et al., 2013) and that nutrition from SCB, even if it exists, 

is of little or no importance (Clark, 1990; HONNER & THOMPSON, 1971; McKibbin & 

Holdsworth, 1966; Y. Wang et al., 2013). The relative importance of nutrients supply 

to articular cartilage by diffusion either via synovial fluid or SCB is, however, arguable 

(Hewitt & Stringer, 2008), and the predominant concept that cartilage does not receive 

nutrition from underneath the SCB plate (Malinin & Ouellette, 2000) is open to 

reconsideration (X. Wu et al., 2021; X. Zhou et al., 2020).  

B. Subchondral bone 

My data showing a complete loss of blood vessels in SCB with greater cartilage 

damage suggested that subchondral vessels are important in cartilage nutrition. 

Subchondral bone is normally highly vascular, and highly innervated, and subchondral 
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blood vessels can extend into calcified cartilage through a networks of ‘canals’ in the 

SCB and calcified cartilage (Madry et al., 2010). In bovine articular tissues, SCB 

significantly affected chondrocyte survival in articular cartilage during explant culture 

(A. Amin et al., 2009). Excision of SCB from articular cartilage caused an increase in 

chondrocyte death at seven days exclusively in the cartilage superficial zone. The 

presence of SCB in the culture medium prevented the increase in chondrocyte death 

within the superficial zone. This is suggestive of some interaction and support for 

cartilage from SCB, even in vitro, although this cannot be attributed to SCB vessels 

under these conditions (A. Amin et al., 2009). Loss of SCB nutrition also caused 

significantly increased cartilage damage and chondrocyte apoptosis in slightly longer 

studies on rabbits by Wang and colleagues (12 versus 8 weeks), suggesting that 

chondrocyte survival may be influenced by an interaction between SCB and articular 

cartilage via soluble mediator(s) (Y. Wang et al., 2013).  

Very few studies have been done on sources of cartilage nutrition in inflammatory or 

OA models. It is thought that increased metabolism in inflamed synovium reduces 

oxygen availability, also contributing to cartilage damage in both animal models and 

human OA (Zeng et al., 2022). As OA progresses, there is SCB remodelling and 

angiogenesis resulting from cross talk between cartilage and SCB (X. Zhou et al., 

2020). Increased vascularization and microcracks development in cartilage and the 

SCB matrix allows the transfer of mediators between cartilage and subchondral bone 

(Burr & Radin, 2003; Lajeunesse & Reboul, 2003). Several biological factors, such as 

VEGF-A, TGF-ß, Cathepsin K, MMP13 and several others, produced by SCB and 

cartilage are involved in the communication of these two tissues (Konttinen et al., 

2002; Moldovan et al., 1997; Nakase et al., 2000; Thomas Pufe et al., 2001).  

VEGF-A plays an important role in cartilage and subchondral crosstalk in arthritis. As 

discussed earlier, in chapter 1, VEGF-A expression increases in the synovium (Dubuc, 

2012; Giatromanolaki et al., 2003; L Haywood et al., 2003; J. Jackson et al., 1997; 

Yancopoulos et al., 2000), cartilage (Enomoto et al., 2003; Franses et al., 2010; 

Honorati et al., 2004; Pfander et al., 2001; Thomas Pufe et al., 2001; J. O. Smith et 

al., 2003; Tsuchida et al., 2014; D. A. Walsh et al., 2010) and SCB (Corrado et al., 

2013; J.-E. Huh et al., 2010; Neve et al., 2013) in arthritis. Communication of VEG-A 
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between the cartilage, SCB, and bone marrow is potentially facilitated by vascular 

connections, channels formation and fissures between these tissues (Imhof et al., 

1999; Lajeunesse & Reboul, 2003; Madry et al., 2010; Sokoloff, 1993). Vascular 

innervation into articular cartilage causes subchondral bone marrow replacement with 

FVT expressing VEGF-A (D. A. Walsh et al., 2010). On the other hand, osteoblasts 

and osteocytes in the subchondral bone led to increased VEGF-A expression which 

directly stimulates articular chondrocytes to secrete metalloproteinase and results in 

cartilage degeneration (Funck‐Brentano et al., 2014; Moldovan et al., 1997). 

Following VEGFR2 endothelial knockout, the vasculature in the synovium and SCB is 

unable to respond to the hypoxia, the vascular angiogenic response in inflammation 

is blocked and cartilage compromised by the increased hypoxia and loss of nutrients 

from both synovium and SCB. This suggests that there could be even greater hypoxia 

in cartilage due to compromised blood vessels in synovium and SCB in VEGFR2 

endothelial knockout mouse joints. Although articular chondrocytes in avascular 

cartilage are well‐adapted to low oxygen (2%‐5% O2) for survival (Gelse et al., 2008; 

S. Zhou et al., 2004), high hypoxia levels (≤1% O2) are closely related with arthritic 

pathology (Hamada et al., 2008; Kennedy et al., 2011) due to alteration in transcription 

factors, chemokines, angiogenic growth factors and matrix‐degrading enzymes (Gelse 

et al., 2008; L. Wu et al., 2012). 

There are various experimental approaches for hypoxia investigation including direct 

and indirect methods in cell culture in the laboratory as well as tissues in animal. Direct 

methods involve detection of HIF proteins for example the immunolabeling of HIF-1α 

or HIF-2α (Ambrosetti et al., 2018; Gordan et al., 2008; K. E. Lee et al., 2016; F. Li et 

al., 2018) or downstream HIF-targets at protein and/or mRNA levels (Ambrosetti et al., 

2018; Eisinger-Mathason et al., 2013). On the other hand, hypoxyprobes like EF5 can 

be used for the detection of in vivo tissue hypoxia (Eisinger-Mathason et al., 2013; K. 

E. Lee et al., 2016). This involves administration of exogenous 2-nitroimidazole 

probes, for instance pimonidazole or EF5 (2-(2-Nitro-1H-imidazol1-yl)-N-(2,2,3,3,3- 

pentafluoropropyl) acetamide), to animals which lead to formation of hypoxic adducts 

in tissues. These hypoxic adducts can be detected by immunolabeling with an 

antibody, such as Hypoxyprobe™ and ELK3-51 (Vermeer et al., 2020) for 
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pimonidazole and EF5, respectively, followed by the tissue fixation (S. M. Evans et al., 

2007; S. M. Evans et al., 2001; F. Li et al., 2018; Varia et al., 1998; Vermeer et al., 

2020). 

Pimonidazole exists in two forms, very hydrophilic and lipophilic, which have a very 

complex biodistribution (C. J. Koch, 2008). In contrast, EF5 is lipophilic and uncharged 

which allows even and very rapid tissue distribution (C. J. Koch, 2008; C. J. Koch & 

Evans, 2015; Laughlin et al., 1996; Ziemer et al., 2003). Therefore, I attempted to use 

EF5 for hypoxia measurement (section 5.3.3) in damaged articular cartilage in 

inflamed Tie2-VEGFRECKO mouse joints to investigate whether an increased/ more 

severe hypoxic condition could be the possible reason for greater cartilage 

degradation.  Unfortunately, the quantification of hypoxia measurement could not be 

completed due to background/autoflorescence.  

Interference by autoflorescence is one of the major issues of fluorescence microscopy. 

Autoflorescence in formaldehyde-fixed, decalcified tissue paraffin embedded sections 

can be induced during the tissue processing techniques. It is often caused by 

precipitates formed during bone decalcification by excess aldehydes in tissues after 

fixation (Werner Baschong et al., 2001; W Baschong et al., 1997; Romijn et al., 1999). 

There are methods that can be used to reduce this, such as the use of ammonia-

ethanol, or sodium borohydride, and Sudan Black B during the rehydration of 

deparaffinised sections. These remove precipitates and aldehydes. I did not attempt 

these techniques because there was also a question on whether EF5 was able to bind 

to already hypoxic tissues such as cartilage or its binding affinity requires certain tissue 

percentage of oxygen. A study shows that EF5 binds minimally at 10% oxygen with 

improvement of binding when the oxygen percentage drops to 1%, and a 10-fold 

stronger binding affinity was seen at oxygen concentration between 0.1% and 1% 

(Sperry et al., 2020). This study also indicates that severe hypoxia (≤1%) may be 

necessary for robust EF5 localization (C. Koch et al., 1995). Use of hypoxyprobes also 

depends on blood flow to the area, and lack of success in this approach may also be 

due to lack of EF5 access into cartilage, although this approach has been used 

previously to show cartilage hypoxia (Sperry et al., 2020). 
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An alternative approach to EF5 to investigate increased hypoxia in Tie2-VEGFRECKO 

mouse joints could have been to analyse the expression of factors known to be 

activated by increased hypoxia in cartilage. It is well described that when tissue’s 

oxygen demand exceeds supply, this leads to the activation of a cascade of 

intracellular events that increases the expression of HIFs. Hypoxia-inducible factors 

are activated as an adaptive mechanism in reaction to the changes in oxygen tension 

(Imtiyaz & Simon, 2010) that allows cell survival in a hypoxic environment (A. L. Harris, 

2002; Semenza, 1998), but in some cases these adaptive responses can result in the 

acceleration of disease progression (E. Ikeda, 2005) such as in pathogenesis of RA 

and OA.  

Three HIF-α isoforms (HIF-1α, HIF-2α and HIF-3α) have been described and HIF-1α 

has been most extensively investigated (L. Fan et al., 2014). HIF-1α is detectable only 

in hypoxic milieu and is degraded rapidly under in normal oxygen conditions. HIF-1α 

is involved in cartilage homeostasis by maintaining chondrocyte phenotype, regulating 

autophagy and apoptosis, and inhibiting articular cartilage ECM degradation (S. Hu et 

al., 2020; Okada et al., 2020; L. Wu et al., 2012; F.-J. Zhang et al., 2015). HIF-1α 

expression is found both in normal and arthritic articular chondrocytes in human (Gelse 

et al., 2008). It plays a key role in inflammatory conditions by regulating VEGF-A to 

promote adaptation of chondrocytes to hypoxic environments (Y. Chen et al., 2019) in 

addition to ECM degradation inhibition (S. Hu et al., 2020) and increased ECM 

synthesis in articular cartilage (S. Hu et al., 2020; Kovacs et al., 2019; P. Wang et al., 

2020). 

HIF-2α is a key catabolic factor that is found predominantly in highly differentiated 

chondrocytes. HIF-2α expression increases in animal arthritis models and human OA 

and RA and mediates chondrocyte differentiation and hypertrophy contributing to 

degradation of cartilage. Moreover, HIF-2α is also involved in the initiation of blood 

vessel formation accompanied by increased expression of VEGF-A (Skuli et al., 2012) 

and upregulation of type X collagen and degenerative MMP enzymes, including 

MMP13 (Hirata et al., 2012; Y. H. Huh et al., 2015; Neefjes et al., 2020; J.-H. Ryu et 

al., 2014; T. Saito et al., 2010; Van der Kraan & Van den Berg, 2012; S. Yang et al., 

2010; T. Ye et al., 2020). Hence, expression level of HIF-2α could be a potential 
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marker of a further hypoxic change in an already hypoxic cartilage environment in 

Tie2-VEGFRECKO mouse joints, as an alternative approach to EF5. I could not conduct 

this experiment as it would have required further animal studies, and due to the 

COVID19 pandemic and restrictions in labs and BSU this was not possible.   

Together with the literature findings, my data show a negative relationship between 

synovial and superficial SCB vascularity and histological cartilage damage. This 

suggests that both SCB and synovial vasculatures contribute to cartilage nutrition, as 

compromise of vessels by VEGFR2 knockout in vascular endothelium in either, and 

particularly both locations, is associated with increased cartilage damage in inflamed 

joints.  

5.5 CONCLUSIONS 

Two main conclusions can be drawn from the data presented.  

1- Endothelial-VEGFR2 knockout is detrimental to cartilage damage in IA. 

2- Endothelial-VEGFR2 knockout reduces both synovial and superficial 

subchondral bone blood vessel density in IA. 

This leads to the hypothesis that vessels in synovium and subchondral bone are 

important for maintenance of cartilage in IA. 

These findings imply that VEGF-Axxxa pro-angiogenic isoforms acting through 

VEGFR2 on endothelial cells are important in the synovial and subchondral vascular 

response to IA, with angiogenesis in these blood supplies playing a pivotal role in 

cartilage nutrient supply and maintenance of the cartilage milieu in IA. These data 

therefore do not support the proposal that inhibition of endothelial-VEGFR2 in joints 

would be a successful therapy to reduce destruction of joints in IA.  
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6. THE VEGF-A ALTERNATIVE SPLICING AXIS IN 

INFLAMMATORY ARTHRITIS IN RODENTS 

6.1 INTRODUCTION 

Alternative splicing plays a significant role in regulating gene expression and protein 

diversity but still its role in IA has received limited attention to date. There are very few 

studies which link alternative splicing events and clinical features of IA such as RA. 

Alternative splicing is a key step in the production of different VEGF-A isoforms and 

families (section 1.11, Figure 1.9), and there is very little published data on VEGF-A 

splice variant expression in either RA or OA.  

In 1996, fibronectin splice variants were reported in synovial microvasculature (Elices 

et al., 1994; K. Shiozawa et al., 2001). Fibronectin variants including the ‘extra domain 

A’ (EDA, exon 22) promote adherence and migration of synoviocytes (Hino et al., 

1996), and FN-EDA synovial levels are associated with joint damage (K. Shiozawa et 

al., 2001). Other alternatively spliced genes which are involved in cell metabolism and 

adhesion such as CD44 and MAP2K4 are also important in RA (Grisar et al., 2012; 

Shchetynsky et al., 2015). For instance, higher expression of specific variants of the 

signal transducing membrane receptor CD44 was reported in RA synovium compared 

with OA  (Grisar et al., 2012) with more invasive synoviocytes (Wibulswas et al., 2002).  

Different alternatively spliced isoforms within the VEGF family (Figure 1.9) are seen in 

IA and RA, but to date no association between production of VEGF-Axxxa/b isoforms 

through alternative splicing in exon 8 has been reported. VEGF-A isoforms such as 

VEGF-A121 and VEGF-A165 were observed in RA synovium (Thomas Pufe et al., 2001), 

and both osteoarthritic and normal cartilage expresses VEGF-A189, VEGF-A121 and 

VEGF-A165 (Enomoto et al., 2003; Fay et al., 2006; Thomas Pufe et al., 2001). 

Chapter 1 outlined the current understanding of alternative splicing control of the 

VEGF-A family (section 1.11). Alternative splicing of VEGF-A pre-mRNA in exon 8 

(section 1.11.2, 1.11.3) is regulated by SRPK1 via phosphorylation of SR proteins 

specifically SRSF1 (Giannakouros et al., 2011; Nowak et al., 2010; Z. Zhou & Fu, 
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2013). SRPK1 and other splicing kinases (DYRKs, CDKs, CLKs, MAPKs) and factors 

such as SRSF1 have been identified as potential therapeutic targets, particularly in 

oncology (Boni et al., 2020; Naro et al., 2021).  

Dysregulated alternative splicing has been widely investigated in multiple cancers 

(Oltean & Bates, 2014; M. Patel et al., 2019) including colorectal (E. M. Amin et al., 

2011; Hayes et al., 2007), kidney (Wagner et al., 2019), prostate (Mavrou et al., 2015), 

breast (Hayes et al., 2007; J.-C. Lin et al., 2014), melanoma (Gammons et al., 2014) 

and leukaemia (Siqueira et al., 2015; Tzelepis et al., 2018). It also contributes to 

pathogenesis in Alzheimer’s disease and frontotemporal dementia  (Hartmann et al., 

2001; Nikom & Zheng, 2023), macular degeneration (Pujol-Lereis et al., 2018), arthritis 

(Aravilli et al., 2021), human papillomavirus infection (Basera et al., 2022), and 

atherosclerosis (Hasimbegovic et al., 2021).  

The protein kinase SRPK1 acts to activate downstream splicing factors such as 

SRSF1 through phosphorylation, the key splicing factor to regulate alternative splicing 

of VEGF-A to produce pro-angiogenic VEGF-Axxxa variants (Nowak et al., 2010). 

SRSF1 is also implicated in alternative splicing in autoimmune diseases (Cassidy et 

al., 2022) such as SLE (da Glória et al., 2014; Kono et al., 2018; Ramanujan et al., 

2021) in which increased SRSF1 expression in T cells is associated with disease 

severity (Katsuyama et al., 2019). Furthermore, SRSF1 is overexpressed in many 

different cancer types such as prostate (Broggi et al., 2021), breast (Du et al., 2021), 

lung (Ezponda et al., 2010), colorectal (Sheng et al., 2017), and glioblastoma 

multiforme (GBM) (Barbagallo et al., 2021). Studies are now also showing that SRPK1 

and SRSF1 alter VEGF-A splicing to affect angiogenesis in various cancers, renal cell 

carcinoma (X.-w. Pan et al., 2021), cholangiocarcinoma (Supradit et al., 2022), and 

squamous cell carcinoma (Biselli-Chicote et al., 2017). 

Both VEGF-A and VEGFR2 are intimately involved in the pathogenesis of both RA 

and OA (Hamilton et al., 2016) as discussed in sections 1.12. In chapter 5, I showed 

that inducible endothelial cell knockout of VEGFR2 had a significantly detrimental 

effect on synovial and SCB blood vessels and cartilage damage in IA. 
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Many studies have shown an upregulation of total - (pan) - VEGF-A expression in 

inflammatory and degenerative arthritis in different cell and tissue types such as 

synoviocytes and chondrocytes (Franses et al., 2010; Fromm et al., 2019; Inoue et al., 

2005; Xinying Zhang et al., 2016; Zupan et al., 2018). VEGF-A has also been identified 

as a candidate gene biomarker in arthritis in multiple bioinformatic analyses (A. Jiang 

et al., 2020; Z. Li et al., 2020; Xu et al., 2021; Yu et al., 2022). Despite progress in the 

understanding of RA pathogenesis and significant developments in RA treatment with 

biological therapy, some RA patients are refractory to biological disease-modifying 

anti-rheumatic drugs (DMARDs), and to the most recently developed small-molecule 

treatments, such as JAK inhibitors (P. C. Taylor et al., 2023). To address this issue, it 

is necessary to examine the presence and expression of target molecules in animal 

models for further investigation of new drugs, such as VEGF-A alternative splicing 

inhibitors (Dimitrios Amanitis, 2022). 

A colleague in the laboratory showed that total VEGF-A expression was increased in 

inflamed human synovium and was positively correlated with the severity of synovitis, 

but VEGF-A165b levels were unchanged (D Amanitis et al., 2020). This suggests that 

VEGF-A165a isoforms are increased in inflamed human synovium. He also investigated 

the expression of the splicing kinase SRPK1 and activation of SRSF1 splicing factor 

(which control the VEGF-A splicing axis) in human RA and OA synovium. This showed 

for the first time that SRSF1 NL was increased in human inflamed synovium. 

Moreover, SRSF1 NL, indicating activation and also suggesting altered splicing to 

VEGF-Axxxa isoforms, was highly correlated with the degree of synovitis (Dimitrios 

Amanitis, 2022). Splicing in favour of VEGF-A165a will drive inflammation, as this 

isoform fully activates VEGFR2 to stimulate both angiogenesis (Section 1.11) and 

cartilage damage in animal models of arthritis (J.-j. Qian et al., 2021). In contrast, the 

alternatively spliced isoform VEGF-A165b does not fully activate VEGFR2 (section 

1.11).  Prior to the study from our group, there were no reports on VEGF-A splice 

variant expression through alternative splicing in exon 8 in IA in either human tissue 

or animal models.  

Animal models of arthritis continue to play an important part in pre-clinical research 

with the primary aim to translate these findings into clinical trials, taking research from 
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the “bench-to-bedside” (Chabner et al., 1998; Gibbs, 2000; Goldblatt & Lee, 2010; 

Saijo, 2002; Saijo et al., 2003; Woolf, 2008). Back-translation is the replication of 

human findings into animal models to verify that an animal model is valid for 

translational studies. I therefore investigated the expression of the key factors involved 

in VEGF-A exon 8 alternative splicing control, SRPK1 and SRSF1, to determine 

whether they were altered in IA in animal models.  

Primary hypothesis: Experimental arthritis alters expression and localisation of the 

constituents of the VEGF-A splicing axis, SRPK1 and SRSF1, in a way that promotes 

VEGF-A exon 8 alternative splicing, potentially producing VEGF-Axxxa isoforms in rat 

and mouse IA models, as seen in human inflamed synovium.  

Aims:  

1. to determine whether changes in SRPK1 and SRSF1 expression and 

localisation in synovium in mouse and rat arthritis models are similar to the 

changes seen in human arthritic synovium.   

2. to determine the effect of inflammatory arthritis and endothelial-VEGFR2 

inhibition/knockout on SRPK1 and SRSF1 expression and localisation in 

synovium in mouse and rat arthritis models. 

Objectives: 

1. to measure changes of expression of SRPK1 and SRSF1 in rat and mouse 

inflamed synovium in experimental arthritis models. 

2. to compare the changes in the expression of SRPK1 and SRSF1 in rat and 

mouse experimental arthritis models to changes in human arthritic synovium. 

As I used the tissues from the studies on arthritis in rats and mice to address this 

hypothesis, I also investigated the effect of VEGFR2 inhibition and endothelial-

VEGFR2 knockout to determine whether inhibiting or blocking VEGFR2 had any effect 

on the expression of SRPK1 and SRSF1, or activation of SRSF1.  
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6.2 MATERIALS AND METHODS  

6.2.1 Animal models 

The tissues used to examine SRPK1 and SRSF1 expression in inflammation came 

from the rats (tibio-femoral joint) used in the PTK787 study (Chapter 4) and the mice 

(tibio-tarsal joint) used in the Tie2-VEGFR2 knockout and hypoxia studies (Chapter 

5). In this chapter I only show the data from the rats using commercial CFA, as the 

histological changes were more consistent in these animals. Joints from rats were 

collected 10 days after CFA, and mouse joints 14 days after CFA. Details on animals 

and tissue preparation are in sections 2.3 and 2.4 respectively.   

To examine the effect of VEGFR2 inhibition and endothelial-VEGFR2 knockout on 

splicing constituents I also used tissues from animals from these same studies treated 

with PTK787 (rats) and tamoxifen (mice).  

6.2.2 IHC for SRPK1and SRSF1 expression in rat and mouse 

synovium  

Immunohistochemical staining for SRPK1 and SRSF1 was done as described earlier 

(section 2.7.1, Figure 2.14), with changes to experimental conditions for SRPK1 in 

mouse, and SRPK1 and SRSF1 in rat as shown in Table 6.1. As the primary SRSF1 

antibody was raised in mouse.  

 I optimised the ‘mouse on mouse kit’ for use in these tissues (Section 2.8.1 and Figure 

6.1). The IHC was performed in two batches for mouse sections and three batches for 

rat sections for each antibody. 

6.2.3. Quantification of SRPK1 and SRSF1 staining in rat and mouse 

synovium  

SRPK1 and SRSF1 were analysed in rat and mouse synovium using measurement of 

fractional area (FA) of expression, and total number of cells with SRPK1/SRSF1 

expression (cytoplasm and/or nucleus) and the number of cells with SRPK1 or SRSF1 
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NL, as discussed in detail in Chapter 2 sections 2.8.2 and 2.83. The following formulae 

(shown again from chapter 2 for convenience) were used for to calculate FA and NL. 

The area of synovium considered for fractional area expression and localisation was 

on the basis of hotspots regions. The images were analysed under 20x magnification 

using macro software while localisation measurements were analysed under 50x 

magnification (sections 2.8.2, and 2.83). To make sure that the equivalent area was 

quantified for both analysis (SRPK1/SRSF1), the whole area was considered under 

20x magnification for FA expressions. On the other hand, the localisation was 

quantified in 100µm depth of inflamed synovium, whereas for sham (noninflamed) only 

synovium –excluding other tissue i-e adipose tissues- was analysed under 50x 

magnification. 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎
 

 

𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝑙𝑜𝑐𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛

=
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑡𝑎𝑖𝑛 𝑜𝑛𝑙𝑦

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑠𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 (𝑛𝑢𝑐𝑙𝑒𝑎𝑟 + 𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚𝑖𝑐)
 

 

Table 6.1: Changes to the master IHC protocol during optimisation of conditions for 
SRPK1 in mouse and SRPK1/SRSF1 IHC in rat synovium. 

 

 Antigen retrieval 

in Tris-EDTA-

Tween 20 

Inactivation 

H2O2 

Blocking Washes in 

TBS/TBST 

SRPK1- IHC in 

mouse 

synovium 

30 minutes @ 

80°C 

3% - 30 

minutes 

1.5% NHS, 5% 

BSA, – 1 hour 

2 x 10 

minutes 

SRPK1- IHC in 

rat synovium 

30 minutes @ 

75°C 

3% - 30 

minutes 

3% NHS, 5% 

BSA, – 1 hour 

2 x 10 

minutes 

SRSF1 IHC in 

rat synovium 

30 minutes @ 

75°C 

3% - 30 

minutes 

3% NHS, 5% 

BSA, – 1 hour 

2 x 10 

minutes 
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6.2.4. Data extraction and analysis 

All measurements and analyses were performed blinded to the experimental 

conditions of each histological section.  Statistical analysis was carried out using 

Mann-Whitney U tests and one way ANOVA followed by Dunnett’s or Sidak's multiple 

Figure 6.1: Flow diagram of SRSF1 immunohistochemistry in mouse synovium. 
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comparisons test for comparisons between two groups and more than three groups 

respectively. Statistical P value < 0.05 was considered as significant. 

6.3 RESULTS 

6.3.1 Expression of SRPK1 and SRSF1 in mouse and rat synovium 

SRPK1 and SRSF1 expression was present in both mouse (Figure 6.2) and rat (Figure 

6.3) normal and inflamed synovial cells.  

 

Figure 6.2: Synovial SRPK1 and SRSF1 nuclear localisation in mice. SRPK1 nuclear 
localisation (A) sham, (B) CFA inflamed. SRSF1 nuclear localisation (C) sham, (D) CFA 
inflamed. Black arrows indicate nuclear stained nuclei while yellow arrows show 
cytoplasmic stain in synoviocytes.  
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Figure 6.3: SRPK1 nuclear localisation (A) sham, (B) CFA inflamed in rat. SRSF1 nuclear 
localisation (C) sham, (D) CFA inflamed in rat. White arrows indicate nuclear stained 
nuclei while yellow arrows show cytoplasmic stain in synoviocytes. Inflammation was 
induced by commercial CFA (Section 2.3.3).  

 

A. Effect of arthritis on synovial SRPK1 and SRSF1 fractional area 

expression in mice 

Both SRPK1 and SRSF1 fractional area expression was observed in mouse synovium, 

with a non-significant reduction in CFA inflamed synovium compared to sham (Figure 

6.4A. SRPK1: sham 0.23±0.03, inflamed synovium 0.14±0.1; (Figure 6.4B. SRSF1: 

sham 0.18±0.04, inflamed synovium 0.09±0.08). 
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Figure 6.4: SRPK1 and SRSF1 fractional area expression in mouse tibio-tarsal 
inflammatory arthritis. There was a small, non-significant decrease in the of SRPK1 
expression (p = 0.1143 cf. sham) (A) and SRSF1 expression (p=0.1143 cf. sham) (B) in 
inflamed synovium. Mann-Whitney U test. 

 

B. Effect of arthritis on synovial SRPK1 and SRSF1 cellular expression 

and nuclear localisation in mice 

There was no change in the absolute number of cells with SRPK1 NL in the total area 

of synovium (Figure 6.5A. sham 12±4.8, inflamed synovium 17±11.4, mean ± SD), but 

the absolute number of cells with SRSF1 NL was significantly increased in arthritis 

(Figure 6.5B. sham 18±4.2, inflamed synovium 36 ±7.9). The proportions of cells with 

SRPK1 and SRSF1 NL analysis did not change compared to sham (Figure 6.7C & D. 

SRPK1: sham 0.66±0.06, inflamed synovium 0.57±0.15; SRSF1: sham 0.74±0.04, 

inflamed synovium 0.71±0.10).  
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Figure 6.5: SRPK1 and SRSF1 synovial nuclear localisation in mouse tibio-tarsal joint 
inflammatory arthritis. (A) There was no change in the absolute cell numbers with NL 
SRPK1 (p>0.9999 cf. sham) but (B) there was a significant increase in absolute numbers 
of synoviocytes with SRSF1 NL (p= 0.0286 cf. sham). No changes in the proportions of 
synoviocytes with nuclear localisation of (C) SRPK1 (p>0.9999 cf. sham)  or (D) SRSF1 
p=0.1388 cf. sham). Mann-Whitney U test *p<0.05 

 

C. Effect of arthritis on synovial SRPK1 and SRSF1 fractional area 

expression in rats 

There was a slight increase, though not significant, in the mean values observed in 

SRPK1 FA expression but no change in SRSF1 FA expression in inflamed synovium 

as compared to sham (Figure 6.6A. SRPK1: sham = 0.2 ± 0.04, CFA inflamed = 0.3 ± 

0.09; (Figure 6.6B. SRSF1: CFA inflamed: sham = 0.10 ± 0.08, CFA inflamed = 0.06 

± 0.02 (mean ± SD)). 
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Figure 6.6: SRPK1 and SRSF1 fractional area expression in rat knee joint inflammatory 
arthritis. (A) There was a small, non-significant increase in the expression of SRPK1 
expression, p=0.1143 cf. sham. (B) While no change in SRSF1 expression in inflamed 
synovium, p=0.7857 cf. sham. Mann-Whitney U test. 

D. Effect of arthritis on synovial SRPK1 and SRSF1 cellular expression 

and nuclear localisation in rats 

There was a significant increase in the absolute number of cells in the total area of 

synovium with NL of SRPK1 and SRSF1 (Figure 6.7A. SRPK1: sham = 17 ±11.5, 

inflamed synovium = 82 ± 29.3; (Figure 6.7B. SRSF1: sham = 25 ± 13.4, inflamed 

synovium = 109 ± 52.0). The proportion of cells with SRPK1 and SRSF1 NL analysis 

did not change compared to sham (Figure 6.7 C&D. SRPK1: sham = 0.7 ± 0.2, 

inflamed synovium = 0.7 ± 0.2; SRSF1: sham = 0.8 ± 0.1, inflamed synovium = 0.8 ± 

0.2, mean ± SD. 
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Figure 6.7: SRPK1 and SRSF1 nuclear localisation in rat knee joint inflammatory 
arthritis. A significant increase in absolute numbers of synoviocytes with NL of SRPK1 
(p= 0.0032 c.f sham (A) and (B) SRSF1 p=0.0357 c.f sham, whereas no change was 
detected in the proportions of synoviocytes with nuclear localisation of (C) SRPK1, 

p>0.9999 c.f sham and (D) SRSF1, p=0.5714 c.f sham. Mann-Whitney U test *p<0.05, 
**p<0.01. 

These results, taken together, show that IA in mice and rats did not fully recapitulate 

the human data but showed some effect on VEGF-A alternative splicing control 

molecules SRPK1 and SRSF1 in terms of increased SRPK1/SRSF1 cellular 

expression (absolute number of cells with nuclear SRSF/SRPK1 expression) in rat IA 

synovium, and activation of SRSF1 in mice.   

6.3.2 Effect of VEGFR2 inhibition or endothelial knockout on VEGF-

A splicing axis components in arthritis in rodents 

A. Endothelial-VEGFR2 knockout effect on synovial SRPK1 and SRSF1 

expression and localisation in arthritis in mice 

In uninflamed mice, endothelial-VEGFR2 knockout (VEGFR2ECKO) had no obvious 

effect on the absolute numbers of cells with SRPK1 NL (Sham (-) 12.3±4.9, uninduced 

(-) 9.3±5.2, VEGFR2ECKO (-) 10.5±2.4 Figure 6.8A blue symbols), but there was a 

significant increase in cells with SRSF1 NL in uninflamed VEGFR2ECKO mice 
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compared to both sham and uninduced mice (Sham (-) 18±4.3, uninduced (-) 15±3.1, 

VEGFR2ECKO (-) 27.1±4.4, Figure 6.8B, blue symbols). In uninflamed mice, there was 

also no change in SRPK1 FA (sham (-) 0.23±0.02 ; uninduced (-) 0.21±0.04; 

VEGFR2ECKO (-) 0.25±0.11), or SRSF1 fractional area (sham (-) 0.19±0.03 ; uninduced 

(-) 0.14±0.03, VEGFR2ECKO (-) 0.14±0.08) (Figure 6.9 A&B blue symbols), and no 

effect on the proportions of cells with  SRPK1 NL (sham (-) 0.7±0.06 ; uninduced (-) 

0.53±0.10; VEGFR2ECKO (-) 0.53±0.12) or SRSF1 NL (sham (-) 0.7±0.05 ; uninduced 

(-) 0.66±0.09; VEGFR2ECKO (-) 0.77±0.09) (Figure 6.9 C&D blue symbols, Fig 6.9E).  

 

Figure 6.8: SRPK1 and SRSF1 nuclear localisation in mouse tibio-tarsal inflammatory 
arthritis. Symbols (+ and -) indicate when animals have received CFA injections. (A) 
There was no effect of the genetic background (uninduced (-) or tamoxifen (sham (-)) or 
VEGFR2ECKO on absolute cell number with SRPK1 NL in mice without arthritis (A, blue 
symbols). There was a small insignificant increase in absolute number of cells SRPK1 
NL in VEGFR2ECKO mice with arthritis compared with other inflamed mice (p=0.9988 cf. 
(+) sham, p=0.5543 cf. (+) uninduced. On the other a significant reduction in the 
absolute number of cells with SRSF1 NL was observed in VEGFR2ECKO mice with 
arthritis compared with other inflamed mice p=0.0263 c.f (+) sham, p=0.0245 cf. (+) 
uninduced (B). One way ANOVA followed by Sidak's multiple comparisons test. 
*p<0.05. 

 

Comparing only inflamed mice in each group, VEGFR2ECKO had no significant effect 

on absolute cell number with SRPK1 NL (Sham (+) 17±11.4, uninduced (+) 22±5.1, 

VEGFR2ECKO (+) 17±7.6 Fig 6.8A red symbols); proportions of cells with SRPK1 NL 

(sham (+) 0.6±0.15; uninduced (+) 0.55±0.08; VEGFR2ECKO (+) 0.49±0.11. Figure 

6.9C); and SRPK1 FA (sham (+) 0.14±0.09; uninduced (+) 0.20±0.06, VEGFR2ECKO 
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(+)= 0.14 ± 0.06), or SRSF1 FA (sham (+) 0.09±0.08; uninduced (+) 0.11±0.06, 

VEGFR2ECKO (+) CFA 0.08±0.07. Figure 6.9 (A,B).   

Inflamed VEGR2ECKO mice had lower proportions of cells with SRSF1 NL (sham (+) 

0.71±0.10 uninduced (+) 0.64±0.08; VEGFR2ECKO (+) = 0.46 ± 0.15; VEGFR2ECKO (-) 

0.77±0.09) (Figure 6.9D red symbols, Figure 6.9F). When compared to uninflamed 

controls, arthritis increased the absolute number of cells with SRPK1 NL in 

VEGFR2ECKO (+), although this was not statistically significant (Figure 6.8A, p=0.09). 

As shown in Figure 6.8 there were more cells with SRSF1 NL in both control groups, 

but fewer SRSF1 NL cells VEGFR2ECKO + CFA mice (Fig 6.8B), in which was also a 

lower proportion of cells with SRSF1 NL compared to uninflamed VEGFR2ECKO mice 

(Figure 6.9 D&F).  
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Figure 6.9: SRPK1/SRSF1 FA expression and nuclear localization in VEGFR2ECKO 

inflammatory arthritis mice. Symbols (+ and -) indicate when animals have received 

CFA injections. There was no effect of either genetic manipulation (uninduced) or 

VEGFR2ECKO on (A) SRPK1 FA, (B and E) SRSF1 FA, (C) SRPK1 NL or (D) SRSF1 NL in 

mice without arthritis (blue symbols). There were no significant changes in SRPK1 FA, 

SRSF1 FA or SRPK1 NL in mice with arthritis (red symbols).  (D) VEGFRECKO 

significantly reduced SRSF1 NL in inflamed synovium compared to noninflamed 

VEGFR2ECKO, uninduced and sham. One way ANOVA followed by Sidak's multiple 

comparisons test p=0.0006. (E, F) Photomicrographs of SRSF1 nuclear localisation in 

synoviocytes in VEGFR2ECKO normal synovium (E) and inflamed synovium (F) in 

VEGFR2ECKO mice.  Black arrows indicating nuclear stained nuclei while yellow arrows 

showing cytoplasmic stain in synoviocytes. ***p<0.001 
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B. Effect of PTK787 on synovial SRPK1 and SRSF1 expression and 

localisation in arthritis in rats 

Rats treated with PTK787 showed no change in either SRPK1 FA expression 

(inflamed: 0.3 ± 0.0, PTK787 treatment from day 0 (D0): 0.3 ± 0.1, PTK787 starting at 

day 3 (D3) 0.3 ± 0.1) or SRSF1 FA expression (inflamed 0.06±0.02, D0 0.07±0.03, D3 

0.06±0.04) compared to the CFA inflamed group (Figure 6.10 A&B). 

There were also no significant changes in either SRPK1 (inflamed 0.7±0.2, D0 

0.6±0.1, D3 0.6±0.1) or SRSF1 NL in treated animals (inflamed 0.8±0.2, D0 0.7±0.1, 

D3 PTK787 0.7±0.1) compared to the inflamed groups (Figure 6.10 C&D) as well as 

SRPK1 absolute number (inflamed 81.83±29.34, D0 68.80±8.786, D3 95.60±33.93).  

However, there was a reduction in the number of cells with SRSF1 NL in treated 

groups than inflamed group, although this was not significant (inflamed 108.8±51.98, 

D0 65.67±19.38, D3 68.20±23.86) (Figure 6.11 A&B). 

 

Figure 6.10: SRPK1 and SRSF1 FA expression and nuclear localisation with PTK787 
VEGFR2 inhibition. Symbols (+ and -) indicate when animals have received CFA 
injections. No change was found in either (A) SRPK1 (D0 p=0.9689, D3 p=0.8776 
respectively c.f inflamed, (B) SRSF1 fractional area (D0 p=0.6793, D3 p=0.9929 
respectively c.f inflamed) or (C&D) nuclear localisation (SRPK1: D0 p=0.8687, D3 
p=0.8885 c.f inflamed; (SRSF1: D0 p=0.4124, p=0.3423 c.f inflamed in PTK787 treated 



180 

 

 

rats compared to inflamed controls). One way ANOVA followed by Dunnett's multiple 
comparisons test. D0: Day 0, D3: Day 3, PTK: PTK787. 

 

 

Figure 6.11 SRPK1 and SRSF1 cellular nuclear localisation in arthritic rats treated with 
VEGFR2 inhibitor. Symbols (+ and -) indicate when animals have received CFA 
injections.  (A) No significant change was found in the numbers of cells with SRPK1 
(D0 p=0.6478, D3 p=0.6182 c.f inflamed or (B) SRSF1 (D0 p=0.0978, D3 p=0.1396 c.f 
inflamed nuclear localisation in PTK787 treated rats, although there was a trend for 
lower numbers of cells with nuclear SRSF1 in PTK787 treated rats compared to arthritic 
vehicle treated controls. One way ANOVA followed by Dunnett's multiple comparisons 
test. D0; Day 0, D3: Day 3, PTK: PTK787.  

 

These results show that endothelial-VEGFR2 knockout had significant effect on 

SRSF1 only in IA model in mice, whereas systemic inhibition of VEGFR2 by PTK787 

did not show any effect on VEGF-A alternative splicing axis constituents in the joint. 
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6.4 DISCUSSION 

6.4.1 Effect of inflammation on VEGF-A alternative splicing axis 

constituents 

 

I hypothesised that I would see changes in the expression and localisation of the 

constituents of the VEGF-A splicing axis, SRPK1 and SRSF1 in these animal models 

of inflammatory arthritis similar to the results found in human synovitis where  

inflammation in human OA and RA synovium of duration > 5 years was associated 

with higher SRSF1 NL compared to controls (D Amanitis et al., 2020). I therefore 

compared expression patterns, including NL, of SRPK1 and SRSF1 in mouse and rat 

synovium in CFA-induced arthritis.  

 

A. Changes in the components of the VEGF-A splicing axis in rodent 

inflammatory arthritis models (back translation).  

 

Previous evidence suggested upregulation of expression of SRPK1 in highly 

proliferative or inflamed tissue (Yanfen Yao et al., 2021) or in conditions where 

angiogenesis is key factor such as tumours (E. M. Amin et al., 2011). Activation of 

SRPK1 is induced by TNF-α (Mavrou et al., 2015), which is a major contributor in the 

pathogenesis of both RA (Farrugia & Baron, 2016) and OA (Grunke & Schulze-Koops, 

2006). SRPK1 is also activated by hypoxia (Jakubauskiene et al., 2015). However, 

SRPK1 function is not controlled by the alteration in the expression levels of SRPK1, 

but rather than the modification in the active state (Stevens & Oltean, 2016) which 

cannot be established by IHC experiments in paraffin fixed tissue (Dimitrios Amanitis, 

2022). However, the NL of the downstream signalling target SRSF1 within the nucleus 

can be assessed as an indirect readout out SRPK1 activity (R. P. Hulse et al., 2016; 

Nowak et al., 2010; Oltean et al., 2012). 

 

Contrary to the hypothesis, and in contrast to data in human synovium (D Amanitis et 

al., 2020), CFA inflammation in mice showed no significant change in the expression 

(SRPK1) and proportions of cells with NL (SRSF1) of splicing components in synovium 
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compared to controls. There was a significant increase in the absolute number of 

synoviocytes with SRSF1 NL. There were similar changes in rat CFA arthritis with an 

increased absolute cell number expressing SRPK1 and with SRSF1 NL.  

Taken together, my data showed an increase in the total number of cells with SRSF1 

NL in mouse synovium (Figure 6.5B), and in rats both SRPK1 and SRSF1 NL (Figure 

6.7 A&B), despite no change in the proportion with increased NL. These changes may 

still indicate alteration in alternative splicing in these animal models. This could 

suggest a switch of protein expression towards the angiogenic isoforms i-e VEGF-

A165a. The current data is not enough to clearly show the VEGF-A165a isoform 

expression which requires further investigation. Moreover, it was not possible to 

conduct experiments looking for VEGF-A165a isoform analysis in mouse synovium for 

two reasons; 1. the VEGF-Axxxa antibody needed to be purified and I was unable to 

get this at the time, and 2. due the nature of the antibody which is raised in mouse and 

is therefore difficult to use on rat and mouse tissue. Back-translation results from 

human tissue to animal models is necessary to validate such models for the study of 

common mechanisms such as changes in the VEGF-A alternative splicing axis.  

While some similar changes in the splicing axis can be seen in these animal models 

compared to the human data, they do not replicate the human data. A possible 

explanation for this could be that SRPK1 and SRSF1 may not regulate VEGF-A 

splicing in rodents. However, there is evidence demonstrating a clear role for these 

proteins in rodent VEGF-A splicing (Jia et al., 2021; Xie et al., 2017). The most likely 

reason is the difference in duration of IA in rodents (10-14 days) and the human study 

(>5 years). Complete Freund’s adjuvant is considered as a reliable model for 

inflammation in RA (Bhalekar et al., 2015; Chillingworth & Donaldson, 2003) as it has 

common features with the human condition e.g.  joint swelling, cartilage degradation, 

bone resorption and loss of function, similar features as detected in human RA 

(Bevaart et al., 2010). The chronic state and duration of the disease may, however, 

result in different changes on the splicing axis in human than in the more acute rodent 

models. The synovium samples analysed for splicing axis from human RA; came from 

donors who had had diagnosed arthritis for more than five years, whereas the rodent 

IA models experienced arthritis for only 10 (rat) and 14 (mouse) days. Therefore, the 
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duration of the study is probably very important, increasing the timeline of inducing IA 

by CFA may provide an opportunity to replicate the human splicing axis findings. 

Literature shows that extended duration (> 3 weeks and up to 3 months) of IA in rat 

models induced by M. tuberculosis (CFA) produce a prolonged and persistent increase 

in inflammation (Donaldson et al., 1993; Nasuti et al., 2019; Pearson & Wood, 1959). 

Rat IA models might be better to use for splicing axis analysis because it would provide 

an opportunity to investigate the alterations in VEGF-A isoforms i-e VEGF-Axxxa and 

VEGF-Axxxb which is not possible in mouse tissue due to nature of the only isoform 

specific antibodies. In addition, there is also a possibility of the technique used, IHC, 

was not sensitive enough for the expected outcomes as explained later in section 

6.4.2.1. 

Rodent models have been used for decades to understand the pathophysiology of RA 

and to test various of anti-rheumatic drugs to slow down the disease progression 

(Hegen et al., 2008; Ismail et al., 2022). There are many rodent models of RA, and 

each has its own specific characteristics with the ability to replicate certain aspects of 

the disease (Bevaart et al., 2010; Hegen et al., 2008; Vincent et al., 2012; T. Zhao et 

al., 2022). There is no animal model of IA that can perfectly recapitulate all features of 

RA in humans. Differences between the rodent and human immune system (Mestas 

& Hughes, 2004; Zschaler et al., 2014) make it difficult for one animal model to 

translate or back-translate all events or changes from the rodent to human or human 

to rodent model, respectively. Neither species fully replicated the human findings, 

suggesting that this is not due to species. The most likely reason for the difference 

between the rodent models and the human data is the duration of disease.  

6.4.2 Effect of VEGFR2 inhibition on control of VEGF-A alternative 

splicing 

6.4.2.1 Effect of VEGFR2 knockout in mice on the VEGF-A splicing axis 

(SRPK1/SRSF1) 

In the VEGFR2ECKO mice, loss of VEGFR2 was associated with reduction of vessels 

in synovium and superficial SCB. When VEGFR2 number is reduced, pro-angiogenic 
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VEGF-A isoforms would be unable to effectively stimulate angiogenesis. This would 

increase hypoxia, which is known to increase transcription of VEGF-Axxxa isoforms 

through SRSF1 activation (Nowak et al., 2008). Pharmacological blockade of VEGFR2 

would be predicted to have a similar effect, although in my studies I did not see a 

decrease in histological synovitis with PTK787 treatment. One aim of these studies 

was to determine whether inhibition or knockdown of VEGFR2 affected expression or 

activation of SRPK1 or SRSF1.  

Surprisingly I found a significant reduction in NL of SRSF1 in the inflamed 

VEGFR2ECKO mice. This suggests that the reduced VEGFR2, and reduced 

angiogenesis could be the result of decreased phosphorylation and NL of SRSF1 in 

VEGFR2 KO IA, as increased SRSF1 NL leads to proximal splice site selection and 

VEGF-Axxxa splicing. These isoforms have high affinity for VEGFR2 and induce 

angiogenesis (da Silva et al., 2015). I could not conduct the experiment for the analysis 

of the specific VEGF-A165a and VEGF-A165b isoforms in mouse synovium mostly due 

to the nature of the antibodies available, as these were raised in mouse, and also 

because the VEGF-A165a antibody required further purification before use, and this 

was not possible during the Covid pandemic. Both in vitro and in vivo studies show 

that VEGF-A165a acts as a full agonist for VEGFR2 driven signalling responses, by 

inducing full phosphorylation of VEGFR2 (Fearnley et al., 2016). My findings in mice 

support the conclusion that the knockdown of endothelial-VEGFR2 receptors in IA 

results in changes in splicing control mechanisms that should cause a decrease in 

angiogenic isoforms such as VEGF-A165a and/or an increase in VEGF-Axxxb anti-

angiogenic isoforms. The combination of a change in splicing away from pro-

angiogenic isoforms with a reduction of VEGFR2 would possibly explain the complete 

loss of blood vessels in SCB. There is no published evidence of an interaction between 

SRPK1/SRSF1 splicing mechanisms and VEGF receptors. VEGF-A is known to affect 

the splicing of VEGFR1 so it is possible that VEGFR2 signalling, and therefore loss of 

VEGFR2 signalling, may also control VEGF-A splicing (Abou Faycal et al., 2019).  

Phosphorylation plays a highly important part in the cytoplasmic–nuclear trafficking 

and splicing function of SR proteins. Two main enzymes are involved in the post-

translational modifications, SRPKs and CLKs, which target and phosphorylate RS 
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domains. Both enzymes have high binding affinity to SR proteins but possess different 

mechanisms for substrate recognition and product dissociation (J. C. K. Ngo et al., 

2008).  

SRPK1 is normally in the cytoplasm where it can phosphorylate SRSF1, which can 

then enter the nucleus where it sits in nuclear speckles. Further phosphorylation of 

SRSF1 by CLK1 releases the SRSF1 from the speckles. SRPK1 can also be 

phosphorylated, upon which it also enters the nucleus and accelerates CLK1 release 

by peeling away the N terminus from SRSF1 (Aubol et al., 2016). The high-affinity 

product complex of CLK1 and SRSF1 also provides a means for nuclear transport of 

CLK1 (George et al., 2019) (section 1.11.3 for more details). 

It is possible that for some reason, SRSF1 was held in speckles in complex formation 

with CLK1 in the nucleus (Malhi et al., 2022). I found some evidence of SRSF1 in 

speckles in VEGFR2 mouse IA synovium. This gives an appearance of much nuclear 

lower staining (Figure 6.12) and so the reduced NL of SRSF1 I found might actually 

be lower release from speckles into nucleoplasm. This could be due to a lack of CLK1 

activity to release SRSF1. Whether CLK1 is altered in this model of IA is not known, 

and there is no literature evidence on any functions of CLK1 in IA. CLK2 is implicated 

in OA and is one of the targets of the novel DMOAD lorecivivint.   

 

Figure 6.12: (A) SRSF1 expression in VEGFR2 IA synovium. (i and ii) Digital zoom 
images showing SRSF1 in nucleus as speckles shown by red arrow heads in encircled 
synoviocytes. 
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6.4.2.2 Effect of VEGFR2 inhibition in rats on the VEGF-A splicing axis 

(SRPK1/SRSF1) 

In contrast to the effect of VEGFRECKO there was no change in histological synovitis 

or cartilage damage, or VEGF-A splicing axis with PTK787 treatment in rats. This, 

together with the lack of effect of PTK787 on the histopathology, further support my 

conclusion that the dose of PTK787 in the joint may have been too low to have any 

effect on joint damage. As I conducted these studies on tissues supplied from 

experiments powered for other measures, the number of animals may have been too 

low to see effects in the histological variables.  

6.4.2.3 Limitations  

Immunohistochemistry to show NL of SRSF1 is a proxy marker of SRSF1 activation. 

Direct measurement of phosphorylation of SRSF1 by SRPK1 could be done using 

incubation of synoviocytes with and without an SRPK1 inhibitor, and western blotting, 

but this is not possible in tissue sections as there is no specific antibody against 

phospho-SRSF1. So the power of cellular localisation would be lost. Information on 

localisation of the different components of the splicing axis could help interpretation of 

the data through showing whether SRPK1 was in the nucleus, SRSF1 was mostly in 

speckles, or whether CLK1 was in speckles or nucleoplasm. The locations of these 

different components would be more easily seen using, fluorescence imaging in 

synovium and dual (SRPK1, SRSF1) or triple staining (SRPK1, SRSF1, and CLK1). 

Immunofluorescence in decalcified formaldehyde-fixed, paraffin-embedded tissue has 

not been successful in the lab, due to high levels of background or auto-fluorescence 

as described in chapter 5 section 5.4. Some of these limitations could be overcome 

using immunofluorescence to identify SRPK1 and SRSF1 subcellular locations in 

cultured primary synoviocytes (Malhi et al., 2022) activated by the inflammatory 

mediators involved in RA. The effect of SRSPK1 and SRSF1 inhibitors can also be 

investigated, however this approach does not take into account the effects in other 

joint tissues in IA which may also be involved.  
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6.5 CONCLUSION 

This is the first time the VEGF-A alternatively splicing axis has been investigated in 

rodent IA models. The CFA model in rats and mice did not fully recapitulate the 

changes in the VEGF-A alternative splicing axis results observed in human RA in that 

there was no change in SRPK1 expression and an increase in the absolute number 

but not the proportion of cells in synovium with activated (nuclear localised) SRSF1. It 

is probable that this difference is due to the shorter duration of IA in these animal 

models compared to the human samples. Targeting VEGFR2 using an endothelial cell 

knockout approach resulted in a reduction in activation of SRSF1, which would also 

suggest a decrease in the mRNA expression of VEGF-Axxxa isoforms and/ or 

increases in VEGF-Axxxb isoforms. This leads to an additional hypothesis that inhibiting 

VEGF endothelial signalling cascade might control its own splicing in synoviocytes. 
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7. INVESTIGATING THE EFFECT OF SRPK1 AND CLK1 

SPLICING KINASE INHIBITION ON CHONDROCYTE 

PHENOTYPE IN VITRO 

7.1 INTRODUCTION 

In Chapter 6 I showed the data I obtained on the number of synoviocytes with SRSF1 

NL, showing that animal models do in some ways replicate the findings in human 

synovium. I was unable to follow up on the observations in Chapter 6 looking at VEGF-

A splice variant expression, or at different times in animal models due to the Covid 

2019 pandemic, problems with purification of the VEGF-Axxxa specific antibody, and 

the closure of labs and the animal unit.  

During my investigations into the splicing axis in rats and mice, I observed hypertrophic 

chondrocytes in CFA-induced IA (Figure 7.1A-C), and SRPK1 expression in 

chondrocytes (Fig 7.1D) in my histological sections. These observations led me to 

hypothesise that the SRPK1/SRSF1 splicing axis might be involved in chondrocyte 

hypertrophy. Chondrocyte hypertrophy is important in normal skeletal growth (Hallett 

et al., 2021), is present in both inflammatory and OA in humans and in models in mice 

(Kung et al., 2017; S. Park et al., 2021; Stahle-Backdahl et al., 1997), involves VEGF-

A (Patil et al., 2012), and has been linked with OA progression (Fuerst et al., 2009; B. 

Li et al., 2021; Rim et al., 2020).  
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Figure 7.1: A-C Histological sections from rats with experimental inflammatory arthritis 

showing the presence of hypertrophic chondrocytes.  (A) shows low power image, (B) 
and (C) show higher power images of the dotted box in A, arrows show hypertrophic 
chondrocytes. (D) Expression of SRPK1 in chondrocytes. Arrows show superficial 
(white arrows) and deeper (black) chondrocytes with SRPK1 positive staining, some of 
which also appear hypertrophic (black dotted arrow). Scale bars A=200µm, B=50µm, C 
& D = 25µm. 

In both OA and RA, articular chondrocytes shift to a catabolic phenotype and become 

hypertrophic (Chou et al., 2020; Ji et al., 2019; C.-C. Tseng et al., 2020). There are 

several factors that can contribute to these changes, for example excessive 

mechanical load, age, trauma, and autoimmune disorders (Loeser, 2009; Rim et al., 

2020; Van der Kraan & Van den Berg, 2012). Normal chondrocytes express SRY-box 

transcription factor (SOX9) (Q. Zhao et al., 1997) and type II collagen (COL2A1) (T 

Aigner & Stöve, 2003; Xin et al., 2015), the key constituent of the cartilage matrix which 

maintains physiological homeostasis (T Aigner & Stöve, 2003) (Figure 7.2). 

Hypertrophic chondrocytes are recognised by an enlarged size and upregulation of 

ECM-degrading proteases such as disintegrin, MMP13, and  ADAMTS5, which induce 

chondrocyte death (Rim et al., 2020; Xia et al., 2014) and promote cartilage damage. 

VEGF-A is also upregulated in hypertrophic chondrocytes (Thomas Pufe et al., 2001). 
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Furthermore, hypertrophic chondrocytes enhance the calcification of the matrix by the 

production of Alkaline Phosphatase (ALPL) and increase hypertrophic-related genes 

expression, for example type X Collagen (COL10A1) (Thomas Aigner et al., 2006; 

Brew et al., 2010; Hoyland et al., 1991; Kirsch et al., 2000; O Pullig et al., 2000; 

Ripmeester et al., 2018; Klaus von der Mark et al., 1995; K Von der Mark et al., 1992; 

Walker et al., 1995) and Runt-related transcription factor 2 (RUNX2) (D. Yan et al., 

2011).  

 

Figure 7.2: Diagrammatic representation of normal articular chondrocytes (left) 
compared to hypertrophic chondrocytes (right). Normal chondrocyte signalling that 
maintains chondrocytes homeostasis involves Sox9 and Smad2/3. These cells typically 
produce Type II collagen and aggrecans. The diagram on the right shows the signalling 
and transcriptional events that regulate chondrocyte hypertrophic-like modifications to 
differentiate a normal articular chondrocyte to a terminal differentiated chondrocyte 
and lead to tissue remodelling and calcification. These cells express Type X collagen, 
alkaline phosphatase (ALP), MMP9, MMP13 and VEGF-A. The collagens marked red 
were investigated in this chapter as markers for normal and hypertrophic chondrocytes 
analysis.  

VEGF-A and all VEGFRs are highly expressed in OA and RA chondrocytes (Shakibaei 

et al., 2003; Shen et al., 2015), but VEGF-A is not expressed in normal chondrocytes. 

VEGFR-1 and 2 are the most extensively studied VEGF receptors in OA and RA 

pathogenesis. Hypertrophic chondrocytes produce VEGF-A during osteophyte 

formation leading to bone formation via vascular invasion into the cartilage matrix in 

an OA animal model (Hashimoto et al., 2002), and increased VEGF-A expression 
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correlated with increased osteochondral vascular density and chondropathy in human 

OA cartilage (Franses et al., 2010). Anti-angiogenic factors such as chondromodulin 

and troponin-C are downregulated in OA, and there is vascular invasion of cartilage 

promoted by VEGF-A (Chawla et al., 2022). There are no available data  on expression 

of the VEGF-A165a or VEGF-A165b isoforms in cartilage under any conditions, but it is 

presumed that these actions come from the VEGF-A165a isoforms as VEGF-A165b 

isoforms have been known to be anti-angiogenic (Kikuchi et al., 2019). VEGF-A 

inhibition/block or neutralisation with antibodies such as bevacizumab has been 

suggested as a strategy to halt chondrocyte hypertrophy as this decreases Runx2, 

MMP13, and COL10A1 expression and protects cartilage from hypertrophic change 

(Xufang Zhang et al., 2016). However, no existing anti-VEGF-A treatments distinguish 

between the two isoform families, and small molecule VEGFR inhibitors have the 

same problem in that receptor block or inhibition affects receptor-mediated actions of 

both VEGF-A isoform families.  

An alternative way to target VEGF-A pro-angiogenic activity, and potentially pro-

hypertrophic actions is to alter VEGF-A splicing. As discussed earlier, two main 

enzymes, SRPKs and CLKs are involved in the post-translational modifications of SR 

proteins having high binding affinity towards RS domain but hold different mechanisms 

for recognition of substrate and dissociation of the product (Aubol & Adams, 2022; 

Aubol et al., 2021; J. C. K. Ngo et al., 2008). As I showed that SRPK1, one of the 

primary splicing kinases responsible for VEGF-A alternative splicing, is expressed in 

rodent chondrocytes, I was interested to target VEGF-A alternative splicing kinases 

such as SRPK1 and CLK1 to investigate the effect on hypertrophic changes in 

chondrocytes. Because of Covid constraints, I chose to use the ATDC5 cell line in 

these studies. 

The ATDC5 cell line was initially isolated from differentiating teratocarcinoma AT805 

stem cells (Atsumi et al., 1990) and has been used as a invitro model in over 300 

studies to explore mechanisms of chondrocyte differentiation (Fujii et al., 1999; James 

et al., 2005; Mendes et al., 2012; Yamaura et al., 2012). ATDC5 cells are a reliable 

model of in vitro chondrocyte differentiation and mineralisation in which early-stage 

differentiation results in type II collagen expression (Col2A1) and formation of cartilage 
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nodules (Shukunami et al., 1996). Hypertrophy and mineral deposition can be induced 

over three weeks with the addition of insulin to the culture medium (Shukunami et al., 

1997). After the expansion of nodules, hypertrophic chondrocytes increase ALP 

activity and express type X (Col10A1) collagen gene, leading to matrix mineralization 

(Shukunami et al., 1997; Shukunami et al., 1996).  

SRPK1 and CLK1, both kinase regulators of alternative splicing, are considered 

promising therapeutic tools for the treatment of diseases caused by alternative splicing 

dysregulation such as various human cancers, OA, RA and neurodegenerative, 

neuromuscular and neovascular eye disease (D Amanitis et al., 2021; Batson et al., 

2017; Capra et al., 2006; Deshmukh et al., 2019; Dong et al., 2022; ElHady et al., 

2023; C. He et al., 2022; Malhi et al., 2022; J. Tang et al., 2022; Tollervey et al., 2011; 

Waiker et al., 2014). Both SRPK1 and CLK1 inhibitors are currently in preclinical and 

clinical studies predominantly for neoplastic diseases (Araki et al., 2023; Naro et al., 

2021; Nikas et al., 2019). 

EXN-407, an SRPK1 inhibitor, is the product of Exonate Ltd (Exonate, 2022; Malhi et 

al., 2022) and has recently announced successful Phase Ib/II clinical trials 

(NCT04565756) in diabetic macular oedema (Exonate, 2023). SRPIN340, an 

SRPK1/2 dual inhibitor, inhibits tumour angiogenesis effectively and has been used 

experimentally to block growth in various types cancers (Gammons et al., 2014). 

SRPIN803 was developed after SRPIN340 and has potential applications as a topical 

treatment for ocular neovascularization in addition to anticancer effects (Czubaty & 

Piekiełko-Witkowska, 2017; Morooka et al., 2015). 

Currently, there are five small molecule inhibitors in clinical testing that target the CLKs 

kinase family including SM04690, SM09419, CTX-712, SM08502 and SM04755. 

SM04690 (Lorecivivint, Adavivint), developed by Biosplice has shown anti-

inflammatory and chondroprotective effects in animal models (Deshmukh et al., 2019; 

Seo et al., 2021) and is currently in Phase III clinical trials (NCT03928184) for OA.. It 

is a dual kinase inhibitor (CLK2/DYRK1A) which inhibits the SR protein 

phosphorylation predominantly at SRSF4, SRSF5, SRSF6 in human chondrocytes 

(Inc. Biosplice Therapeutics, 2021). It blocks pain and joint damage in animal models 
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of arthritis (Deshmukh et al., 2019) and has shown some efficacy in patient reported 

outcomes in clinical (Phase IIb) trials. This trial identified the optimal dose (Lorecivivint) 

for future studies (Y Yazici et al., 2021; Yusuf Yazici et al., 2020). Lorecivivint is not 

only a splicing kinase inhibitor, it also modulates the Wnt pathway. Wnt signalling is 

upregulated in arthritic joint tissues which drives chondrocyte hypertrophy, cartilage 

degradation, bone differentiation and inflammation (Luyten et al., 2009). Wnt 

downstream ß-catenin modulation suggests a promising method for homeostatic 

modulation of Wnt signalling and treatment of arthritis such as OA (Deshmukh et al., 

2019). In addition, this compound has shown therapeutic potential for cancer treatment 

(Moroney et al., 2021; J. Tang et al., 2022). Other pan-CLK inhibitors developed by 

Biosplice include SM09419 and SM08502 which are in phase I clinical trial and 

proposed as treatment for haematological malignancies (H. Chung et al., 2019) and 

advanced solid tumours (Bossard et al., 2020; Tam et al., 2020), respectively. 

SM04755 (Biosplice) has completed phase 1 trial for tendinopathy with no published 

results (ClinicalTrials.gov NCT03229291). CTX-712 is a non-selective CLKs inhibitor 

owned by Chordia Therapeutics currently in phase I clinical study for the treatment of 

refractory and recurrent malignancies (Yoda et al., 2019). 

There are several other CLK inhibitors such as 1,143,529 (Lee Walmsley et al., 2021), 

1,104,962 (CaNDY) (Sonamoto et al., 2015), T-025 (Iwai et al., 2018), 970,757 (Sun 

et al., 2017), CLK2 CC-671 (D. Zhu et al., 2018), J-10688 (C. Li et al., 2018), TG-003 

(Funnell et al., 2017; Mott et al., 2009) in preclinical studies for the treatment of various 

cancers and other diseases such as glioblastoma multiforme, cystic fibrosis, and 

influenza. 

In the light of evidence in the literature, I used SPHINX31 and Griffin6 to explore any 

potential chondroprotective effect by the inhibition of SRPK1 and CLK1 respectively. 

Primary hypothesis: Alternative splicing kinase inhibitors will block or reduce change 

of the chondrocyte cell-line ATDC5 to a hypertrophic state. 
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Aim: to determine the effect of SRPK1 and CLK1 inhibitors on the morphology and 

COL2A1/COL10A1 expression by ATDC5 chondrocytes following change to a more 

hypertrophic state. 

Original objectives:  

1. to determine changes in cell morphology and measure the expression of 

COL2A1, COL10A1, CD44, COMP and MMP13 expression in differentiated 

ATDC5 cells, and  

2. to determine the effect on expression of these markers in ATDC5 cells treated 

with SRPK1 and CLK1 inhibitors.  
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7.2 MATERIALS AND METHODS 

7.2.1 List of reagents/primers used  

The detail of all reagents used in the experiment is given in table 7.1 – 7.3. 

Table 7.1: List of reagents used in RNA extraction 
Reagents Purchased from 

TRIzole ThermoFisher Scientific , AM9738 

PBS Sigma-Aldrich, D8537 

Chloroform Fischer chemicals, C2432 

Isopropanol Sigma-Aldrich, 9500-1 

Ethyl alcohol Sigma-Aldrich, 459836 

DEPC Invitrogen, 10289104 

 

Table 7.2: List of reagents used in cell culture  
Reagents Purchased from Catalogue number 

DMEM/F-12 ThermoFisher Scientific 11320033 

MEM - α ThermoFisher Scientific  12571063 

PBS Sigma-Aldrich D8537 

FBS Sigma-Aldrich F2442 

Trypsin-EDTA Sigma-Aldrich T4049 

 

Table 7.3: List of reagents used in RT-PCR 
DNase treatment Reverse transcription 

RQ1 RNase – Free DNase (Promega, 
M6101: contents part no. M610A) 
RQ1 RNase – Free DNase 10X Reaction 
Buffer (Promega M6101: contents part no. 
M198A 
RQ1 DNase Stop Solution (Promega, 
M6101: contents part no. M199A 
RNase – Free water, ThermoFisher R0581 
1.25ml (4 x 1.25ml) 

Oligo – dT (Promega, C1101 contents part 
no. C110A - 500 µg/ml) 
Random Primers (500ng, Promega, C1181: 
content part no. C118A - 20μg) 
MMLV - RT (Promega, M1701: content part 
no.M170A - 10,000u) 
MMLV -RT Buffer (5X) Promega, M1701: 
content part no. M531A – 1ml 
DNTPs  Promega, U1515 (10mM) 

Amplification Visualisation 

 2X Master mix (Promega M7501) 
 Contains 50U/mL Taq DNA 

polymerase, 0.4mM dNTPs, 
3Mm MgCl2 

cDNA 
Primers (forward and reverse 0.5µM each) 

 H2O 

Agarose (Sigma, A9535) 
0.5X TAE buffer (Tris base, glacial acetic 
acid, EDTA, Water) 
Ethidium bromide (Sigma, E1510) 
Loading dye (Bioline 5X) 
50bp Ladder 
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7.2.2 ATDC5 storage conditions and expansion 

7.2.2.1 General cell culture method 

ATDC5 (ECACC 99072806) mouse chondro-progenitor cells AT805 were purchased 

at passage 5 (P5) from UK Health Security Agency (UKHSA) (supplied by European 

Collection of Authenticated Cell Cultures (ECACC). The cells were first stored in an 

isopropanol freezing container and later transferred to liquid nitrogen storage. ATDC5 

were taken out from liquid nitrogen and expanded in DMEM/F12+ 5% FBS (Foetal 

Bovine Serum: SIGMA F2442- 500ml)) in a T25 (Corning) flask and their growth were 

monitored by regularly viewing under the microscope (Figure 7.3). The cells were 

placed in an incubator at a temperature of 37°C and an atmosphere composed of 5% 

CO2 and 95% O2, unless stated otherwise (Sanyo MCO-18AC). Cells were allowed 

to reach 80% confluence after which they were passaged. These cells reached 

maximum confluence (80%) by Day 3 (Figure 7.3) and were then split (P5 – P8) 

(Figure 7.4). Passages 8, 9 and 10 were used to freeze down the cells again to make 

stock (Figure 7.5). 

1ml vial of ATDC5 cells P5 was removed from liquid nitrogen and added to 5ml of pre-

warmed (heated to 37°C) growth media (DMEM/F12) in 50ml of falcon tube to 

centrifuge at 150G for 5 minutes to get a pellet of cells at bottom. All the media was 

removed leaving the pellet followed by the addition of 1ml of growth media. This media 

containing the cells was transferred to T25 flask and 8ml of growth media (DMEM/F12 

+ 5% FBS was added. Cells were incubated until they reached 80% confluence and 

then passaged. 

To prepare for further experiments, the culture medium was removed from the T25 

flask and washed twice with phosphate-buffered saline (PBS, D8537-500ml). After 

washing, the PBS was removed and replaced with 3ml of Trypsin-EDTA (1x) 

(containing 0.05% w/v Trypsin and 0.5mM EDTA - T4049, 100ml) in the same flask. 

The flask containing the cells was then placed in an incubator at 37°C with 5% CO2 

/95% O2 for a maximum of two minutes. After quenching the Trypsin-EDTA solution 

with 3x ATDC5 growth medium (DMEM/F12) and centrifuging at 150G for 5 minutes 

in a 50ml falcon tube, the cell pellet was isolated. All the media was then removed 
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leaving the pellet and 1ml of media was added back to resuspend and count the cells 

using a Haemocytometer (Cat. No. 5610, Vetlab supplies UK). The ATDC5 cells were 

then split and seeded in a T75 flask at a 1:3 ratio (Figure 7.4). 

7.2.2.2 Preparation and storage of cell stocks  

Cell stocks were prepared following the general cell culture method up to the 

centrifugation phase (see section 7.2.2.1). The cells were collected in a Falcon tube 

(50ml) after trypsinisation and centrifugation. Cells were re-suspended in freezing 

medium that contained of 10% dimethyl-sulfoxide (DMSO) as cryo-preservant, 

ThermoFisher 20688), basal growth medium (DMEM/F12 + 20%FBS) and the number 

of cells count was 1x106 cells/mL per cryo-vial (Nunc V7384). The cryo-vials 

containing cell aliquots were placed in a Mr Frosty isopropanol chamber (Sigma, 

SIGMA C1562) and left to freeze overnight at -80°C before being transferred to liquid 

nitrogen for storage. 

When thawing cells from stocks, aliquots were quickly removed from liquid nitrogen 

and pre-warmed growth medium at 37°C was added in order to make up a final volume 

of 5ml. The cells were immediately centrifuged for 5 minutes at 150G to remove any 

excess DMSO content. The cells were then resuspended in 8 ml of media and 

transferred to a T75 flask. 

 

Figure 7.3: Images showing post seeding ATDC5 cells at 24hrs, 48hrs, and 72hrs. 
Arrows show the growing cells with initial spindle shape appearance changing to larger 
more rounded cells as time progresses. Images were taken with 20x magnification 
under light microscope. Scale bars = 25µm 
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Figure 7.4: Flowchart showing process for splitting of ATDC5 cells. 

 

7.2.3. Optimisation of the ATDC5 differentiation protocol  

7.2.3.1 Cell culture for RNA extraction 

ATDC5 cells were cultured in T75 and allowed to reach 80% confluence as discussed 

previously in section 7.2.2.1, followed by trypsinisation and centrifugation for 5 minutes 

at 150G to form a cell pellet. The pellet was resuspended in 1 mL of DMEM/F12 + 5 

%FBS. The cells were counted using a haemocytometer, before seeding in six well 

plates at the cell density of 100,000 cells per well with 1 mL of media (DMEM/F12 1:1 

+ 5% FBS). The plates were incubated for 24 hours at 37°C at 5% CO2  to attach to 

the wells and confluent to 80%. After reaching the confluency (80%), I replaced the 

media (DMEM/F12 + 5% FBS) with MEM - α (Minimum Essential Medium α) 

containing the differentiation promotor, ascorbic acid (50μg/mL), with added 5% FBS.  

Ascorbic acid facilitates the synthesis of collagen matrix, which in turn reduces cell 

proliferation and promotes differentiation (Newton et al., 2012; Okita et al., 2023; Temu 

et al., 2010). ATDC5 cells cultured in ascorbic acid-containing MEM-α medium show 



199 

 

 

rapid spontaneous differentiation in reduced time ≤14days (Temu et al., 2010).  I 

therefore decided to use the MEM- α + ascorbic acid protocol for speed and cost 

reasons, as well as ease of access to reagents during 2020-21. Many ATDC5 

differentiation protocols have used high concentrations of insulin to induce 

differentiation (Hodax et al., 2019; Yongchang Yao et al., 2014), and others have 

investigated ways to simplify the method to increase the speed of differentiation and 

the rate of ECM mineralisation using inorganic phosphate 34 days (Newton et al., 

2012; Okita et al., 2023; Temu et al., 2010) or ascorbic acid (Altaf et al., 2006). 

The culture medium was replaced every other day and the cells were grown in this 

medium for 8, 12 and 21 days to optimise the experimental protocols (Figure 7.7). 

MEM - α (Minimum Essential Medium α) containing ascorbic acid (50μg/mL) was used 

for differentiation of ATDC5 cells. The duration used in the protocol was based 

previous studies on ATDC5 cell production of COL2A1 at day 8, detectable COL10A1 

at day 12 (Hodax et al., 2019), and no COL2A1 and higher COL10A1 expression at 

day 21. 
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Figure 7.5: Diagram showing the procedure followed to culture the frozen ATDC5 cells bought from UK Health Security Agency 
(UKHSA) and utilization of these cells to optimise experimental protocols for designed study. 
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7.2.3.2 Morphological and phenotypic changes in ATDC5 cells 

ATDC5 cells change morphology as they change phenotype (Figure 7.6). To assess these 

changes, cells were plated on coverslips in DMEM/F-12 with 5% FBS, allowed to reach 

confluence, and differentiated as in section 7.2.2 for 8, 12 or 21 days. Some were imaged 

without staining (Figure 7.7). Additional cells were stained with toluidine blue (Figure 7.8). 

For staining, all the growth media was removed and coverslips were rinse with PBS (2X). 

Subsequently, the cells were incubated with 4% formaldehyde for 15 minutes at room 

temperature for fixation and afterwards repeatedly washed with PBS in the culture hood. 

These coverslips were then stained with 1% toluidine blue for 30 seconds and washed with 

PBS, mounted on slides with DPX after a very brief rinse with 100% ethanol and images 

were taken using light microscope to see morphological changes (Figure 7.8).  

 

Figure 7.6: Schematic representation of phenotypic transition of ATDC5 cells to a 
hypertrophic state. Ascorbic acid or insulin induces differentiation of ATDC5 cells to induce 
first collagen II expression, then hypertrophic chondrocytes with collagen X expression. 

Recreated from figure published (Yongchang Yao & Wang, 2013). 

At day 8 ATDC5 cells lose their spindle-like appearance and begin to aggregate (Figure 7.7, 

7.8A&B), at day 12 cells are rounded and are beginning to show some ECM formation, with 

the appearance of some cells with a slight increase in size compared to normal pre-

hypertrophic ATDC5 cells (Figure 7.7, 7.8 C&D) and at day 21 cells show a hypertrophic 

morphology, with drastically increased volume of cell, large cytoplasmic lacunae and matrix 
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vesicles, and condensed and fragmented nuclear chromatin (Figure 7.7, 7.8E&F) (Bruckner 

et al., 1989; Pazzaglia et al., 2020).  

 

Figure: 7.7: ATDC5 cell differentiation at Day 8, 12 and 21 without staining (phase contrast 
microscopy). Green arrowheads; normal chondrocytes like cells, Red arrowheads; pre-
hypertrophic/hypertrophic ATDC5 cells. Differentiation of ATDC5 cells into chondrocyte-like 
cells (green arrowheads) was observed at Day 8, Day 12 have much normal chondrocytes 
(green arrowheads) and also dedifferentiation into hypertrophy (red arrowheads) started at 
Day 12 (pre-hypertrophic) while hypertrophic chondrocytes are visible  (red arrowheads) at 
Day 21. Images were taken with 20x magnification under light microscope. Scale bars = 25µm 

 

7.2.4 RNA extraction 

RNA extraction consists of steps from cell homogenisation, phase separation, RNA 

precipitation, RNA wash and re-dissolving of the RNA pellet (Figure 7.9). Following cell 

culture and differentiation, culture medium was removed, and cells were washed twice with 

2mL of PBS. 1mL of TRI reagent (Trizol, ThermoFisher Scientific, AM9738) was added to 

each well to lyse the cells with the help of a cell scraper. The homogenous lysate was 

collected in a 1.5mL Eppendorf tube and incubated for 5 minutes at room temperature to 

dissociate nucleoprotein complexes. 200µL chloroform was added, shaken vigorously for 15 

seconds, and incubated for 15 minutes at room temperature followed by centrifugation at 

12000rpm for 15 minutes at 4°C. This gives 3 different phases; a pink organic lower phase 

containing proteins; (b) a white / grey interphase containing DNA), and (c) a colourless upper 

aqueous phase containing RNA. The upper aqueous phase was transferred to a fresh 

Eppendorf tube with addition of 500µL of isopropanol (Thermo-Fischer, 9500-1) and 

incubated for 10 minutes at room temperature. Afterwards, the sample was centrifuged at 

12000rpm for 10 minutes at 4°C. The supernatant was removed and the RNA pellet was 
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washed in 75% ethanol (SIGMA 459836-1L) followed by centrifugation at 1000rpm at 4°C 

for 10 seconds. The ethanol was removed and the pellet briefly dried. RNA was dissolved 

in 20µL of DEPC treated (Invitrogen, 10289104) RNA-free water and stored at -20°C 

overnight for Nanodrop measurement the next day. 

 

Figure: 7.8: ATDC5 cells were grown on cover slips and stained with 1% toluidine blue at 8, 
12 and 21 days after addition of ascorbic acid. (A&B) At day 8 ATDC5 start differentiating to 
chondrocytes (white arrowheads) showing cellular aggregation. (C&D) Fully differentiated 
chondrocytes with loss of spindle appearance (white arrowheads) are obvious at Day 12 and 
initiation of hypertrophy is seen (red arrowheads). This phase is also referred as the pre-
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hypertrophic phase where cells start transforming into hypertrophic chondrocyte-like cells 
while (E&F) hypertrophic chondrocytes can be seen at Day 21 (red arrowheads). Yellow 
arrows denote cells with visible large matrix vesicles in hypertrophic chondrocytes (D,F). 
Scale bars 50µm (A,C,E), 25µm (B,D,F). 

The quality and concentration of the RNA were measured using a Nanodrop 2000 

spectrophotometer (Thermo-Fisher). Total RNA content was measured by determining the 

ratio of absorbance at 260/230nm for RNA/proteins and purity was assessed by the ratio of 

absorbance at 260/280nm for RNA/DNA (Table 7.4).  RNA was diluted to 1ng/μl in nuclease-

free water to ensure equal input mass for experiments and stored at -80˚C. 

 

Figure 7.9: Steps in the RNA extraction protocol using TRI reagent (Trizol). 

 

Table 7.4: Nanodrop data of cDNA extracted from ATDC5 cells showing measurements of 

purity (absorbance ratios 260/280 and 260/230) and concentrations.  

 

7.2.5 PCR amplification 

Two-step RT-PCR involves two separate reactions which start with cDNA synthesis by 

reverse transcription (RT) followed by amplification of a portion of the resulting cDNA by 

PCR (Figure 7.10). The steps in RT-PCR are (a) reverse transcription; (b) amplification; (c) 

gel visualisation.  

# Sample ID User nameDate and TimeNucleic Acid Unit A260 (Abs) A280 (Abs) 260/280 260/230 Sample Type Factor

1 ATDC5 Day 8 Roheena Sohail28/04/2021 12:17:161077.5 ng/µl 26.937 13.502 2 0.96 RNA 40

2 ATDC5 Day 12 Roheena Sohail28/04/2021 12:18:323700 ng/µl 92.5 46.948 1.97 1.93 RNA 40

3 ATDC5 Day 21 Roheena Sohail28/04/2021 12:19:3610984.1 ng/µl 274.604 138.434 1.98 2.09 RNA 40
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Figure 7.10:  Flow diagram RT-PCR reaction. 

7.2.5.1 cDNA synthesis by reverse transcription  

A. DNase treatment  

Complementary (c)DNA was synthesized using 1μg of RNA (section 7.2.4) dissolved in a 

total of 8µL nuclease free water (ThermoFisher R0581) in a 200μl PCR tube (Starlab, I1402-

8100). If the RNA concentration was greater 1μg/μl in the initial samples, the final 

concentration was adjusted by addition of nuclease free water to ensure equal RNA input 

from each sample. On the other hand, when the total RNA was <1μg/ml, then the total RNA 

used in each reaction was the same as in the lowest yield sample. 

The RNA sample underwent DNase treatment to eliminate any potential genomic DNA 

contamination. To achieve this, 1µL of RQ1 DNase (Promega, M6101:M610A) was added 

to a mixture containing 10mM HEPES, 50% v/v glycerol, 10mM CaCl2 and 10mM MgCl2. 

Additionally, 1μL of RQ1 DNase buffer (Promega M6101: M198A) was included in the 

mixture, which comprised of 400mM Tris-HCl, 100mM MgSO4 and 10mM CaCl2 [pH 8.0 at 

25°C]. The final volume of the mixture was 10µL. The samples were incubated for 30 

minutes at 37°C in a PTC-200 Thermocycler followed by the addition of 1µL RQ1 DNase 

stop solution (Promega, M6101:M199A) (20mM EGTA [pH 8.0 at 25°C]) to stop the DNase 

activity. Afterwards the sample was incubated for 10 minutes at 65°C and stored at -20 °C 

for immediate use or stored at -80oC for later use. Repeat thawing should be avoided thus 

it is recommended to make small aliquots of the cDNA after the first thaw and then reverse-

transcribed.  
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B. Reverse transcription 

Reverse transcription was performed using 1µL (500ng) of Oligo-dT (Promega 

C1101:C110A - 500 µg/ml) that anneals to poly(A) tails of eukaryotic mRNAs. These are 

recommended with reverse transcriptase (RTs) and ideal for constructing cDNA libraries. 

0.5 µL (500ng) random primers (Promega C1181:C118A - 20μg) were also added to the 

samples. Random primers or hexamers are short oligo-deoxyribonucleotides with random 

base sequences (usually [d(N)6]) that are typically used to prime single-stranded DNA or 

RNA for extension by DNA polymerases or reverse transcriptase. During cDNA generation, 

these hexamers randomly cover all regions of the RNA, resulting in a cDNA pool that 

contains cDNAs of various lengths. The RNA sample was incubated for 10minutes at 70°C 

followed by quenching on ice to prevent secondary conformation changes in RNA because 

of its highly dynamic nature to interact with binding partners. Stock solution of MMLV 

(Molony Murine Leukaemia Virus) reverse transcriptase RT buffer (Promega, M1701: 

content part no. M531A) (375mM KCl , 15mM MgCl2, 250mM Tris-HCl, and 50mM DTT) 

was made with nuclease free water (NFW) and dNTPs (deoxyribonucleotides)  (0.5Mm) 

(Promega, U1515) and 6.5µL added to each RNA sample. 1μl of MMLV-RT enzyme 

(Promega, M1701: content part no.M170A) was added to make up the final volume to 20µL. 

MMLV reverse transcriptase is an RNA-dependent DNA polymerase that uses single-

stranded RNA as the template for first strand complementary DNA strand synthesis, using 

a hybridized primer such as oligo-dT or random primers. A negative control minus RT was 

used which contained all other constituents but no MMLV reverse transcriptase (1µL of 

nuclease free water was added to make up the final volume 20µL). Finally, all the samples 

were incubated in the PCR machine at 37°C for 60 minutes followed by incubation at 42°C 

for 30 minutes to allow for DNA polymerisation. After this, samples were incubated at 70°C 

for 10 minutes to inactivate the MMLV-RT, and finally stored at -20°C or -80°C depending 

on the interval between isolation and PCR experiment.  

C. cDNA amplification 

cDNA amplification was performed with target-specific forward and reverse primers (0.5µM 

each), using PCR master mix (Promega: final concentrations 25U/mL Taq DNA polymerase, 

0.2mM dNTPs, 1.5mM MgCl2). Aliquots of specific primer pair mixtures (1:1) were made to 
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avoid freeze thawing and diluted with nuclease-free water to a concentration of 10µM (Stock: 

100µM: 10µM forward, 10µM reverse, 80µL nuclease free water).  1µL of primer mix was 

added to master mix to achieve a final primer concentration of 0.5µM for each primer. Finally, 

up to 2ng of cDNA was added to each tube, and nuclease-free water was added if necessary 

to reach a final reaction volume of 20µL. The negative controls contained all ingredients 

other than cDNA. Two negative controls were utilized in the experiment: (1) water control, 

which was used to identify DNA contamination of reagents. This was achieved by replacing 

the cDNA with water in the reaction mixture; (2) no RT (-RT) control, which was used to 

determine whether genomic contamination was present even after DNase treatment. The 

cDNA was amplified in 200 μl thin-walled tubes using a PTC-200 thermocycler under the 

general conditions shown in Figure 7.11 using specific primer sets shown in Table 7.5. 

Reactions were visualized by gel electrophoresis immediately or stored at 4°C overnight. 

 

Figure 7.11: Generalised PCR steps and conditions.   

Table 7.5: Primer sequences for RT-PCR targets 

Target Amplicon 
(bp)  

Forward primer Reverse primer 

GAPDH 180 CAACTACATGGTTTAC
ATGTTC 

GCCAGTGGACTCCAC
GAC  

COL2A1 170 CTGCTGCTAATGTTCT
TGAC  

ACTGGAATCCCTTTAC
TCTTT  

COL10A1 143 ATCTTGCCGCATCTG
TGTGT 

CTCCTTTCTGCCCCTT
TGGC  

7.2.6 Optimisation of RT-PCR  

My original aims were to study expression of multiple markers of chondrocyte state, 

specifically COL2A1, COL10A1, CD44, COMP and MMP13, but due to time and Covid-

related restrictions I was only able to focus on COL2A1 (early differentiation marker) and 

COL10A1 (hypertrophy marker). 
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I used GAPDH as an internal control as these primers were already available in the lab. The 

classification of housekeeping genes comprises of genes which play a key role in the 

maintenance of basic cellular functions obligatory for the most of cells in their survival and 

normal functions (Eisenberg & Levanon, 2003). For normalization of gene expression, 

housekeeping genes have been used widely as reference genes for data derived from 

various experimental treatments and cell types by means of reverse-transcriptase 

polymerase chain reaction (RT-PCR). GAPDH is a basic regulatory enzyme, which 

participates in many cellular functions in addition to glycolysis such as DNA replication and 

repair, nuclear tRNA export, exocytosis, endocytosis, iron metabolism, cytoskeletal 

organization, carcinogenesis, and cell death (Colell et al., 2009; Sheokand et al., 2014).  

RT-PCR conditions were optimised by varying reagents and PCR cycle conditions, such as 

the amount of input cDNA, denaturation time, and annealing temperature, for all primer pairs 

independently. Starting conditions for new primers were 3 min denaturation at 95oC, 

followed by 35 cycles of 30s denaturation at 95oC, 45s annealing at 50oC, and 60s extension 

at 72oC, followed by a final extension time of 10min at 72oC, and incubation at 4oC (Figure 

7.11 & 7.12). Standard GAPDH cycle conditions were used which were as above but with 

annealing at 55oC. Optimised cycle conditions and temperature are shown in Figure 7.10. 

Using 1ng input RNA I was able to show expression of both GAPDH and COL2A1, but not 

COL10A, so I increased input to 2ng which resulted in COL10A detection. Annealing 

temperatures for COL2A1 and COL10A were 59oC and 55oC, respectively. Expression of 

GAPDH and COL2A1 was seen in 2 of 3 plates (Figure 7.13) using the conditions above, 

but there was no expression of COL10A1. COL10A1 expression was detected when cDNA 

input was doubled (Figure 7.13). I then determined whether the expression of COL2A1 and 

COL10A changed at different times after ascorbic acid treatment, days 8, 12 and 21 (n=2/3).  
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Figure 7.12: Cycle conditions for amplification of GAPDH, COL2A1 and COL10A1.  

Table 7.6: Conditions used in RT-PCR for GAPDH, COL2A1 and COL10A1. 

Primer Conditions 

GAPDH – 

Housekeeping gene 

Denaturation: 95 °C 3 min 

Annealing: 55°C 45 sec 

Extension: 72 °C 1 min 

No. of cycles: 35 

COL2A1 Denaturation: 95 °C 3 min 

Annealing: 59°C 45 sec 

Extension: 72 °C 1 min 

No. of cycles: 35 

COL10A1 Denaturation: 95 °C 3 min 

Annealing: 55°C 45 sec 

Extension: 72 °C 1 min 

No. of cycles: 35 
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Figure 7.13: Optimisation of RT-PCR for GAPDH, COL2A1 and COL10A1 using 1ul of cDNA at 
concentration of 1ng/µl. PCR gel shows GAPDH (180bp) and COL2A (170bp) amplicons 
(arrows) in three ATDC5 samples cultured for 8, 12 and 21 days in differentiation medium. 
The COL10A1 amplicon (143bp) was not detected in any sample. -RT samples are negative 
controls for genomic DNA contamination, and -cDNA samples control for any DNA 
contamination introduced during reaction preparation. 

 

Figure 7.14: Optimisation of RT-PCR for COL10A1.  (A) PCR gel shows barely visible 
COL10A1 amplicons (143bp) in two samples (arrows) using the cycle conditions in Table 7.6 
and 1ng/µl input cDNA. (B) using the same cycle conditions but with 4ng/µl input cDNA, the 
COL10A1 amplicon (143bp) was detected in all samples. (C) 2ng/µl input cDNA showed 
COL10A1 at Day 12 and 21 samples. -RT samples are negative controls for genomic DNA 
contamination, and -cDNA samples control for any DNA contamination introduced during 
reaction preparation. L: Ladder; D8: Day 8; D12: Day12; D21: Day 21. 



211 

 

 

7.2.7 Treatment of ATDC5 cells with SRPK1 or CLK1 inhibitors  

ATDC5 cells were passaged and plated at a total density of 2.5 x 104 cells/well in a 12-well 

plate (n = 4) (Figure 7.15) and cultured in DMEM/F-12 (Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12) media with 5% FBS in 5%CO2:95%O2 at 37oC over 3-4 days 

until they reached confluence. Ascorbic acid (50µg/mL) was then added in MEM -  

(Minimum Essential Medium α) with 5% FBS, to induce chondrogenesis. Media was 

changed every other day and cells cultured for a total of 21 days. Cells were also grown on 

coverslips (under the same conditions as above) for investigation of the effects of the 

treatments on cell morphology. 

Alternative splicing inhibitors of SRPK1 (SPHINX31: 1M and 5M) or CLK1 (Griffin6: 1M 

and 5M) were dissolved in dimethyl-sulfoxide (DMSO 0.1% in PBS) and added to the 

growth media from day 1. Cells were exposed to inhibitor or DMSO vehicle (0.1%, equivalent 

to inhibitor treatment) for the whole 21 days (Figure 7.15), with fresh inhibitor added in each 

media change. SPHINX31 and Griffin 6 were kind gifts of Professor Jonathan Morris, 

University of New South Wales Australia. The concentrations used were based on IC50 

values (Table 7.7) and data generated by Matthew N. Swift in which SPHINX31 and Griffin6 

showed significant biological effects on primary rodent neurons at these concentrations 

(Swift, 2021).  

Table 7.7: Novel splicing kinase Inhibitors’ specificity and IC50 values (data kindly supplied 
by Prof Jonathan Morris).  

Light field images were taken of only the cells treated with the highest inhibitor 

concentrations from day 1 till day 21 for each repeat culture to monitor cell morphology 

changes. At day 21 cells were lysed using TRI-reagent and RNA extracted for PCR analysis 

as described in Section 7.2.3.1, 7.2.4 – 7.2.6. 
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Figure 7.15. Illustration of the structure of each 12 well plate (n=4) containing treatments in 
duplicate for the RNA-extraction work.  

7.2.8. Data extraction and statistical analysis  

Raw data from PCR gel images was extracted using ImageJ (Figure 7.16). Gel images were 

loaded to ImageJ and the first visible band was marked by drawing a rectangular selection 

box. All the bands were then selected using the “Analyse-Gel” functions from ImageJ (Figure 

7.16A) before selecting the “plot lanes” function. The “plot lanes” function generates a plot 

that displays peaks in the graph to represent the integrated density of fluorescence in each 

rectangle drawn. A straight line was drawn at the base of the peak connecting the bottom 

ends of the plotted lane (Figure 7.16B), using the line tool, to define the total area of the 

measured band and derive integrated image density (Figure 7.16C). Once all the peaks had 

been measured, using “Analyse-gels-Label peaks” function gave the percentage of 

maximum intensity (Figure 7.16D) which was then used for further analysis (see example of 

analysis shown in Figure 7.16E). 

For COL2A1 and COL10A1 mRNA expression, ATDC5 cells were treated with two 

concentrations of SRPK1 inhibitor SPHINX31 and CLK1 inhibitor Griffin6 (1µM and 5µM). 

GAPDH was used as an internal loading control to normalise mRNA levels between the 
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samples. COL2A1 and COL10A1 expression was corrected against GAPDH expression in 

each sample (example of analysis shown in Figure 7.16E).  

For data analysis, one-way ANOVA followed by Dunnett’s multiple comparison tests was 

used to compare the effects of inhibitors with vehicle (DMSO). Statistical p value < 0.05 was 

considered as significant. 

Figure 7.16. Method showing generation of data from the PCR gel images using ImageJ. (A) 
Band selection (B,C,D) ImageJ-derived intensity peaks used to determine the area (rectangles 
in A) and percentage of area occupied by the band on the gel (E) Example of normalising the 
mRNA levels between the samples for further analysis. 
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7.3 RESULTS 

I was able to optimise both the differentiation of ATDC5 cells (Figures 7.7 & 7.8) and PCR 

analysis of the differentiation of ATDC5 cells into chondrocyte-like cells and dedifferentiation 

to hypertrophic chondrocyte-like cells by the expression of COL2A1 and COL10A1 

respectively (Figure 7.13 & 7.14).  

7.3.1 Cell morphology changes during ATDC5 exposure to ascorbic acid 

over 21 days and the effect of SRPK1 and CLK1 splicing kinase inhibitors 

Morphological examination of ATDC5 cells exposed to the ascorbic acid (50µg/mL) 

differentiation medium, either unstained or with toluidine blue staining showed obvious 

cellular changes up to 21 days (Figures 7.7 & 7.8).  The ATDC5 cells transformation into 

hypertrophic chondrocytes can be seen from Day 1 to Day 21 in DMSO, SPHINX31 and 

Griffin6 treated cells (Figure 7.17). In DMSO-treated control cells, there was an initial spindle 

appearance, followed by cell aggregation, and rounder appearance as cells differentiate into 

chondrocyte-like cells with surrounding matrix. By day 12 cells were more organised with a 

rounder shape and were forming foci, with loss of spindle shape appearance as well as the 

appearance of some bigger cells (pre-hypertrophic). Compared to Day 8 and Day 12, by day 

21 de-differentiation and hypertrophy was evident by an increase in the size of cells. 

SRPK1 and CLK1 inhibition appeared to cause a slight reduction in cell proliferation and 

size of cells at Day 12, and 21 respectively compared with DMSO. There appeared to be 

fewer cells which maintained a spindle appearance at day 8, and fewer but larger and 

rounder cells at day 12 with SRPK1 inhibition (Figure 7.16). This suggests that SRPK1 

inhibition might affect ATDC5 cell division and delay differentiation, although by day 21 the 

appearance of cells was very similar to controls. CLK1 inhibition also appeared to reduce 

cell proliferation, but resulted in more disorganised and spindle-like cells at day 8 than 

control or SRPK1 inhibition. SRPK1 inhibition appeared to reduce the number of dead/dying 

cells at days 8 and 12 than in control cultures (visible white dots in the images), but by day 

21 there were no obvious differences in appearance between cells treated with either 

inhibitor.  



215 

 

 

I had originally planned to fix and stain cells with toluidine blue and analyse features of intra-

cellular morphology, as well as determining NL of SRPK1 and SRSF1 in treated cells. 

Unfortunately due to time limitations I was unable to do these experiments, or perform 

quantitative analyses of cell morphology. 
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Figure 7.17: Comparison of ATDC5 cell morphology at different times after treatment with ascorbic acid plus vehicle (DMSO) (top row), 5µM SPHINX31 
(middle row) or 5µM Griffin6. Green arrowheads: normal chondrocyte-like cells; red arrowheads: hypertrophic-like chondrocytes. Black arrowheads 
show baseline ATDC5 cell morphology, which transformed to spindle shape cells upon treatment with ascorbic acid (Day 8). Day 8 showed 
aggregation of cells and formation of some rounder cells which is the starting point of ATDC5 cell differentiation into chondrocyte-like cells (green 
arrowheads). At this phase formation of cartilage nodules through cellular condensation process can be observed indicated by the yellow square 
with high cell density and higher production of ECM. Day 12 cells showed more chondrocytes (green arrowheads) some with bigger size (red 
arrowheads) compared to cells at Day 8, while hypertrophic chondrocytes (red arrowheads) with larger size cells were clearly visible at day 21. Cells 
treated with S31 (5µM) and G6 (5µM) showed some differences in morphology at days 8 and 12, but were very similar to control cells at day 21. Black 
arrows show dead cells visible as white spots. S31: SPHINX31, G6: Griffin6. Scale bar =25µm.
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7.3.2 Collagen expression during ATDC5 cell exposure to ascorbic 

acid over 21 days, and the effect of SRPK1 and CLK1 splicing kinase 

inhibitors 

Upon investigation of COL2A1 and CO10A1 in ATDC5 cells differentiated with 

ascorbic acid, low COL2A1 expression was observed at the starting point of 

differentiation (differentiated ATDC5 cells; Day 8 mean ± SD: 0.6±0.01) and de-

differentiation (pre-hypertrophic; Day 12 2.5±1.5) while no expression was detected in 

hypertrophic chondrocyte-like ATDC5 cells (Day 21 0±0). COL10A1 expression was 

also analysed at these time points. There was no COL10A1 expression seen at Day 

8 (0±0), but higher expression was detected at pre-hypertrophic (Day 12 0.8±0.6) and 

hypertrophic stages (Day 21 0.8±0.02).  

After successful differentiation and dedifferentiation of ATDC5 cells (Figure 7.18) 

COL2A1 and COL10A1 expression was investigated at day 21 in hypertrophic 

chondrocyte-like ATDC5 cells after treatment with alternative splicing kinase inhibitors 

of SRPK1 (S31) and CLK1 (G6). At day 21 cells treated with DMSO showed a very 

low expression of COL2A1 (mean ± SD: 0.3±0.5). Alternative splicing inhibitors had 

no effect on COL2A1 expression at either concentration (SPHINX31 @ 1µM: 0.1±0.1, 

SPHINX31@ 5µM: 0.1±0.3, Griffin 6 @ 1µM: 0.1±0.2, Griffin6 @ 5µM: 0.4±0.9.) 

(Figure 7.19 A,D,E).  

There was a non-significant reduction in COL10A expression with both SRPK1 and 

CLK1 inhibition for 21 days (DMSO; mean SD = 1.4±2.2; SPHINX31 @ 1µM 0.3±0.2, 

SPHINX31 @ 5µM 0.7±0.5, Griffin 6 @ 1µM 0.4±0.5, Griffin6 @ 5µM 0.7±1.1) (Figure 

7.19 B,F,G).  
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Figure 7.18: (A,B) COL2A1 and COL10A1 expression and (C,D) PCR amplicons in 
ascorbic acid (50µg/ml) treated ATDC5 cells at different time points (from optimisation 
data). COL2A1 was detected at days 8 and 12 with no expression seen at day 21. 
COL10A1 expression was found at all time-points with lower expression at day 8. n=2: 
NOTE: The reason for only n=2 is because this data is from the optimisation protocol. 
L: Ladder; D8: Day 8; D12: Day12; D21: Day 21. 

 

SRPK1 (SPHINX31) and CLK1 (Griffin 6) inhibitor did not have any effect on COL2A1 

or COL10A expression at either dose compared to control. Therefore, although I could 

demonstrate that ATDC5 cells changed morphology (Figure 7.7 & 7.8) and mRNA 

expression (Figure 7.18) over 21 days exposure to ascorbic acid, treatment with 

alternative splicing inhibitors SPHINX31 and Griffin6 had only a slight effect on cell 

morphology in terms of reduced proliferation and size of cells at Day 12 and 21 

respectively, at the higher concentration (5µM) of both inhibitors. 
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Figure 7.19: (A) COL2A1 and (B) COL10A1 expression in differentiated hypertrophic 
ATDC5 cells treated with SPHINX31 and Griffin6 (1µM and 5µM). There was no change 
in either (A) COL2A1 expression or (B) COL10A (B) in any treatment group. 
Representation of amplicon size of (C) GAPDH – housekeeping gene (181), (D,E) 
COL2A1 (170), (F,G) COL10A1 (143) in hypertrophic chondrocytes at day 21 in ATDC5 
cells. Day 8, 12 and 21 samples were included as positive controls (D,E,F,G) which 
already showed COL2A1 and COL10A1 expression in optimising the protocol shown 
above in figure 7.13, 7.14, 7.18 S31: SPHINX31; G6: Griifin6;D8: Day 8; D12: Day12; D21: 
Day 21. 
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7.4 DISCUSSION 

Though in most of the literature hypertrophic chondrocytes are described in 

association with OA (M. B. Goldring et al., 2016; Hwang & Kim, 2015; Utomo et al., 

2016; Van der Kraan & Van den Berg, 2012), chondrocyte hypertrophy is also found 

in inflammatory arthritis, and, from my data, in rodent models of IA (Figure 7.1). Based 

on these observations, and of SRPK1 expression in chondrocytes in IA, I investigated 

the effects of SRPK1 and CLK1 inhibitors on differentiated ATDC5 cells with the 

ultimate aim to maintain normal chondrocyte phenotype or delay chondrocyte 

hypertrophy in ATDC5 cell line. The main experimental aims of this work were to 

determine changes in cell morphology and measure the expression of COL2A1, 

COL10A1, CD44, COMP and MMP13 expression in ATDC5 cells in different stages 

of differentiation/hypertrophy and determine the effects of SRPK1 and CLK1 inhibitors.  

The findings of this study showed that the splicing kinase inhibitors did not significantly 

change either COL2A1 (Figure 7.19A) or COL10A1 expression (Figure 7.19B), in 

hypertrophic ATDC5 cells. There were slight reductions in expression of both at the 

end of the study, and indications of cellular morphology change and cell number at 

earlier stages of differentiation, which could indicate an effect that delayed 

differentiation. Due to time limitations, I could not generate samples at days 8 and 12 

that would have given more meaningful data on possible earlier changes in collagen 

expression.  

The lack of effect is probably not because the drug concentration used was too low. 

Both SPHINX31 and Griffin6 are potent, selective compounds with IC50 values for 

SRPK1 (S31) and CLK1 (G6) below 10nM (Table 7.7). Griffin6 is also a more potent 

CLK2 inhibitor than lorecivivint at this kinase (IC50: lorecivivint = 7.8nM; G6 = 3.9nM). 

Dr Matt Swift used these compounds at the same concentrations as used in this thesis, 

to protect primary neurones against chemotherapy damage. Increasing the 

concentrations of these inhibitors above 5µM is unlikely to have a greater effect, and 

use of micromolar quantities would also be more likely to result in off-target effects 

e.g. on related kinases (see Table 7.7).  
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I used total collagen II and X as indicators of change, as Type II collagen is the major 

type found in mature articular cartilage, and Type 10 collagen is a network-forming 

collagen synthesised by hypertrophic chondrocytes. Lorecivivint, the Wnt/DYRK/CLK 

inhibitor reduced chondrocyte hypertrophy in vitro, so I tested whether SRPK1 or CLK1 

inhibition could change expression of these key collagens. Very little is known about 

SRPK1 or CLK1 function in cartilage, so it is possible that collagens II and X are not 

affected by these kinases. Collagen II and X are both alternatively spliced (Savontaus 

et al., 1998). Collagen II has four alternatively spliced variants, COL2A, B, C and D 

and its alternative splicing is changed during chondrogenesis (McAlinden, 2014), and 

collagen X has at least two splice variants (Purkayastha et al., 2020).  SRPK1 inhibition 

has recently been shown to reduce collagen I and III deposition in experimental lung 

fibrosis (Y. Qiu et al., 2020) but there are no published data on the control mechanisms 

of collagen II and X by splicing kinases or factors. With more time I could have looked 

at changes in mRNA expression of different collagen II and X variants with ATDC5 cell 

differentiation and hypertrophy and whether splicing kinase inhibition affected this.  

My study originally also aimed to investigate MMP13, COMP and CD44 expression as 

additional indicators of chondrocyte phenotype, but due to time limitations these 

experiments were not possible. MMP13 (or collagenase-3) is a marker of hypertrophy 

frequently raised more than 40-fold in OA cartilage (Billinghurst et al., 1997; H. Li et 

al., 2017; Mitchell et al., 1996; Shlopov et al., 2000) and also produced by RA 

chondrocytes (Onnheim et al., 2022). Cartilage oligomeric matrix protein (COMP) is 

another marker of disease severity, also used to measure the effect of treatment (de 

Jong et al., 2008; Morozzi et al., 2007) in synovium in patients with RA as well as OA 

(S. Tseng et al., 2009). CD44 is a multi-structural cell-surface glycoprotein that can 

bind several types of ligands including HA, osteopontin (OPN), collagens, MMPs and 

proteoglycan-4 (PRG4) (Al‐Sharif et al., 2015; Goodison et al., 1999), and is 

associated with progressive knee OA joint damage (F.-J. Zhang et al., 2013). Among 

the key markers mentioned above; CD44 is alternatively spliced, which might show 

change upon treatment with splicing kinase inhibitors even if the overall expression 

level remains unchanged (Herrlich et al., 1993; Latini et al., 2021; Mackay et al., 1994; 

Prochazka et al., 2014; H. Zhang et al., 2019). 
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There are other genes or proteins associated with chondrocyte hypertrophy that are 

highly expressed in OA cartilage than normal cartilage such as alkaline phosphatase 

(Goyal et al., 2010), VEGF-A121, VEGF-A165, and VEGF-A189 (Pfander et al., 2001), 

Runx2 (Orfanidou et al., 2009), osteocalcin (O Pullig et al., 2000), osteonectin (Goyal 

et al., 2010), osteopontin (Oliver Pullig et al., 2000), Indian Hedgehog (Tchetina et al., 

2005), and beta-catenin (M. Zhu et al., 2009). Moreover, apoptosis can be considered 

as an additional chondrocyte hypertrophy marker in OA cartilage (Blanco et al., 1998) 

because hypertrophic chondrocytes in the growth plate were reported not only to 

express type X collagen, but also demonstrated to undergo apoptosis to make bone 

deposition possible (Zenmyo et al., 1996). Moreover, it is important to understand 

whether, and if so the mechanisms by which SRPK1 and CLK1 inhibitors could 

stabilize the functional activity of impaired chondrocytes in arthritis by reducing the 

expression or alternative splicing of key regulatory genes. For this, the different 

signalling pathways involved in the differentiation of chondrocytes can be further 

analysed. These signalling pathways are crucial for normal differentiation of 

chondrocyte and cartilage development that maintain the balance in matrix production 

and degradation.  

There was high variability in expression of both collagens particularly in the DMSO 

control groups, probably somewhat due to the very low expression in most DMSO 

treated control cells. Use of one of the other markers of hypertrophy or concentrating 

on splice variant expression as mentioned above might be useful to address this. 

There is also a low number of samples in these experiments, meaning that the study 

probably had low power. Generation of samples at day 8 and 12 would have given 

more meaningful data on the changes in expression over time, and with cellular 

changes. Additionally I could have looked for protein expression of collagens and their 

splice variants or other key markers by western blotting, or IHC to link changes to cell 

morphology changes over time. Further morphological analysis would also have also 

provided a clear insight of the effects of the treatment on cell morphology or sub-

cellular changes using toluidine blue staining (as above), or Alcian blue (Hodax et al., 

2019; Nakatani et al., 2007; Yuan et al., 2022) or Alizarin red stains (Newton et al., 

2012; Shukunami et al., 1997; van Eegher et al., 2021) for identification of GAGs 

(glycosaminoglycan) and calcium deposits, respectively.  
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7.5 CONCLUSION 

These preliminary studies in ATDC5 cells do not give conclusive evidence that SRPK1 

and CLK1 inhibition could be a novel therapeutic strategy in the treatment of cartilage 

changes in arthritis. There is further work required with these inhibitors, but as Griffin6 

is a novel, potentially orally available compound, and is more potent against CLK1/2 

than Lorecivivint, the DYRK/CLK inhibitor and disease modifying anti-osteoarthritis 

drug in phase III clinical trial, it is probably worth conducting more studies with this 

compound.  
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8.1 GENERAL DISCUSSION AND CONCLUSION  

Synovial angiogenesis in arthritis is associated with cartilage and bone destruction in 

RA and OA (Lainer-Carr & Brahn, 2007; K. Qian et al., 2022; Szekanecz & Koch, 2008; 

Veale & Fearon, 2006). New blood vessel formation in the adult is usually a tightly 

regulated process which is activated during short periods of time, for instance in wound 

healing or in reproductive systems. The stimulators and inhibitors of angiogenesis 

exert positive and negative effects on the formation of blood vessels to keep the 

demands limited to the growing tissue requirement under normal physiological 

conditions (Figure 8.1A). On the other hand, this balance is lost in numerous 

pathological circumstances and can result in the production of an angiogenic 

phenotype. VEGF-A is an important main contributor to this process in both health and 

disease conditions (Carmeliet, 2003; Ferrara et al., 2003; Le & Kwon, 2021; 

Szekanecz & Koch, 2008). VEGF-A is strongly linked to both RA and OA (Le & Kwon, 

2021; Murata et al., 2008), for example both serum and synovial fluid VEGF-A 

concentrations correlate well with the degree of arthritic disease activity such as the 

level of joint swelling (Sokolove & Lepus, 2013). 

Inhibition of VEGF-A and its receptors have been widely explored in both arthritis and 

cancer research (A. E.-S. Abdel-Maged et al., 2018; A. E. Abdel-Maged et al., 2019; 

Q. Chen et al., 2023; Hernandez et al., 2001; Kiselyov et al., 2007; A. E. Koch, 1998; 

A. E. Koch et al., 1994; Le & Kwon, 2021; Shams & Ianchulev, 2006; Masabumi 

Shibuya, 2008).  VEGF-Axxxa isoforms drive angiogenesis, whereas VEGF-A165b can 

reduce angiogenesis in multiple angiogenic pathologies such as retinal disease and 

tumorigenesis (Le & Kwon, 2021). VEGF-A165a also promotes angiogenesis and pain 

in IA animal models (Beazley-Long et al., 2018; R. Hulse et al., 2014; R. P. Hulse, 

2017; R. P. Hulse et al., 2015; R. P. Hulse et al., 2016), and VEGF-A level in human 

RA synovium strongly correlates with the degree of histological inflammation (D 

Amanitis et al., 2020). 

The overall hypothesis tested in this thesis was that activation of VEGFR2 by VEGF-

Axxxa splice variants contributes to joint inflammation and damage in rodent models of 

inflammatory arthritis. I addressed this by looking at histological features of 
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Figure 8.1: (A) Pathogenesis of rheumatoid arthritis. In RA, the inflammatory process initiates with the infiltration of inflammatory immune cells such 
as macrophages which secrete abundant chemokines, cytokines, and degrading enzymes, which lead to synovial hyperplasia. Synovial hyperplasia 
causes hypoxic environment which is the trigger that increases VEGF-A production which is mainly produced by rheumatoid synoviocytes. This 
stimulates angiogenesis and vascular permeability. Hence, more macrophages enter the synovium. These produce TNF-α and IL-6 which further 
enhance the capacity of macrophages and synoviocytes to secrete VEGF-A, and consequently create a self-perpetuating cycle of inflammation. 
VEGF-A is thus involved in the development of synovial inflammation, hyperplasia, and angiogenesis in the joints of RA. (B) Figure summarises the 
outcomes of my experiments in chapters 4, 5, 6 and 7 of blocking VEGFR2 on endothelial cells showing the proposed mechanisms through which 
VEGFR2 inhibition affects the cartilage integrity. 
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inflammation and joint damage in rat and mouse models of IA, using systemic 

pharmacological and cell-specific approaches to removing VEGFR2 activation. Prior 

to investigation of the hypothesis, I showed that two different doses of CFA in rats 

resulting in the same histological changes in the joints, meaning the results from two 

independent studies from which I obtained joint tissues were comparable.  

I also used the animal models to back-translate observations from human synovium 

(Dimitrios Amanitis, 2022) into these models. I showed that there were only minor 

similarities between the mouse and rat models and human data. This was most likely 

due to the difference in time in the disease progression in the rodents compared to 

human.  

In chapters 4, 5 and 6 I investigated various aspects of joint histology in rats and mice 

with IA, showing that  

1. systemic VEGFR2 inhibition with PTK787 had no obvious effect on synovitis or 

joint damage and no change in the expression of key molecules involved in 

control of VEGF-A alternative splicing, and  

2. VEGFR2 knockdown in endothelial cells resulted in a severe loss of blood 

vessels in superficial SCB and synovium, with increased cartilage damage but 

no change in the synovitis. In the same animals, expression of the splicing 

kinase SRPK1 and splicing factor SRSF1 showed some changes that indicate 

a possible change in VEGF-A splicing towards anti-angiogenic variants, VEGF-

Axxxb (Figure 8.2B).  

These data led me to conclude that targeting endothelial-VEGFR2 would as 

hypothesised reduce blood vessel numbers in synovium and SCB but that this would 

be actually highly detrimental in IA as it could also cause cartilage damage. I also 

concluded that the potential effects of blocking endothelial-VEGFR2 might result in 

decrease in VEGF-Axxxa isoforms as a result of an effect on VEGF-A splicing (Figure 

8.2). These results therefore do not support the original hypothesis that blocking 

VEGF-Axxxa isoforms acting at VEGFR2 would be beneficial and reduce inflammation 

and joint damage in IA.  
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Figure 8.2: Left: Alternative splicing of VEGF-A. In unstimulated phase, SRPK1 and SRSF1 are concentrated mostly in the cytoplasm. 
(A) On stimulation, SRPK1 is activated which increases SRSF1 phosphorylation and results in stimulation of angiogenesis via 
increased binding of VEGF-Axxxa isoforms to VEGFR2. (B) Flow diagram of possible VEGFR2 control of VEGF-A splicing. The 
mechanism(s) involved are not yet understood.



228 

 

 

The lack of effect of systemic PTK787 is most likely due to the administered dose 

being too low to exert an effect, despite it being sufficient to affect pain behaviour  

(Durrant, 2021). In addition, while the animal models showed similarities in changes 

in splicing molecules, these may not be the same as seen in human synovium because 

of the differences in disease duration (10-14 days compared to >5 years).  

Several studies have shown a beneficial effect of VEGFR inhibitors on histopathology, 

and this could be attributable to an action on other cell types or targets than VEGFR2, 

such as the VEGFR1 receptor which can also promote inflammatory responses and 

angiogenesis (Masabumi Shibuya, 2015). Other molecular targets of existing 

therapeutic VEGFR inhibitors are relevant because there are no FDA approved or 

experimental specific VEGFR2 small molecule inhibitor that can be used in vivo (X.-J. 

Liu et al., 2023). VEGFR2 inhibitors can have effects on multiple VEGFRs, platelet 

derived growth factor receptor, KIT (pazopanib, sunitinib), fibroblast growth factor 

receptor 1 and RET (sorafenib). These positive actions could have disguised a 

negative effect of VEGFR2 on endothelial cells, which is only seen when only 

endothelial VEGFR2 is specifically targeted. There are however certain important 

potential drawbacks of anti-VEGFR therapies, such as hypertension (Kamba & 

McDonald, 2007; Pandey et al., 2018), impaired healing of fractures (Beamer et al., 

2010; Kamba & McDonald, 2007; Ogilvie et al., 2012; Yen et al., 2022), haemorrhage 

(Kamba & McDonald, 2007; Yoshimoto et al., 2021), and impaired wound healing 

(Bodnar, 2014; Kamba & McDonald, 2007). 

In inflammatory conditions, upregulation of inflammatory mediators such as TNF-, a 

key molecule in RA and other IA conditions activates SRPK1 and increases SRSF1 

expression in the disease tissue (Giannakouros et al., 2011; Nowak et al., 2010; Z. 

Zhou & Fu, 2013). Increased SRPK1 levels are associated with abnormal splicing 

events such as atypical cell proliferation, migration and angiogenesis in various 

cancers; colon, pancreatic, prostate, lung, and breast (Hatcher et al., 2018), features 

also seen in RA synovium. Recent reports show that alternative splicing is altered in 

RA (Ibáñez-Costa et al., 2022), and although changes in SRPK1 or CLKs have not 

been reported in RA, the related splicing kinase DYRK1 is involved in driving the 

proliferation and invasion of synoviocytes in RA (X. Guo et al., 2018). DYRK1A 
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expression is also correlated with the degree of synovitis in RA and OA synovium 

(Dimitrios Amanitis, 2022). 

In addition to control of VEGF165a/VEGF165b alternative splicing, SRPK1 is also known 

to have other targets (Giannakouros et al., 2011) such as FAK, MAPK, PI3K-Akt and 

Wnt/ß catenin (N. Bullock & Oltean, 2017). This makes SRPK1 a potentially attractive 

target for RA treatment because many of these signalling pathways are also involved 

in the progression of RA, including JAK-STAT, SYK, Notch signalling, and the MAPK, 

FAK, Wnt and PI3K-AKT signalling pathways. The activation of MAPKs, FAK, 

Wnt/beta-catenin signalling causes cartilage matrix destruction mediated by MMPs 

(Kanai et al., 2020; Mengshol et al., 2000; Mon et al., 2006; Yuasa & Iwamoto, 2006). 

FAK is also involved in synovial fibroblast invasion, synovial angiogenesis (Infusino & 

Jacobson, 2012), T-cell activation (Wiemer et al., 2013), macrophage invasion 

regulation (Owen et al., 2007), neutrophil survival (Kasorn et al., 2009)[23], and 

osteoclast function (Y. Matsumoto et al., 2002). SRPK1 inhibitors could potentially 

target these signalling pathways (Figure 8.2) to alleviate RA symptoms. Although the 

CLK inhibitor Griffin6 did not show any effect on ATDC5 cells in vitro, it could still be 

considered for further investigation for local effects on joint integrity and pain in IA, as 

combined CLK/DYRK inhibition reduced inflammation and cytokine production 

(Deshmukh et al., 2019). There is a need for further work in this area. 

It is possible that my observation of less nuclear localised SRSF1 in IA in VEGFR2 

endothelial-specific knockout mice indicates a mechanism where loss of VEGFR2 

signalling alters VEGF-A alternative splicing. How this happens is not clear as this has 

never been observed or reported before. Increased VEGF-Axxxb would be expected to 

reduce angiogenesis and synovitis as it blocks inflammation in vivo (Cromer et al., 

2013), and leukocyte adhesion to endothelial cells (Desideri et al., 2019; Oltean et al., 

2015) and synoviocytes in vitro (Dimitrios Amanitis, 2022).  

There is strong literature evidence supporting a contribution of VEGF-A to 

inflammatory arthritis, demonstrating relationships between inflammation, pain, and 

splicing factors in RA synovium. There is also a growing recognition of the importance 

of alternative splicing to the pathology of RA. If the potential detrimental effects of 

VEGFR inhibition are also considered, the data presented in this thesis lead to the 
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conclusion that targeting VEGF-A splicing kinases SRPK1/CLK1 or use of VEGF-A165b 

as protein therapy in IA could be ideal targets for RA treatment. This is because of 

their potential to rebalance the expression of VEGF-A isoforms without causing 

harmful effects on cell function as seen with VEGFR inhibition. It can be hypothesized 

that these treatments would alleviate inflammatory signs and symptoms without 

causing damage to cartilage/joint integrity. 

 

 

 

 

 

 

 

.. 
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9. List of potential future studies 

1. The use of splicing kinase inhibitors i-e Griffin 6 (G6) alone or as adjuncts to 

already existing RA therapies: in vitro in human primary synoviocytes treated 

with TNF- and in vivo IA animal models to investigate the effects of G6 on 

expression of inflammatory mediators, synovial inflammation, and joint 

damage, respectively. 

2. RNA sequencing following splicing kinase inhibitor treatment in cells in vitro 

(e.g. synoviocytes) for the identification of alternative splicing targets of SRPK1 

and CLK1, and effects of kinase inhibition on identified targets. 

3. Investigation of the feedback mechanism (Figure 8.2) exploring the effect of 

VEGFR2 inhibition on SRSF1 nuclear localization in synoviocytes 

hypothesizing that stimulating synoviocytes with VEGF will increase SRSF1 NL 

and blocking the receptors by VEGFR2 inhibitors will block SRSF1 nuclear 

localization.   

4. VEGFR knockout and the reduced activation of SRSF1 indicated by NL in 

synoviocytes suggests local signalling between synovial vasculature and 

synoviocytes that involves the control of alternative splicing in synoviocytes. 

Investigation of the mechanism through which synovial vascular endothelial 

cells communicate with synoviocytes, including knockdown of VEGFR2.  

5. Study of expression of specific splice variants, including VEGF-Axxxa and VEGF-

Axxxb isoforms in synovium to determine the effect of reduced SRSF1 NL on the 

expression of these isoforms (Figure 8.2).  
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APPENDIX  

Reagents for and preparation of histology working solutions 

Table A1: Decalcification buffer solution 

EDTA Buffer Recipe Concentration 

Distilled water     1 L 

Tris (Trizma) Base 1.34 g 

10% w/v EDTA                                                 100 g 

NaOH (pellets)                                                 10g 

7.5% w/v polyvinylpyrolidone (PVP)                75 g 

 

Table A2: Reagents used in Safranin O/ Fast Green staining 

SNo  Reagent used Lot number 

1  Hematoxylin 1002755415 

2  Anhydrous Ferric chloride STBJ6683 

3  Fast green FCF SHBL4767 

4  Safranin O MKCG1165 

Table A3: Preparation of Safranin O/Fast Green Working solution 

 
The Weigert's iron hematoxylin working solution was prepared by mixing equal volumes of 

stock solutions A and B.  
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Table A4: Reagents used in Masson’s trichrome staining 

 
The Masson’s trichrome working solution was prepared by mixing 1 volume of 

phosphotungstic acid solution and 1 volume phosphomolybdic acid solution with 2 

volumes of deionized water. 

 

 SUPPLEMENTARY DATA 

  

 Table S1: Histopathological scoring of cartilage 
  

  Surface smoothness  Bleaching  Mean cartilage 
thickness  

0  Smooth surface  No bleaching*  >45μm  

1  Ragged surface on end 
of cartilage  

Mild bleaching** in 
some regions  

31-45μm  

2  Cracks in surface  Mild bleaching 
widespread  

16-30μm  

3  Channels >50% through 
cartilage  

Approximately 50% 
bleaching  

1-15μm  

4  Channel into bone 
marrow  

>50% bleaching  <1μm  
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Figure S1: Effects of endothelial-VEGFR2 KO ± inflammation on histopathological features of inflammatory arthritis in mice. Toluidine 
blue staining of tibiotalar cartilage (purple) appeared reduced in the VEGFR2 KO mice compared with other groups, indicating a loss 
of proteoglycans, and altered cartilage integrity. Syn: Synovium; SCB: Subchondral bone; AC: Articulating cartilage; BM: Bone 
marrow. Scale bar 200µm. 
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