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Abstract  

The anatomical structure of the anterior cruciate ligament (ACL) of the human knee 

joint and the cranial cruciate ligament (CCL) of the canine stifle joint is highly comparable. 

The anatomical similarities allow the CCL to act as an experimental model for injuries and 

diseases that affect the ACL, allowing for the development of comparative treatment 

ǊŜƎƛƳŜƴǎ ŦƻǊ ōƻǘƘ ǎǇŜŎƛŜǎ ǳƴŘŜǊ ǘƘŜ ǘƘŜƳŜ ƻŦ ΨhƴŜ IŜŀƭǘƘΣ hƴŜ aŜŘƛŎƛƴŜΩ (Cook et al., 2010). 

The ACL and CCL are both highly susceptible to injury and rupture with current treatment 

methods proving to be varied in results, with re-rupture a common occurrence. It has been 

proposed that a detailed comparative analysis of the mesenchymal stem cell (MSC) 

population present within both the ACL and CCL would aid with producing alternative 

treatment options. MSCs have been determined to hold roles within the maintenance of 

tissue homeostasis in alternative species. However, a comparative study of the human ACL 

and canine CCL has not previously been undertaken, and the effect of rupture on MSCs 

derived from the cruciate ligaments has not been explored. 

This study aimed  to fully characterise, and comparatively analyse ACL and CCL tissue 

and the MSC population derived from ruptured and intact tissue from both species.  The MSC 

phenotype was determined by characterisingthe population kinetics, immunophenotyping 

cell surface antigens, protein expression, tri-lineage differentiation and immunomodulatory 

secretome. As ageing has previously been determined as a significant risk factor for the 

formation of degenerative diseases and morbidities within ligaments, this study aimed to 

characterise the mechanisms by which ageing occurred. Through passage, the ageing of the 

MSC population was mimicked, and the senescence capacity of the population assessed.  

It was determined that ruptured and intact ACL and CCL had key phenotypic 

differences at both tissue and cellular levels. It can be confirmed that MSCs derived from 

ruptured and intact ACL and CCL are compliant with the International Society for Cellular 

Therapy guidelines. However, MSCs derived from the CCL displayed a reduced stem cell 

phenotype. It was concluded that although anatomically similar, there were key differences 

between the ACL and CCL, particularly in the senescence nature of the isolated MSCs. MSCs 

isolated from the CCL (ruptured and intact tissue) expressed a prematurely senescent 

phenotype compared to MSCs isolated from the ACL (ruptured and intact tissue). It has been 

hypothesised that this is due to a premature instigation of evolutionary protective 

mechanisms within the CCL to reduce the risk of genetic mutation.  
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1.1  Anatomy of the human knee joint and canine stifle joint 

1.1.1  Anatomy of the human knee joint 

The human knee joint is a diarthrodial synovial joint that facilitates movement 

through the control of flexion and extension of the tibia in relation to the femur (Figure 1.1). 

There are four main bones associated with the knee joint; the femur, tibia, fibula (long bones) 

and the patella (a sesamoid bone that is fully integrated within a tendon) (Sarin et al., 1999, 

Eyal et al., 2015). The knee joint bones are connected to each other by musculoskeletal 

tissues including ligaments, tendons and muscles (Kardon, 2011) (Figure 1.1). Lateral and 

medial fibrocartilaginous discs (the menisci) and articular hyaline cartilage located on the 

ends of long bones, protect the joint by absorbing the cyclic biomechanical loads that occur 

during movement (Kardon, 2011). Whilst walking, it is expected that the human knee joint 

will be subjected to forces equal to three times body weight and this increases to eight times 

body weight with running (Mow and Hayes, 1991, Miller et al., 2015). 

Four ligaments, the anterior cruciate ligament (ACL), posterior cruciate ligament 

(PCL), medial collateral ligament (MCL) and lateral collateral ligament (LCL), connect the 

bones of the knee joint in order to provide joint stability (Ombregt, 2013). The ACL and PCL 

are intra-articular, extra-synovial ligaments (Gupta et al., 2018). The ACL origin is within the 

notch of the distal femur at the medial aspect of lateral condyle. The ACL extends through 

the centre of the knee joint as the anteromedial and posterolateral double bundles to the 

tibial attachment site, in front of the intercondyloid eminence of the tibia (Edwards et al., 

2008, Lee et al., 2015). The PCL is also anchored from the intercondylar notch of the femur 

at the anterolateral aspect of the medial femoral condyle but extends downward at a 

posterior-lateral angle to its tibial attachment site below the articular surface of the tibia 

(Chahla et al., 2016, Shon et al., 2017, Logterman et al., 2018). The ACL and PCL provide an 

important intra-articular function with the former preventing anterior-tibial translation, and 

the latter preventing forward movement of the femur in relation to the tibia (Duthon et al., 

2006, Gupta et al., 2018). Both the ACL and PCL reduce rotation around the medial-lateral 

axis through the ΨǎŎǊŜǿ-home mechanismΩ and resist varus and valgus forces placed on the 

joint (Li et al., 2007, Raj and Varacallo, 2020)  

The extra-articular ligaments of the knee joint are the medial collateral ligaments 

(MCL) connecting the femur to the tibia and the lateral collateral ligament (LCL), which 

connects the femur to the fibula (Smeets et al., 2017). The MCL and LCL contribute to the 

maintenance of joint stability by restricting varus and valgus forces (respectively) and 

rotational movement (Ombregt, 2013). 
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Figure 1.1: The anatomy of the human knee joint. An illustration of the human knee joint consisting 
of four bones:  femur, fibula, tibia and patella; four ligaments including the intra-articular ligaments, 
anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL), and the extra-articular 
ligaments; medial collateral ligament (MCL) (alternatively known as tibial collateral ligament) and 
lateral collateral ligament (LCL) (alternatively referred to as fibular collateral ligament). (Image 
adapted from (Calmbach and Hutchens, 2003). 



4 
 

1.1.2 Anatomy of the canine stifle joint 

The anatomy of the canine stifle joint is similar to the human knee joint, enabling 

direct comparisons to be made between their anatomical structures (Cook et al., 2014, Dan 

et al., 2019). The canine stifle joint has three main long bones, as with the human knee joint, 

and these are the distal femur, proximal tibia and proximal fibula.  There are four smaller 

sesamoid bones within the stifle joint, the patella and the lateral, medial, and popliteal 

sesamoids (fabellae) (Carpenter Jr and Cooper, 2000, Gilbert et al., 2019). The femoropatella 

and femorotibilial are the two main articulations within the the canine stifle joint (Carpenter 

Jr and Cooper, 2000). The femoral and tibial condyles are separated by the lateral and medial 

menisci, which can withstand approximately 50% of the total load applied to the joint 

(Bessette, 1992). Of the 15 ligaments within the stifle joint, there are four that are 

comparable to those within the human knee joint (medial collateral ligament (MCL), lateral 

collateral ligament, (LCL), cranial cruciate ligament (CCL) and caudal cruciate ligament (CaCL) 

(Carpenter Jr and Cooper, 2000, Cook et al., 2014, Hayashi et al., 2019). The MCL and LCL 

perform comparable roles in restricting mediolateral translation of the joint and restricting 

rotational movement around the joint (Palmer, 2005). The CCL contributes to the 

maintenance of joint stability by resisting anterior-tibia translation and is considered 

equivalent to the human ACL.  However, translation of the canine caudal cruciate ligament 

(CaCL) is equivalent to the human PCL, and prevents the forward movement of the femur in 

relation to the tibia (Carpenter Jr and Cooper, 2000) (Figure 1.3 and Figure 1.2). 

 

  



5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

 

 
 

Cranial Cruciate Ligament 

Caudal Cruciate Ligament 
Long Digital Extensor 

Tendon 

Medial Meniscus 

Lateral Meniscus  

Femur 

Tibia 

Figure 1.3: An illustration of the anatomy of the canine stifle joint. 
The canine stifle joint consists of four main bones; femur, fibula, 
tibia and patella and four main ligaments; cranial cruciate ligament, 
caudal cruciate ligament, medial collateral ligament and lateral 
collateral ligament. (Image taken from (Canapp Jr, 2007). 

 

Figure 1.2: Photograph of a representative normal cadaveric canine stifle 
joint. A photographic image of a cadaveric stifle joint showing the femur, 
tibia, cranial cruciate ligament, caudal cruciate ligament, medical meniscus, 
long digital extensor tendon and lateral meniscus (Photographed at 
Veterinary Teaching Hospital, University of Liverpool, July 2018).  
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1.2 Ligament structure  

Ligaments are dense, connective tissues that contain highly ordered, hierarchical 

structures of collagen fibril bundles approximately 1.5nm in diameter (Maciel, 2002, Frank, 

2004, Birch et al., 2013, Markatos et al., 2013). A microfibril of approximately 3.5nm diameter 

is formed from a pentamer of closely packed collagen fibres aligned in parallel. A primary 

fibre bundle forms the subfibril (secondary bundle) (Maciel, 2002, Frank, 2004, Birch et al., 

2013, Markatos et al., 2013). It is estimated that 70-80% of the dry weight of a ligament is 

collagen (Benjamin and Ralphs, 1998, Rumian et al., 2007). Ligaments consist of two types of 

collagen, collagen type I and collagen type III, at a 9:1 ratio respectively (Birch et al., 2013). 

The subfibrils group form a fibril of 50-500nm in diameter, forming the tertiary bundle. The 

fascicle consists of a number of fibril bundles surrounded by a vascular septum (alternatively 

known as an epiligament) of thin connective tissue, that join together to form a ligament 

(Figure 1.4) (Chowdhury et al., 1991, Bray, 1995, Benjamin and Ralphs, 1998, Frank, 2004, 

Birch et al., 2013, Markatos et al., 2013). The hierarchical structure of the ligament is shown 

in Figure 1.4). 

Figure 1.4: The hierarchical structure of a ligament, with approximate diameter of each region from 
collagen fibre to a ligament. A ligament is composed of a pentamer of collagen fibres grouped to form 
a microfibril of approximate 3.5nm diameter. Microfibrils are arranged to form a subfibril that is 
grouped to form a fibril. Fibrils are arranged to form a fascicle of between 50-300µm, bound together 
by an epiligament to form a ligament. (Image from (Kastelic et al., 1978).  

 

It has been hypothesised that the structure of a ligament can either be a single 

construct of a continuum of tissue formed from fascicles or a distinct bundle structure. 

Macroscopic anatomical dissections identifying the bony attachments to which a ligament 

conjoins have shown that the ACL consists of two fibrous bundles, the anteromedial and 
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posterolateral bundles(Girgis et al., 1975, Amis and Dawkins, 1991, Steckel et al., 2009, 

Skelley et al., 2017).  The two bundles do not work in unison. As flexion of the knee joint 

occurs, the anteromedial bundle extends, and the posterolateral bundle relaxes.  

The CCL has two fibrous bundles, an anteromedial bundle and posterolateral bundle. 

The anteromedial bundle (alternatively known as the craniomedial bundle) attaches 

proximally to the femur and cranially to the anterior region of the tibia (Arnoczky and 

Marshall, 1977, Heffron and Campbell, 1978, Hayashi et al., 2019). The anteromedial bundle 

is a spiral structure that is longer than its counterpart, the posterolateral bundle 

(alternatively known as the caudolateral bundle). The posterolateral bundle is straight in 

structure in comparison to the anteromedial bundle and originates from the distal, lateral 

region of the femoral condyle and inserts into the caudal regional to the tibia (Arnoczky and 

Marshall, 1977, Heffron and Campbell, 1978, Hayashi et al., 2019) 



8 
 

1.3 Biomechanical properties of ligaments  

Ligaments are responsible for bone to bone attachment, providing stability and 

maintenance of anatomical position and ensuring the biomechanical force is equally 

distributed across the joint (Hui et al., 2005, Benjamin et al., 2006). Ligaments respond to 

tensile forces to prevent hyperextension of the joint (Marieswaran et al., 2018). Resistance 

to these forces is attributed to the assembly of extracellular matrix (ECM) molecules, 

including collagen, proteoglycans and elastin, and the hierarchical organisation within the 

fascicular ultrastructure (Frank, 2004, Franchi et al., 2010). Application of load to ligaments 

has been shown to lead to the gradual elongation of collagen fibrils (Figure 1.5 and Figure 

1.6). A stress-strain curve assessing the effect of biomechanical loading on ligaments is shown 

in Figure 1.5. ¢ƘŜ ΨǘƻŜ ǊŜƎƛƻƴΩ of the stress strain curve is the point at which the initial load is 

applied, and leads to the uncrimping and elongation of the collagen fibrils within the fascicle 

(1) on Figure 1.5Φ !ǎ ǘƘŜ ƭƻŀŘ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ ƭƛƎŀƳŜƴǘ ŜƴǘŜǊǎ ǘƘŜ ΨŜƭŀǎǘƛŎ ǊŜƎƛƻƴΩΣ ǿƘŜǊŜ 

elongation of the collagen fibres is directly proportional to load, and a linear response 

between load and elastic strain is observed (Woo et al., 1991, Woo et al., 1999, Dargel et al., 

2007, Birch et al., 2013). Elongation of ligament during the elastic region is known as 

ΨŎǊŜŜǇƛƴƎΩ (2) on Figure 1.5 (Dargel et al., 2007). With increased load, further elongation of 

ǘƘŜ ƭƛƎŀƳŜƴǘ ƻŎŎǳǊǎ ǳƴǘƛƭ ǘƘŜ ƭƛƎŀƳŜƴǘ ǊŜŀŎƘŜǎ ƛǘǎ ΨȅƛŜƭŘ ǇƻƛƴǘΩΣ ŘƛǎǇƭŀȅŜŘ ŀǎ a sigmoidal 

shaped curve (3) on Figure 1.5. The yield point when the ligament is unable to elongate 

further causing permanent deformation as the collagen fibres reach the maximum point of 

being uncrimped. The ligament yield point is influenced by several factors including size, 

ultimate stress of tissue, fatigue properties and stiffness (Woo et al., 1991, Woo et al., 1999, 

Dargel et al., 2007, Birch et al., 2013). Increased loading beyond the yield point results in 

ligament failure and rupture; (4) on Figure 1.5. Therefore, an increase in load could lead to 

irreversible damage (without surgical intervention). The tensile force at the point at which 

the ligament transforms to an irreversible state of plastic deformation, is defined as the 

ΨǳƭǘƛƳŀǘŜ ƭƻŀŘΩ (Woo et al., 1991, Woo et al., 1999, Dargel et al., 2007, Birch et al., 2013). 
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Figure 1.5: Stress-strain curve showing the relationship between force and elongation on ligaments. 
Collagen fibres uncrimp as a tensile force is placed upon a ligament. (1) As an initial load is applied to 
the ligament, collagen fibrils start to uncrimp ς the Ψtoe regionΩ. (2) Collagen fibrils continue to elongate 
and uncrimp with increased load ς the Ψelastic regionΩ. (3) As the ligament load increases, the ligament 
continues to elongate until maximum elongation occursς the Ψyield point. (4) Rupture of ligament 
occurs ς ΨfailureΩ.  (Image from (Birch et al., 2013).  

 

 

 
Figure 1.6: Transmission Electron Microscopy (TEM) images of the collagen fibrils within ligament 
uncrimping as load is applied. (A) The stroma of the bovine cornea shows increased collagen fibril 
crimping with no load applied. (B) With the application of load, collagen fibrils uncrimp and straighten 
of the. (C) A further increase in load results in the collagen fibrils straightening with no crimp evident. 
(D) Once the ligament is loaded past the yield point, there is rupturing of the collagen fibrils (D). (Image 
adapted from (Liu et al., 2014).  
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It has been determined, through in situ experimentation, that the force subjected to 

a human ACL during walking is 169N (Morrison, 1969). Increasing activity levels by 

completing tasks such as descending a staircase, increase the force through the ACL by 2.6-

fold to 445N. Interestingly, if a staircase was ascended or a ramp used in replacement, the 

force subjected onto the ACL was 100N (Morrison, 1969, Dargel et al., 2007, Domnick et al., 

2016).   

Several factors have been shown to influence the ultimate load placed on the human 

ACL. The ultimate load applied to each of the ACL bundles was explored by Sakane et al., 

(1997). With an applied anterior-tibial load of 110N, it was determined that there was an in 

situ ultimate load of 71.1 ± 29.5N subjected to the ACL, when knee flexion was at 90°, with 

26.2 ± 14.4N applied to the posterolateral bundle and 32.6 ± 13.3N subjected on the 

anteromedial bundle.  An applied anterior-tibial load of 22N leads to an in situ ultimate load 

of 12.8 ± 7.3N at 90° knee flexion on the ACL. The in situ ultimate load applied to the 

anteromedial bundle was 9.9 ± 7.7N and 4.6 ± 2.5N in the posterolateral bundle (Sakane et 

al., 1997). It was concluded that the posterolateral bundle responds to anterior-tibial loads 

at the point near full extension (Sakane et al., 1997, Dargel et al., 2007). Skeletal maturation 

at puberty has been reported to positively affect the ligaments potential to resist ultimate 

load and ultimate tensile force, which is attributed to the increased size of collagen fibrils 

(Woo et al., 1991, Woo et al., 1999). Analysis of the effect of age on ligament strength showed 

a reduction in the potential for ligaments to withstand loading with increasing age, increasing 

the risk of rupture (Woo et al., 1991, Woo et al., 1999). For males and females, aged 22-35 

years, ligaments can withstand an ultimate load of 2160 ± 157N. However, from 60-97 years 

this value is reduced to 658 ± 159N (Woo et al., 1991, Woo et al., 1999). Woo et al., 1999 also 

determined that exercise influences the ligaments potential to withstand ultimate load. A 

study on swine femur-medial collateral ligament-tibia complexes showed that after 

undertaking 12 months of exercise (for a human population this would include swimming, 

walking and treadmill walking), the ultimate load of the ligament increased 38% in 

comparison to non-exercising control populations (Woo et al., 1991, Woo et al., 1999).  

Comparison of the ACLs from females and males (aged between 18 and 40 years old) 

determined that male ACLs can withstand a higher ultimate load than females (Kadaba et al., 

1990, Marieswaran et al., 2018). Oestrogen production in females has been shown to reduce 

the amount of collagen present within the ligament, contributing to the reduced potential to 

resist ultimate load (Liu et al., 1996, Marieswaran et al., 2018). The maximum ultimate load 

resisted by female ACLs was determined to be 1266 ± 527N, whereas for those taken from 

males was 1818 ± 699N (Kadaba et al., 1990, Marieswaran et al., 2018). 
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The ultimate load resisted by the canine CCL is variable and depends on the angle at 

which the force is applied, breed, age and the bodyweight (Vasseur et al., 1985, Wingfield et 

al., 2000, Comerford et al., 2005). Experiments comparing unilateral canine bone-ligament-

bone preparations showed that dogs weighing under 15kg could withstand an ultimate load 

greater than those weighing over 15kg (Vasseur et al., 1985, Comerford et al., 2005). The 

ultimate load a CCL can withstand prior to failure is age-dependent with a reduction in 

ultimate load to failure recorded with increasing age. Dogs weighing less than 15kg showed 

a reduction in ultimate load  and increase in biomechanical strength (Vasseur et al., 1985). 

This was proposed to be due to an increase in fibrocartilage of the CCL, with age resulting in 

reduced biomechanical strength of the tissue (Vasseur et al., 1985, Narama et al., 1996, 

Comerford et al., 2005). 

 

Wingfield et al. (2000) compared the ultimate load to failure per kilogram of 

Rottweilers to racing Greyhounds (a breed not susceptible to CCL rupture) and showed that 

when CCLs for both breeds were subjected to a joint angle of 150°, the Rottweiler CCLs could 

withstand a load of 33.8 ± 3.21N/kg body mass, whereas the greyhound was able to 

withstand a load of 59.3 ± 4.39N/kg (Wingfield et al., 2000, Comerford et al., 2005). When 

the joint angle was decreased to 130° in the case of the Rottweiler, they could withstand a 

greater load of 48.6 ± 8.22N/kg, but the Greyhounds withstood a lower load of 55.2 ± 

3.88N/kg (Wingfield et al., 2000). Comerford et al., in 2005, assessed the ultimate load to 

failure in Labrador Retrievers (a breed predisposed to CCL rupture) and Greyhounds. It was 

determined that the ultimate load to failure was 27.5 ± 2.4 N/kg in Labrador Retrievers and 

28.1 ± 21.5N/kg in Greyhounds (Comerford et al., 2005)  

 

1.4  Insertion of ligaments into the bones of the joint  

Ligaments provide a connection between two bones and are anchored at the 

enthesis site (Figure 1.7) (Benjamin et al., 2006, Juneja and Veillette, 2013). Ligament 

attachment can be either direct insertion to the bone or indirect insertion via the periosteum 

(Benjamin and Ralphs, 1998, Benjamin et al., 2006, Juneja and Veillette, 2013). Although the 

ǘŜǊƳǎ ΨŘƛǊŜŎǘ insertionΩ ŀƴŘ ΨƛƴŘƛǊŜŎǘ insertionΩ are widely used within the literature to define 

the form of ligament attachment to bone, there are a number of researchers who prefer the 

alternate terminology ΨŦƛōǊƻŎŀǊǘƛƭŀƎŜΩ όŀǎ ƻǇǇƻǎŜd to Ψdirect ƛƴǎŜǊǘƛƻƴΩύ ŀƴŘ ΨŦƛōǊƻǳǎΩ (as 

ƻǇǇƻǎŜŘ ǘƻ Ψindirect ƛƴǎŜǊǘƛƻƴΩ) (Benjamin and Ralphs, 1998). Several authors (Benjamin et 

al., 2006, Apostolakos et al., 2014, Dai et al., 2015) selected the use of fibrous and 
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fibrocartilage to describe the enthesis site of tendons and ligaments. However, the terms 

indirect and direct were opted for use by many studies including (Thambyah et al., 2014) and 

(Costa et al., 2018).   

 

1.4.1  Direct (fibrocartilage) insertion  

The direct (fibrocartilage) insertion enthesis is formed of a fibrocartilage tissue 

arranged by transitional zones according to its macromolecular composition, and is identified 

by histological analysis (Figure 1.7) (Apostolakos et al., 2014). Zone 1, is a connective tissue 

predominantly made up of collagen type I and is continuous with the ligament tissue (Figure 

1.7). At zone 2, the presence of uncalcified fibrous tissue can be identified to have a 

cartilaginous phenotype (Figure 1.7). Compared to the highly aligned ligamentocytes in zone 

1, the cells in zone 2 have a rounded, chondrocyte-like morphology with a lower cell density 

and sparser distribution within the tissue. The amount of collagen type I is decreased, 

whereas the amounts of collagen type II and collagen type III, associated with cartilaginous 

tissues, are increased due to an upregulation of expression of the transcription factors core-

binding factor subunit alpha-1 (CBFA1) and SRY-Box 9 (SOX9). Proteoglycans associated with 

the extracellular matrix of cartilage tissue, including aggrecan and decorin, have been 

identified within zone 2 and are present at much higher amounts than within zone 1 

(Benjamin and Ralphs, 1998, Benjamin et al., 2006) (Benjamin et al., 2006). The abundance 

of the sulphated proteoglycan aggrecan enables hydration of the tissue, which absorbs and 

dissipates the effect of mechanical loading placed on the entheses, reducing the risk of injury 

(Benjamin and Ralphs, 1998) (Figure 1.7). In zone 3, the fibrous tissue described has a higher 

proportion of collagen type II and collagen type X, and an increase in aggrecan in comparison 

to zone 2 (Thomopoulos et al., 2010). Zone 4 is the connection between the ligament to the 

bone, consisting largely of mineralised collagen type I (Benjamin et al., 2006) (Figure 1.7). 

The zonal arrangement of the fibrocartilage tissue dissipates loads effectively; 

allowing the direct entheses to withstand greater biomechanical loads in comparison to the 

indirect enthesis, and is therefore less susceptible to injury (Iwahashi et al., 2010). An 

example of this is the femoral cruciate fibres, located at the anterior section of the ligament, 

maintaining a fibrocartilage enthesis (direct insertion) with the lateral femoral condyle 

(Moulton et al., 2017).  
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1.4.2 Indirect (fibrous) insertion 

Indirect (fibrous) insertion of the ligament occurs via either the direct attachment of 

ligament to bone or indirectly through the attachment of the ligament to the periosteum 

(Costa et al., 2018). The indirect entheses is anatomically less common than the direct 

(fibrocartilage) entheses. This is due to ligament enthesis being more susceptible to 

undergoing chondrogenesis (as seen during fibrocartilage insertion) (Benjamin et al., 2006). 

The fibres located behind the lateral intercondylar posterior ridge of the ligament show 

indirect, as there is no evidence of chondrogenesis and transitional zonal organisation of 

tissue (Sasaki et al., 2012, Moulton et al., 2017). A second example of fibrous enthesis occurs 

between the anteromedial and the posterolateral bundle, which comprises of the double 

bundle structure (Duthon et al., 2006).  
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Figure 1.7: Representative images of the enthesis site of a human ACL. (A) An electron microscopy 
image of fibrocartilage enthesis site between a ligament and bone. The images identify the four 
different zones present within the enthesis. (Image adapted from Smith et al, 2007) (B) Histological 
image of a fibrocartilaginous enthesis site with four zones including dense fibrous connective tissue 
(CT) calcified fibrocartilage (CF) uncalcified fibrocartilage (UF) bone (B) (tidemark (TM) articular 
cartilage (AC)). (Image adapted from (Benjamin and Ralphs, 1998). 
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1.5 Ligament ultrastructure 

The ligament is separated into two components, the fibroblastic cellular component 

(fibroblasts known as ligamentocytes) and extracellular matrix (ECM).  

 

1.5.1 Ligamentocytes 

Ligamentocytes are terminally differentiated, specialised cells that synthesise, 

assemble and organise the ECM components of the ligament, enabling the correct alignment 

of collagen fibres through the formation of collagen fibre cables or collagen fibre sheets that 

confer optimal biomechanical properties to ligaments (Kim et al., 2002, Frantz et al., 2010). 

Ligamentocytes have roles in both secretion and assembly of ECM and are also responsible 

for the repair and regeneration of the tissue following injury or disease (Lekic and McCulloch, 

1996, Frank, 2004, Subramanian and Schilling, 2015, Schulze-Tanzil, 2019).   

 

1.5.2 Extracellular matrix   

The macromolecular components of the ligament ECM include collagens, integrins, 

elastin glycoprotein and proteoglycan family members bonded non-covalently to a long chain 

of hyaluronate with link-protein (Heinegård and Hascall, 1974).   

 

1.5.3 Collagen family 

Collagen fibrils are composed of three polypeptides of tropocollagen ŀƭǇƘŀ όʰύ ŎƘŀƛƴǎ 

that form a triple helix structure (Van der Rest and Garrone, 1991, Gordon and Hahn, 2010, 

Ricard-Blum, 2011). /ƻƭƭŀƎŜƴ ʰ ŎƘŀƛƴǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀ repeating glycine-Xaa-Yaa 

repeating amino acid motif with hydrogen bonds between glycine molecules stabilising 

tertiary and quaternary structure of the molecule (Miller and Gay, 1982, Van der Rest and 

Garrone, 1991, Gordon and Hahn, 2010, Melton and Chenoweth, 2018). The X and Y residues 

are variable, however, the X residue is frequently proline, and the Y residue is typically 4-

hydroxyproline (Van der Rest and Garrone, 1991, Gordon and Hahn, 2010, Melton and 

Chenoweth, 2018). The addition of alternative residues stabilises the collagen molecule  

structure and aids with tertiary folding (Van der Rest and Garrone, 1991, Gordon and Hahn, 

2010, Melton and Chenoweth, 2018). In total, 28 distinct collagens have been identified 

(Ricard-Blum, 2011). These collagens can be assigned into two categories: fibrillar collagens 

and non-fibrillar collagens (Ricard-Blum, 2011). Collagen types I, II and III are examples of 

fibrillar collagens. These collagens contain one major triple helical domain and can form 

fibrils (Miller and Matukas, 1969, Gordon and Hahn, 2010, Ricard-Blum, 2011). Non-fibrillar 
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collagens include collagen type V which cannot form collagen fibres independently but binds 

to the surface of collagen fibrils (Ricard-Blum, 2011). Collagens type XII, XIV and XVI are 

examples of fibril-associated collagens with interrupted triple helix (FACIT), further examples 

of non-fibrillar collagens. Unlike fibrillar collagens, FACIT collagens contain collagen domains 

interrupted by non-collagenous non-triple helical domains to maintain roles such as 

determining the composition of the ECM (Gelse et al., 2003, Ricard-Blum, 2011).  

 

1.5.4 Integrins  

The integrin family are homologous, transmembrane, cell surface receptors that 

contribute to the adhesion, proliferation, and migration of cells by linking the extracellular 

matrix to the cellular cytoskeleton (Alberts et al., 2002, Henshaw et al., 2006, Schreck et al., 

1995, Kokubun et al., 2018). Extracellular matrix components, including collagen and 

fibronectin, can bind through dimer linking to two integrin subunits, allowing cell 

communication to the extracellular environment (Henshaw et al., 2006). Integrin molecules 

consist of a membrane-spanning domain, a carboxy-terminal cytoplasmic domain and a 

globular extracellular region associated with non-covalently bound glycoproteins (ʰ ŀƴŘ ʲ 

subunits) (Alberts et al., 2002, Schreck et al., 1995). The ǇǊŜǎŜƴŎŜ ƻŦ ʰр ŀƴŘ ʲм ǎǳōǳƴƛǘǎ Ƙŀve 

been identified in the rabbit, rat, human and canine ACL. Integrin expression is increased with 

ACL injury to stimulate collagen remodelling, fibrosis and re-epithelialisation to aid with 

wound healing (Gesink et al., 1992, Alberts et al., 2002, Henshaw et al., 2006, Kokubun et al., 

2018) 

 

1.5.5 Elastin 

Elastin is an insoluble molecule consisting of a central cross-linked elastin core, 

surrounded by a fibrillin microfibril sheath (Kielty, 2006, Smith et al., 2011, Smith et al., 2014).  

Historically elastin was assumed to be a minor component of the extracellular matrix in both 

human ACL and canine CCL. However, several studies have now identified elastin to be 

distributed through tissues of both species (Paatsama, 1952, Vasseur et al., 1985, Frank, 

2004, Smith et al., 2011, Smith et al., 2014, Kharaz et al., 2018). Within the canine CCL, elastin 

is localised between the ǘƛǎǎǳŜΩǎ interbundle and interfascicular regions(Smith et al., 2011). 

Fibres run parallel to longitudinal collagen fibrils within ligaments, where it stabilises collagen 

fibrils by pre-stressing the tissue during the toe region of the stress-strain graph (Kielty, 2006, 

Smith et al., 2014, Kharaz et al., 2018).  
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1.5.6 Proteoglycans  

Proteoglycans are ubiquitous molecules that consist of a central protein core 

covalently bonded to sulphated polymeric disaccharide glycosaminoglycan (sGAG) side 

chains (Ilic et al., 2005, Elfenbein and Simons, 2010, Song, 2016). The negative charge 

associated with the sGAG chains enables proteoglycans to perform multiple functions, 

including the regulation of the bioavailability of secreted signalling molecules and the 

interaction with other macromolecular components to maintain the structural homeostasis 

of the tissue (Ilic et al., 2005, Elfenbein and Simons, 2010, Song, 2016). Glycosaminoglycan 

side chains including chondroitin sulphate, keratan sulphate, heparan sulphate and dermatan 

sulphate (Ilic et al., 2005, Elfenbein and Simons, 2010, Song, 2016). There are three types of 

proteoglycans in ligament:  hyaluronic acid binding proteoglycans (aggrecan and versican), 

small leucine rich proteoglycans (SLRPs; decorin, asporin and biglycan) and cell surface 

proteoglycans (syndecans and glypicans) (Ilic et al., 2005, Kharaz et al., 2018)  

Aggrecan is an aggregating proteoglycan consisting of a three globular domain core; 

G1, G2 and G3; with the GAG side chains attaching between G2 and G3 (Kiani et al., 2002, Ilic 

et al., 2005). 90% of the GAG side chains associated with aggrecan are chondroitin sulphate. 

Keratan sulphate provides a substitution for chondroitin sulphate when O-linked 

oligosaccharides are extended (Kiani et al., 2002, Ilic et al., 2005). Aggrecan can reduce ECM 

compression in ligament by creating a deformable gel within the extracellular matrix to resist 

load. The deformable gel is formed by positively charged ions counteracting the negative 

charge of the GAGs, establishing an osmotic imbalance that draws in water, hydrating the 

tissue and enabling it to withstand compressive and tensile forces (Vogel and Heinegård, 

1985, Yanagishita, 1993, Kiani et al., 2002) 

Versican is the major hyaluronic acid binding proteoglycan of the ligament regions 

that resist tensile forces (Ilic et al., 2005, Parkinson et al., 2011, Comerford et al., 2014, Kharaz 

et al., 2018). The versican molecule has an N-terminal globular domain, a C-terminal globular 

domain and a chondroitin sulfate chain binding region. There are four main versican isoforms 

formed by alternate splicing, V0, V1, V2 and V3, with each isoform differing in the number of 

chondroitin sulphate domains it contains. For example, VO contains two chondroitin sulphate 

ŘƻƳŀƛƴǎΣ ʰ ŀƴŘ ʲ ŀƴŘ ±м Ŏƻƴǘŀƛƴǎ ʲ ŎƘƻƴŘǊƻƛǘƛƴ ǎǳƭǇƘŀǘŜ ŘƻƳŀin only (Ilic et al., 2005, 

Parkinson et al., 2011, Comerford et al., 2014, Kharaz et al., 2018). 

The SLRP family are small structurally related proteoglycans that contain a leucine 

rich repeat motif that is present in the extracellular matrix  (Boskey, 2010, Kirby and Young, 

2018). Decorin is a SLRP made up of a 38kb core protein with 10 leucine rich repeats (Boskey 

et al, 2013). Decorin facilitates collagen fibrillogenesis and formation of collagen cross 
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bridges ό.ƻǎƪŜȅΣ нлмлΣ /ƛťǎȊŎȊȅƪ Ŝǘ ŀƭΦΣ нлмтύ. Decorin makes up 90% of the proteoglycan 

content present within the ligament tissue (Häkkinen et al., 2000, Ilic et al., 2005).  

Biglycan is an SLRP proteoglycan with a 42kb protein core with up to two GAG side 

chains ς chondroitin sulphate or dermatan sulphate (Nastase et al., 2012). Biglycan is 

responsible for organising the microfibril network of collagen fibrils, particularly Collagen IV 

and fibrillin and is localised to the regions of ligaments and tendons loaded by tensile forces 

(Ilic et al., 2005, Parkinson et al., 2011). 

The SLRP, Asporin has a high binding affinity for collagen type I providing competition 

for decorin to form collagen cross bridges (Kalamajski et al., 2009, Little et al., 2014). Asporin 

has been largely located within the surrounding areas to ligamentocytes with the ability to 

resist tensile forces (Little et al., 2014, Kharaz et al., 2014). Although the role of asporin has 

not been properly defined, it has been predicted that it influences the mineralisation of aged 

tissues (Little et al., 2014).   

 

1.5.7 Fibronectin 

Fibronectin (FN) is a glycoprotein dimer consisting of two Ḑ250kDa subunits bound 

at the C-terminal by disulphide bonding (Pankov and Yamada, 2002, Conde-Agudelo et al., 

2015). Each monomer consists of three repeats: type I, type II and type III that bind to 

collagen/ gelatin, heparin and fibrin (Pankov and Yamada, 2002, Conde-Agudelo et al., 2015). 

Fibronectin maintains roles within cellular adhesion, migration and differentiation of cells 

(Pankov and Yamada, 2002, Conde-Agudelo et al., 2015). Through its role in cellular adhesion, 

FN forms an anchor between linear collagen fibrils, providing connections between ECM 

components (Singh et al., 2010).   

 

1.6 Injury and treatment of the ACL and CCL 

1.6.1 Anterior cranial cruciate ligament injury (ACL) and rupture 

The incidence of reported ACL rupture has increased in recent years from 33 cases in 

100,000 (1994) to 40-60 cases in 100,000 (2016), whilst there are approximately 30 million 

cases of tendon or ligament injury per year worldwide (Maffulli et al., 2003, Zeugolis et al., 

2011, Paschos and Howell, 2016). The predicted annual expenditure in Europe for ACL 

ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ ǎǳǊƎŜǊƛŜǎ ƛǎ ŜǎǘƛƳŀǘŜŘ ŀǘ ϵммр ōƛƭƭƛƻƴΣ ŦƛǾŜ ǘƛƳŜǎ ǘƘŀǘ ƻŦ ǘƘŜ ŀƴƴǳŀƭ 

expenditure of the US where there are ~ 200,00 ACL reconstruction surgeries undertaken 

annually (Maffulli et al., 2003, Zeugolis et al., 2011, Duchman et al., 2017, Paschos and 

Howell, 2016). The aetiopathogenesis of ACL injury includes gender differences, anatomical 
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variations and genetic predisposition, age and trauma (Arendt and Dick, 1995, Csintalan et 

al., 2008, Dai et al., 2015, Myer et al., 2013, Herzberg et al., 2017).  

 

  Gender differences  

Gender differences are a risk factor for ACL injury with females being up to five times 

more likely to injure their ACL (whilst participating in sporting activity) compared to males 

(Lohmander et al., 2007, Csintalan et al., 2008, Herzberg et al., 2017, Marieswaran et al., 

2018). There are a number of factors influencing increased incidence in female ACL injury. 

The maximum load of failure of cadaveric ACLs was assessed by Marieswaran et al. (2019) 

with males reported to withstand a 1.5-fold increase (Marieswaran et al., 2018). Hormonal 

balance, through homeostatic control and oral contraception contribute to the elevated risk 

of ACL injury in the female population due to the increase in knee joint ligament laxity 

(Herzberg et al., 2017). A study undertaken on Division 1 (basketball, lacrosse, field hockey, 

soccer, gymnastics, and volleyball) sports by the National Collegiate Athletic Association 

found that female athletes with relaxin concentrations greater than 6.0pg/ml were up to four 

times more likely to have an ACL injury (Dragoo et al., 2011, Herzberg et al., 2017). The use 

of oral contraception, such estradiol, has been linked to increased ligament laxity by a 

number of studies, due to presence of 17-OH estradiol receptors on ACL itself (Lee et al., 

2014, DeFroda et al., 2019) A study undertaken by Khowailed et al. (2015) on healthy female 

runners showed that as estradiol levels increase from 34pg/ml on day 1 to 208pg/ml on days 

13-15, ligament laxity increases from 4.18mm to 5.74mm (Khowailed et al., 2015).  

 

  Joint Anatomy  

The ACL: femur intercondylar notch (FIN) ratio has been determined to be a good 

indicator of ACL injury (Emerson, 1993, Rizzo and Holler, 2001, Hewett et al., 2006, Hirtler et 

al., 2016, Levins et al., 2016, Lodewijks et al., 2019). In males, the ACL:FIN ratio was 1.4-fold 

greater than that of females suggesting an increased amount of impingement could occur 

within females (Emerson, 1993, Rizzo and Holler, 2001, Hewett et al., 2006). As the ACL:FIN 

ratio has been identified as a contributing factor to injury, it is proposed that increased risk 

may be due to an increase in the absolute size of the ACL itself or width of the intercondylar 

notch (Shelbourne et al., 1998, Uhorchak et al., 2003, Hirtler et al., 2016, Levins et al., 2016, 

Lodewijks et al., 2019). The narrowing of the intercondylar notch has been discussed as a 

potential risk factor for ACL injury in males and females (Anderson et al., 1987, Uhorchak et 

al., 2003, Boden et al., 2010). Impingement of the ACL occurs when the knee joint is 
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hyperextended, so it is suggested that ACL injury tends to occur when the knee is at partial 

flexion (Uhorchak et al., 2003, Boden et al., 2010). Impingement therefore, would more likely 

cause midsubstance injury at the femoral attachment site (Uhorchak et al., 2003, Boden et 

al., 2010).  

Knee joints with an ACL injury have been reported to be 3-fold more lax than 

uninjured joints (Nicholas, 1970, Uhorchak et al., 2003). Interestingly, a study of female 

footballers at a range of levels, showed that those with increased joint laxity were 5.3-fold 

more likely to rupture their ACL (Uhorchak et al., 2003).   

Analysis of the association between muscles and ACL injury revealed quadricep 

contraction and hamstring co-contraction as factors influencing injury. Contraction of the 

quadriceps increases compressional loading on the tibiofemoral joint (Torzilli et al., 1994, 

Boden et al., 2010). The hamstring muscles maintain the ability to provide resistance 

(reducing strain by >70%) against anterior tibial translation of the quadriceps, providing a 

protective mechanism to the ACL (More et al., 1993, Li et al., 1999, Withrow et al., 2008, 

Boden et al., 2010). However, hamstringsΩ ŀōƛƭƛǘȅ to do this is limited when at full extension, 

therefore contributing to the compression on the tibiofemoral joint through posterior forces 

(Pandy and Shelburne, 1997, Simonsen et al., 2000, Boden et al., 2010). This is particularly 

the case in patients with a low ratio of hamstring to quadriceps strength (Uhorchak et al., 

2003). 

 

 Genetic predisposition 

Genetic and familial predisposition for ACL injury has been reported in a number of 

studies (Harner et al., 1995, Khoschnau et al., 2008, Posthumus et al., 2009, Malila et al., 

2011, Posthumus et al., 2012, Ficek et al., 2014, O'Connell et al., 2015, John et al., 2016). 

Analysis of family history of patients who had had an injury to the ACL found that they were 

2-times more likely to be injured than those without a relation who had a prior injury (Harner 

et al., 1995, Flynn et al., 2005, John et al., 2016). Genetic predisposition to rupture has been 

associated with a number of genes including collagen associated genes (COL1A1, COL3, COL5, 

COL6), MMPs and proteoglycan associated genes (ACAN, BGN, DCN and FMOD) (Harner et 

al., 1995, Khoschnau et al., 2008, Posthumus et al., 2009, Malila et al., 2011, Posthumus et 

al., 2012, Ficek et al., 2014, O'Connell et al., 2015, John et al., 2016). Interestingly, although 

there is a large amount of evidence to suggest that genetic predisposition is a cause of ACL 

injury, a review by John et al. (2016) reported that many studies are undertaken on limited 

ethnic groups (South American and Eastern European), which may reduce the ability 

extrapolate results to the entire population (John et al., 2016).  
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 Age 

Age has been identified as a risk factor for ACL injury (Woo et al., 1991, Woo et al., 

1999, Dargel et al., 2007, Janssen et al., 2012, Sanders et al., 2016). Sanders et al. (2016) 

determined the peak incidence of ACL injury in males was between the ages of 19-25 years, 

compared with 14-18 years for females (Sanders et al., 2016). The overall, risk of injury has 

been shown to increase with age, with changes in the ACL biomechanical properties and 

extracellular matrix composition contributing to this (Woo et al., 1991, Woo et al., 1999, 

Dargel et al., 2007, Janssen et al., 2012, Sanders et al., 2016, Qu et al., 2017).  Woo et al. 

(1991) studied the effect of age on cadaveric knees (consisting of the femur-ACL-tibia 

complex (FATC) of young donors (aged 22-35 years), middle-aged donors (40-50 years) and 

old donors (60-97 years). It was determined that ultimate load decreased with age (Woo et 

al., 1991, Woo et al., 1999, Dargel et al., 2007). Stiffness also decreased with age (young 

group ς 242 ± 28N/mm; middle group ς 220 ± 24N/mm; old group ς 180 ± 25N/mm (Woo et 

al., 1991; Woo et al., 1999). The energy absorbed by the ACL decreased with age (young 

group - 11.6 ± 1.6Nm; middle group ς 6.1 ± 0.5Nm; old group ς 1.8 ± 0.5Nm). It is proposed 

that the weakened biomechanical properties and of older ACL may lead to the increased risk 

of injury occurring (Woo et al., 1991, Woo et al., 1999, Dargel et al., 2007, Qu et al., 2017). 

Qu et al. (2016) studied the FATC of bovine stifle joints of skeletally immature joints (4 ς 6 

months old) and skeletally mature joints (2 ς 5 years old). It was shown that the immature 

group had a significant increase in collagen fibril density, more uniformed fibril organisation 

and an increase in sGAG content (Qu et al., 2017).   

 

 Adiposity 

There is limited evidence of the effect of adiposity on the risk of ACL injury (Bowers 

et al., 2005, Baumgarten et al., 2011). Uhorchak et al. (2003) analysed the effect of BMI on 

United States Military Academy cadets showing that female cadets with an increased BMI 

(mean of 24.1 ± 1.2) were 3.5-fold more likely to have an ACL injury than those with a lower 

BMI (22.1 ± 2.1). Comparing athletes with greater mean height/ weight to those with a lower 

mean height/ weight has shown that they also have an increased risk of ACL injury (Bowers 

et al., 2005, Baumgarten et al., 2011). Adiposity also affected the success of ACL surgeries 

with patients with a BMI of >30, having a 0.35-time likelihood of successful reconstruction in 

comparison to those with a BMI <24.9, a conclusion shown by a number of studies however 

this may be influenced by the lack of fitness of the subject (Uhorchak et al., 2003, Kowalchuk 

et al., 2009, Patel et al., 2019).   
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 Trauma 

Although the majority of ACL ruptures occur by non-contact, direct trauma to the 

area has been shown to instigate ACL rupture (Teitz, 2001, John et al., 2016). There are 

currently two proposed mechanisms for ACL injury: contact (direct impact to the knee joint) 

and non-contact injury (from pivoting motions, cutting motions or landing on one leg) (Boden 

et al., 2010, Waldén et al., 2015, Salem et al., 2018). Comparison of these two mechanisms 

determined that contact injuries were significantly more likely to result in grade III injury to 

the collateral ligament (MCL and LCL) and grade IV articular cartilage injury due to the 

increased force placed on the knee joint (Salem et al., 2018). Participation in high impact 

sports that require a large amount of pivot and cutting based movements (non-contact 

injury), such as football, rugby and alpine skiing, increases the risk of ACL injury, accounting 

for approximately 70% of all ACL injuries (Griffin et al., 2000, Lohmander et al., 2007, Yu and 

Garrett, 2007, Øiestad et al., 2009, Raines et al., 2017, Salem et al., 2018). In 2012, it was 

reported that within a single ski season in France, there were approximately 15,000 ACL 

ruptures (Guenoun et al., 2012). High impact activities that confer increased vulnerability of 

ACL injury are associated predominantly with the younger demographic, and this brings 

additional societal and economic issues including loss of income and psychiatric 

comorbidities (Gharbia et al., 2015).   

Military personnel represent another group at high risk of ACL injury. Owens et al. 

(2007) investigated the incidence of ACL injury within the US military determining incidence 

was 10-fold greater than that in the general population. Between 1997 to 2003, 28,631 

service men and 3,540 service women were reported to have had an ACL injury either from 

disruption of a previous injury (males - 3 per 1000 person-years; female - 2.29 per 1000 

person-years) or from straining or spraining the ligament through active service (male ς 3.79 

per 1000 person-years; female 2.95 per 1000 person-years) (Owens et al., 2007).   

ACL injury has been shown to lead to an increased risk of psychiatric comorbidities, 

such as depression, with two in every five ACL reconstruction patients exhibiting signs of 

depression (four times greater than the national average) (Garcia et al., 2016, Wu et al., 

2016). For professional athletes, injury to ACL leads to loss of livelihood, and potential 

financial hardship (Von Porat et al., 2004). It has been reported that 40% of sportsmen and 

women do not return to competing at the same level within the two years post-operation.  A 

potential reason for this may be the emotional trauma and fear of reinjury (Johnston and 

Carroll, 1998, Ardern et al., 2012). This risk is particularly high in female patients (Appaneal 

et al., 2009, Ardern et al., 2012). Similarly, for military personal, a study undertaken on the 

Australian army showed that 29% of service men and women who had undergone an ACL 
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reconstruction did not return to active service within three years of operation (Wu et al., 

2016). 

 

1.6.2 Treatment strategies for rupture  

ACL injury can be treated by both surgical and non-surgical (conservative) techniques 

based on a number of selection criteria including age, lifestyle, stability of knee joint and 

subjection to prior injury (Chmielewski et al., 2005, Eitzen et al., 2010, Grindem et al., 2014, 

Monk et al., 2016, Paterno, 2017, Raines et al., 2017). Studies undertaken by Frobell et al. in 

2010 and 2013 showed that 50% of patients aged 18 -35 can ΨŎƻǇŜΩ ǿƛǘƘƻǳǘ ǎǳǊƎƛŎŀƭ 

intervention if follow strict rehabilitation programmes (Frobell et al., 2010, Frobell et al., 

2013).  

 

 Non-surgical (conservative methods) 

Criterion for selection for non-surgical treatment includes: 

1. Age ς surgery is considered ǘƘŜ ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ ƻŦ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘƛƴ ǘƘŜ ȅƻǳƴƎ 

population due to increased speed of recovery and increased success of outcome 

(Raines et al., 2017). Non-surgical treatment is opted for within the ageing 

population (Moksnes et al., 2008, Bogunovic and Matava, 2013, Grindem et al., 2014, 

Paschos and Howell, 2016, Raines et al., 2017).   

2. Lifestyle - patients with the ability to decrease physical activity level (or incorporate 

straight line activities, such as cycling and jogging) both within sporting activity and 

occupation, prove better candidates (Bogunovic and Matava, 2013, Grindem et al., 

2014, Paterno, 2017).  

3. Stability of knee joint ς the ability of the knee joint to display dynamic stability is a 

necessity for non-surgical treatment methodologies (Moksnes et al., 2008).   

4. Prior injury - for option of non-surgical treatment, the knee must not have been 

subjected to prior injury (Grindem et al., 2014, Raines et al., 2017).  

 

Approximately 50% of patients with ACL injury are suitable for non-surgical 

treatment όΨŎƻǇŜǊǎΩύ and undergo an intensive rehabilitation programme overseen by a 

physiotherapist (Hurd et al., 2009, Frobell et al., 2010, Frobell et al., 2013, Moksnes et al., 

2008, Paterno, 2017). Frobell et al., 2010 determined that patients could participate in 

Tegner activity level 9 sports (disallowing professional sporting activities) without surgical 

intervention if correct non-surgical management is applied. Studies have been undertaken 
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to show that return to sport for professional athletes (premier league footballer) can be 

achieved at an earlier date (within 8 weeks of injury as opposed to a minimum 6 months 

post-surgery) than if surgery had been performed (Weiler et al., 2015). It is currently advised 

that non-surgical treatment methods, for this group of patients, are explored prior to surgical 

(Moksnes et al., 2008, Monk et al., 2016).  

The initial stage of non-surgical healing is focused on reducing acute symptoms such 

as haemoarthrosis, inhibition of nervous control of the quadriceps femoris (arthrogenic 

muscle inhibition) (due to knee effusion) and decreased range of motion (Kennedy et al., 

1982, Hurd et al., 2009, Laskowski, 2014, Paterno, 2017, Sonnery-Cottet et al., 2019). Non-

surgical treatment at the acute phase includes the use of crutches (to prevent further injury 

and encourage normal gait patterns), elevation and compression (to reduce haemoarthrosis) 

and neuromuscular electric stimulation (to reinstate nervous control of quadriceps femoris) 

(Snyder-Mackler et al., 1991, Chmielewski et al., 2005, Hurd et al., 2009, Laskowski, 2014, 

Paterno, 2017). To increase range of motion and muscle activation, strengthening exercises 

focusing on the activation of the quadriceps femoris, weakness of hamstring and core, and 

lower extremity movements are employed (Beynnon et al., 1995, Chmielewski et al., 2005, 

Micheo et al., 2010, Laskowski, 2014, Paterno, 2017).   

The neuromuscular training phase is the second phase of treatment and is 

undertaken post-reduction of haemoarthrosis and knee effusion, to aid with the 

achievement of a full range of motion and increased strength of quadriceps femoris, 

hamstring and core and proprioception (Chmielewski et al., 2005, Laskowski, 2014, Paterno, 

2017). The neuromuscular training phase aims to improve the functional stability of the knee. 

Upon completion of the neuromuscular training phase, patients enter the return to sport 

phase (Laskowski, 2014, Paterno, 2017). Agility, speed and drill-based exercises can be 

gradually introduced (Beynnon et al., 1995, Bogunovic and Matava, 2013, Paterno, 2017). 

Support of a functional performance brace for stability maintenance through reduction of 

anterior tibial translation can be utilised for child patients or for patients who are not 

considering surgical intervention (Beynnon et al., 1995, Bogunovic and Matava, 2013, 

Paterno, 2017) 

Monk et al. (2016) undertook a Cochrane review assessing the effect of non-surgical 

treatment of ACL injury (Monk et al., 2016, Raines et al., 2017). One study determined that 

two years post injury, 39% of non-surgically treated patients underwent ACL reconstruction, 

after 5 years, 51% of patients underwent reconstruction (Monk et al., 2016, Raines et al., 

2017). The review concluded that there was no difference between the outcome of surgical 
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intervention and conservative management, although the authors deemed this a result 

ōŀǎŜŘ ƻƴ άƭƻǿ ǉǳŀƭƛǘȅέ ŜǾƛŘŜƴŎŜ (Monk et al., 2016).   

 

 Surgical methods 

Ψbƻƴ-ŎƻǇŜǊǎΩ ƻŦ ƴƻƴ-surgical treatment, defined by their inability to maintain 

dynamic knee stability without surgical intervention, are advised to undergo surgical ACL 

reconstructions, one of the most common surgical procedures undertaken worldwide 

(Chmielewski et al., 2005, Eitzen et al., 2010, Moksnes et al., 2008, Paschos and Howell, 

2016). ACL reconstruction can be considered non-anatomic (graft attached on the outside of 

native ACL insertion) or anatomic (graft attached at native ACL insertion site) with anatomic 

being most commonly favoured (Lim et al., 2012, Murawski et al., 2013, Raines et al., 2017, 

Lucidi et al., 2018).   

 Anatomic ACL reconstruction surgery is categorised into two main techniques: 

double bundle surgery and single bundle surgery (Lim et al., 2012, Murawski et al., 2013, 

Raines et al., 2017, Lucidi et al., 2018). Double bundle surgery is used to reconstruct both the 

anteromedial and posterolateral bundle in patients with an intercondylar notch greater than 

14mm in width and a tibial insertion site of larger than 14mm in width with limited arthritic 

changes (Fu and Jordan, 2007, Paschos and Howell, 2016, Raines et al., 2017). Single bundle 

surgery is utilised for patients with an intercondylar notch and tibial insertion side less than 

14mm in width where arthritic changes are observed with symptoms of bone bruising (van 

Eck et al., 2010, Kopf et al., 2011, Raines et al., 2017).   

Pseudo-ligament grafts are the most common method of ACL reconstruction with 

selection-based criteria including, age of patient, degree of injury, activity level and skeletal 

maturity (Romanini et al., 2010, Duchman et al., 2017, Raines et al., 2017). The decision 

between autograft, allograft and synthetic is much debated (Romanini et al., 2010, 

Mariscalco et al., 2014, Wasserstein et al., 2015, Raines et al., 2017). In patients <25 years 

old undertaking high level of activity prior to injury, a 2.6-fold increase in failure was 

demonstrated in allografts compared  to autograft (Wasserstein et al., 2015, Raines et al., 

2017). Interestingly, although this suggests that autografts are the preferred selection for 

young, highly active individuals, the use of allografts has been deemed acceptable for older, 

less active individuals willing to follow 8-12 months of rehabilitation post-surgery (Mariscalco 

et al., 2014, Raines et al., 2017). The most commonly used pseudo ligament grafts (autograft 

or allograft) include hamstring tendon, bone patellar tendon bone (BPTB), quadriceps tendon 

or synthetic graft (Brant Lipscomb et al., 1982, Friedman, 1988, Romanini et al., 2010, Akoto 

and Hoeher, 2012, Shaerf et al., 2014, Raines et al., 2017).  
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Hamstring tendon grafts consist of four semi-tendinosis strands, harvested from the 

ipsilateral leg, folded and sutured to form one unit of adequate strength and thickness (Brant 

Lipscomb et al., 1982, Friedman, 1988, Romanini et al., 2010, Akoto and Hoeher, 2012, Shaerf 

et al., 2014, Raines et al., 2017).  

 To produce a BPTB graft, the middle one-third of the inferior pole of the patella, 

patella tendon and attachment site tibia are harvested (Shaerf et al., 2014). All inserted grafts 

conjoin the tibial and femoral tunnel prior to fixation (Franke, 1976, Shaerf et al., 2014). 

Potential side effects of grafts include decreased range of motion of the knee joint, decreased 

strength, increased rotation of the tibia and nerve damage (sciatic or saphenous) (Vardi, 

2004, Barenius et al., 2013, Shaerf et al., 2014). The BPTB graft has been acknowledged as 

ǘƘŜ ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ with a low failure rate, however, it is not without complications (Dhammi 

and Rehan-Ul-Haq, 2015, Wasserstein et al., 2015, Raines et al., 2017). Increased donor site 

morbidity (compared to hamstring tendon grafts), weakness of quadriceps muscle 

mechanism and patella fracture have all been cited in a number of studies (Dhammi and 

Rehan-Ul-Haq, 2015, Wasserstein et al., 2015, Raines et al., 2017). In comparison to the BPBT 

graft, the hamstring tendon graft has an increased failure rate, higher incidence of further 

surgical intervention and increased risk of infection (Raines et al., 2017). 

Quadricep tendon grafts are the most recent surgical development for ACL 

reconstruction, utilised to overcome issues associated with hamstring tendon and BPBT 

grafts (Akoto and Hoeher, 2012, Xerogeanes, 2019). Quadricep tendon grafts are formed 

from approximately 5cm of quadricep tendon attached to a 2cm bone block of the proximal 

aspect of the patella is harvested (Akoto and Hoeher, 2012, Xerogeanes, 2019). In 

comparison to both hamstring tendon and BPTB grafts, quadriceps grafts show reduced 

donor site morbidity and increased joint stability  (Raines et al., 2017). 

To reduce morbidity of donor site and prevent side effects (such as transmission of 

disease/ infection) the use of synthetic grafts (composed from Polyethylene Terephthalate, 

carbon fibre, Gortex or Darcon) has been explored (Macaulay et al., 2012, Shaerf et al., 2014, 

Dhammi and Rehan-Ul-Haq, 2015). Due to lack of success of first- and second-generation 

synthetic grafts (due to premature elongation, breakage and fraying) a third generation of 

graft has been established (Shaerf et al., 2014, Dhammi and Rehan-Ul-Haq, 2015). Third 

generation synthetic grafts (ligament augmentation reconstruction systems (LARS) resist 

elongation as the free longitudinal fibres that complement the extra-articular region attach 

to the injured ACL stump and the femoral attachment site promoting recovery (Shaerf et al., 

2014, Dhammi and Rehan-Ul-Haq, 2015). 
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1.6.3 Long-term effects of ACL reconstruction surgeries 

Whilst surgery provides a successful treatment modality for ACL rupture, there are a 

number of studies that have explored long term effects (>1 year) (Gillquist and Messner, 

1999, Murphy et al., 2003, Lohmander et al., 2007, Wright et al., 2011, Hettrich et al., 2013).  

Hettrich et al. (2013) determined 18.9% of patients were subjected to revision surgery on the 

ipsilateral knee within 6 years of initial ACL reconstruction surgery. 6.6% of patients had an 

ACL rupture on the contralateral knee (although this figure was reported to be 11.8% in a 

study undertaken by Wright et al. (2011) (Hettrich et al., 2013).  

Osteoarthritis (degradation of joint articular cartilage) has been identified as a long-

term complication associated with ACL reconstruction surgery (Murphy et al., 2003). 

Osteoarthritis is a chronic disease associated with the aged population; however, the 

incidence is increased by 10-fold post ACL reconstruction surgery with the subchondral and 

periarticular bone subjected to injury (Gillquist and Messner, 1999, Lohmander et al., 2007, 

Gharbia et al., 2015). Within humans, it is expected that the incidence of patients developing 

post-traumatic osteoarthritis within 7 to 14 years post-ACL surgical reconstruction is 50% 

(Khoschnau et al., 2008). It has been proposed that this is due to trauma caused by the 

surgeon at point of entry, injury to surrounding muscles or meniscus, or graft material 

(Gillquist and Messner, 1999, Lohmander et al., 2007, Khoschnau et al., 2008). Osteoarthritis 

is primarily managed by conservative treatments to reduce pain, improve joint function and 

improve quality of life (Sarzi-Puttini et al., 2005, Michael et al., 2010).  Conservative 

treatment includes physiotherapy (education, aerobic and strengthening exercise, weight 

loss if overweight or obese (NICE 2019)), pharmacotherapy (anti-inflammatory medication 

and analgesics) and intra-articular corticosteroid injections (Sarzi-Puttini et al., 2005, Michael 

et al., 2010).  If conservative treatment methods fail to improve the osteoarthritic symptoms, 

surgical methods are undertaken (Millis et al., 1995, Sarzi-Puttini et al., 2005, Michael et al., 

2010). Firstly, joint preservation methods are utilised, such as microfracturing (to stimulate 

bone production) in small, focal defects (Michael et al., 2010). For single compartment 

osteoarthritis, an osteotomy is utilised for treatment (Amendola and Panarella, 2005, Lee 

and Byun, 2012). If osteotomy is not successful and quality of life is significantly affected by 

the symptoms and function, partial or total knee replacements are performed (Michael et 

al., 2010).   

 

1.6.4 Canine cranial cruciate ligament injury (CCL) and rupture 

Canine cruciate ligament disease and gradual degradation is the leading cause of 

injury to the CCL. It has been recognised to be the main reason for lameness in the pelvic 
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limb since 1926 (Carlin, 1926, Vasseur et al., 1985, Johnson and Johnson, 1993, Comerford et 

ŀƭΦΣ нлмоΣ YǊƻǘǎŎƘŜŎƪ Ŝǘ ŀƭΦΣ нлмсΣ tŜŏƛƴ Ŝǘ ŀƭΦΣ нлмтύ. Leading to rupture, cruciate ligament 

disease causes the extracellular matrix of the CCL to degrade over time (Comerford et al., 

2013). Alternatively, although less common, CCL rupture can occur through trauma, in the 

ŎŀǎŜ ƻŦ ŀƴ ΨŀŎǳǘŜΩ ƛƴƧǳǊȅ  (Bennett et al., 1988, Duval et al., 1999, Comerford et al., 2013). CCL 

rupture impacts the welfare of the dog, increasing pain and reducing motility, has and has a 

vast financial impact on dog owners. In 2003, the yearly cost of a ruptured CCL within the US 

was estimated at $1.32billion with 1.7million dogs receiving treatment (Wilke et al., 2005) 

There are a number of factors associated with CCL disease and rupture. Age, breed, 

bodyweight, gender and exercise routine of dogs are shown to addect the susceptibility of 

the CCL rupture ό{ƭƻŎǳƳ ŀƴŘ {ƭƻŎǳƳΣ мффоΣ ²ƘƛǘŜƘŀƛǊ Ŝǘ ŀƭΦΣ мффоΣ IŀǊŀǎŜƴΣ нллоΣ ¢ŀȅƭƻǊπ

Brƻǿƴ Ŝǘ ŀƭΦΣ нлмрΣ ²ƛǘǎōŜǊƎŜǊ Ŝǘ ŀƭΦΣ нллуΣ /ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нлмоΣ tŜŏƛƴ Ŝǘ ŀƭΦΣ нлмтΣ {ƳƛǘƘ 

et al., 2017). 

 

  Age 

Age of dog influences the risk of rupture. The risk of CCL disease occurring is 

increased for dogs aged 4 years and older (Witsberger et al., 2008, Comerford et al., 2013, 

tŜŏƛƴ Ŝǘ ŀƭΦΣ нлмтύ. tŜŏƛƴ Ŝǘ ŀƭΦ όнлмтύ ŘŜǘŜǊƳƛƴŜŘ ǘhat dogs aged 5 or over are 2.5 times more 

likely to have a ruptured CCL ligament than their younger counterparts. It has been proposed 

that larger breeds (>15kg) have an increased risk of CCL disease occurring at a younger age 

(average age 5.8 years) than smaller dog breeds (<15kg; average age 7.7years) (Duval et al., 

1999, Harasen, 2003, Witsberger et al., 2008, Comerford et al., 2013). In the initial survey 

undertaken by Harasen et al. in 1995, 65% of patients were classified as dogs <15kg. By 2003, 

this had changed significantly with 61% being >15kg (Harasen, 2003).   

 

  Breed 

The breed of dog, and therefore genetic predisposition, have been shown to affect 

the risk of rupture occurring with certain breeds being more susceptible to rupture (Duval et 

al., 1999, Harasen, 2003, Comerford et al., 2013, Smith et al., 2017). Labrador retrievers, 

Newfoundlands, Rottweilers and Boxers are highly susceptible to rupture. The survey 

published by Harasen in 2003 stating that out of 124 dogs, 21.6% of all patients were either 

Labrador retrievers or Labrador cross-breeds.  
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  Gender 

Analysis of the effect of gender on CCL rupture has determined that female dogs are 

more susceptible to rupture than males, particularly those neutered (Harasen, 1995, 

IŀǊŀǎŜƴΣ нллоΣ ¢ŀȅƭƻǊπ.Ǌƻǿƴ Ŝǘ ŀƭΦΣ нлмрύ. A survey undertaken analysing data from 

December 1983 ς 1994 found that of 124 dogs (165 CCL surgeries in total) 65% of ruptures 

were from female dogs (Harasen, 1995). Between January 1997 and September 2002, a 

second survey determined that this percentage had reduced to 53% of ruptures (Harasen, 

2003). Neutering of females has shown the risk of rupture to increase by 2.1x (Harasen, 2003, 

¢ŀȅƭƻǊπ.Ǌƻǿƴ Ŝǘ ŀƭΦΣ нлмрύ. This may be due to increased levels of oestrogen within female 

dogs, leading to similar hormonal changes viewed in women taking oral contraceptives 

(Section 1.6.1.1) ό¢ŀȅƭƻǊπ.Ǌƻǿƴ Ŝǘ ŀƭΦΣ нлм5). Although some studies suggest neutering of 

males leads to an increase in risk of rupture, there is much stronger evidence that shows the 

difference is greater in females όIŀǊŀǎŜƴΣ нллоΣ ¢ŀȅƭƻǊπ.Ǌƻǿƴ Ŝǘ ŀƭΦΣ нлмрύ.  

 

 Physical activity levels 

Although there have been some studies that have taken into consideration that 

undertaking physical activity, such as speed agility, dock jumping and playing games such as 

fetch, could be a risk factor for CCL rupture, injury through such means is not a common 

occurrence (Paatsama, 1952, Slocum and Slocum, 1993, Comerford et al., 2013, Somil et al., 

2018). Alternative studies have determined that lack of exercise may increase the risk of 

rupture. Fibroblasts, isolated from the CCL, have been shown to respond to the mechanical 

environment to which they are subjected to, with stimulation increasing extracellular matrix 

production. Lack of stimulation could lead to degeneration of the collagen fibrils and 

associated gene expression (Comerford et al., 2013).  

 

  Anatomical variations 

The biomechanical properties of the CCL have been proven to affect the risk of 

rupture. This has been discussed in detail in Section 1.3 in which it was concluded that stifle 

joint laxity was increased in dog breeds associated with having a predisposition for CCL 

rupture (Rottweiler and Labrador retriever) in comparison to low risk breeds (Greyhound) 

(Wingfield et al., 2000, Comerford et al., 2005, Comerford et al., 2006). The conformation of 

the pelvic limb affects the risk of rupture. A steep tibial plateau angle of the stifle joint (>55°) 

has been shown to increase the incidence of CCL rupture (Duerr et al., 2014). A narrowed 

intercondylar notch has been identified as increasing risk of rupture due to the potential 
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impingement that could occur on the CCL ό/ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нллсΣ YȅƭƭŀǊ ŀƴŘ 2ƝȌŜƪΣ нлмуύ. 

Comerford et al. (2006) determined that high risk breeds (Labrador retrievers and Golden 

retrievers) had a significantly narrowed intercondylar notch in comparison to a low risk breed 

(Greyhounds). Hyperextension of the joint angle leads to the long term stretching of the CCL, 

which increases the  risk of a partial tear occurring over a prolonged period of time (Jerre, 

нллфΣ /ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нллсΣ YȅƭƭŀǊ ŀƴŘ 2ƝȌŜƪΣ нлмуύ.  

 

1.6.5 Treatment strategies for CCL rupture 

There are a number of widely accepted treatment strategies for CCL rupture, with 

evidence available for both surgical and non-surgical (conservative) options (Slocum and 

Slocum, 1993, Vasseur et al., 1985, Boudrieau, 2009, Comerford et al., 2013, Duerr et al., 

2014, Somil et al., 2018).  

 

 Non-surgical (conservative methods) 

A number of studies have been undertaken to analyse the effect of conservative 

treatment of CCL rupture. Conservative treatments include weight reduction, restricting 

exercise to on-lead walks, and analgesics to reduce pain or physiotherapy (Comerford et al., 

2013, Duerr et al., 2014, Somil et al., 2018). Conservative treatment success, in small dog 

breeds (<20kg), is determined to be successful in 84-90% of cases (Vasseur et al., 1985, 

Comerford et al., 2013). The percentage of veterinary professionals who opted for immediate 

surgical management was 15.5% (Comerford et al., 2013).   

 

 Surgical 

Surgical treatments can be categorised into three main groups: intra-articular, extra-

articular and peri-articular. The most common surgical treatment methods are the tibial 

plateau levelling osteotomy (TPLO), tibial tuberosity advancement (TTA) and the 

extracapsular suture stabilisation (ESS).  

Proposed by Slocum et al. in 1993, the tibial plateau levelling osteotomy (TPLO) is 

the most common method of treating an ACL rupture (Comerford et al., 2013). TPLO surgery 

stabilises the stifle joint by reducing the tibial-femoral shear forces through a circular 

osteotomy (Slocum and Slocum, 1993, Boudrieau, 2009, Morgan and Frazho, 2018). The 

circular osteotomy of the proximal aspect of the tibia reduces the tibial plateau angle to Җ5°, 

as the isolated tibia is rotated and reattached via a bone plate (Figure 1.8) (Slocum and 

Slocum, 1993, Boudrieau, 2009).  



31 
 

 

 
Figure 1.8: Radiograph of a canine stifle joint post TPLO surgery. TPLO surgery is the most commonly 
used method to treat CCL rupture within dogs (Comerford et al., 2013). The surgery involves 
performing a circular osteotomy on the tibia, rotating the bone to alter the central mass position and 
reattaching using plates. (Image from Small Animal Teaching Hospital, University of Liverpool).  

 

Tibial tuberosity advancement (TTA) is an alternative method to the TPLO, proposed 

by Montavon et al., in 2002. During the TTA, the intra-articular force is placed predominately 

parallel (at an angle of Җ90°) to the patellar ligament, through osteotomy of the frontal plane 

of the tibial tuberosity, in order to stabilise the stifle joint as shown in Figure 1.9 (Boudrieau, 

2009, Krotscheck et al., 2016). TTA surgery is less invasive than that of the TPLO surgery, 

providing a distinct advantage, as this leads to a reduced recovery time (Krotscheck et al., 

2016).   
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Figure 1.9: Radiograph of a canine stifle joint post TTA surgery. During TTA surgery, an osteotomy of 
the frontal plane of the tibial tuberosity is performed to place the intra-articular force at an angle of 
Җ90° to the patellar ligament. (Image from Small Animal Teaching Hospital, University of Liverpool).  

 
The extracapsular suture stabilisation (ESS), also known as the lateral suture 

stabilisation or de Angelis suture surgery, is an extra-articular method used and is the most 

commonly used option by ACVS accredited veterinarian surgeons (Cook et al., 2010, Duerr et 

al., 2014). Duerr et al., in 2014 showed that 38% of surgeons opted for ESS as the primary 

surgical option. ESS surgery revolves around using  a monofilament nylon suture to 

counteract tibial thrust, by connecting the tibia via a bone tunnel, and the fabella (Cook et 

al., 2010). 

Despite there being a number of treatment options available, they are not without 

complications. In 20-40% of all cases, rupture of the CCL leads to rupturing of the 

contralateral cruciate ligament at a later date. Also, 23% of large breeds (>15kg) and 7% of 

small breeds (<15kg) exhibited a degree of lameness 2 months post-surgery (Harasen, 2003). 
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1.6.6 Long-term effects of CCL reconstruction surgeries 

A number of studies have assessed the long-term effects of CCL reconstruction 

surgeries (Rayward et al., 2004, Au et al., 2010, DeLuke et al., 2012, Levien et al., 2013, Mölsä 

et al., 2014, Krotscheck et al., 2016).  

Revision surgeries have been reported post CCL reconstruction surgeries from 

complications such as loosening of TPLO surgical screws, meniscal tears, septic arthritis and 

excessive formation of scar tissue within two years of initial surgery (Levien et al., 2013, 

Mölsä et al., 2014). Incidence of revision surgery has been identified as being breed 

dependent (Levien et al., 2013). A study undertaken by Levian et al. (2013), determined that 

18.2% of Boxers required revision surgery, whereas a lower incidence of 8.5% were of need 

in Staffordshire Bull Terriers (Levien et al., 2013).  

Comparable to humans, osteoarthritis has been identified as a long-term 

complication of CCL reconstruction and is observed by bone mineralisation, increased levels 

of articular fluid, formation of bone spurs (osteophytosis) and ligament/ tendon detachment 

(Rayward et al., 2004, Sanders et al., 2016, Sandersoln et al., 2009, Cook et al., 2010). Canine 

osteoarthritis is proposed to be caused by trauma or joint degradation (Cook et al., 2010, 

DeLuke et al., 2012). Comparison of CCL reconstruction techniques determined progression 

of osteoarthritis is increased within 24 months post both TPLO and TTA surgeries (Rayward 

et al., 2004, Au et al., 2010, DeLuke et al., 2012, Levien et al., 2013, Mölsä et al., 2014, 

Krotscheck et al., 2016). DeLuke et al. (2012) observed, over 38 months the effect of TPLO 

surgery on osteoarthritis, determining that 76% of dogs had an increased osteoarthritis score 

after surgery. Conservative treatment of osteoarthritis in canines involves non-steroidal anti-

inflammatory drugs, analgesics, weight control, physiotherapy and alternative treatment 

methodologies such as acupuncture (Sandersoln et al., 2009, Cook et al., 2010). Surgical 

intervention has been utilised as a treatment if conservative treatment has failed to halt the 

progress of osteoarthritis (Sandersoln et al., 2009, Cook et al., 2010).  Other reported surgical 

methodology includes stifle arthroscopic debridement (principle surgical option), cartilage 

resurfacing (using grafted chondrocytes) and total stifle replacement (Cook et al., 2010).  

 

1.6.7 Tissue engineering strategies for treatment of ACL and CCL injury 

As treatment methodologies for both ACL and CCL reconstruction surgeries are not 

without risk of failure or production of long term issues, tissue engineering strategies have 

been explored (Kuo et al., 2010, Tan et al., 2012, Wang et al., 2012, Pietschmann et al., 2013, 
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Rodrigues et al., 2013, Lee et al., 2014, Linon et al., 2014, Khoschnau et al., 2008). To develop 

tissue engineering strategies for treatment, cell source, biomechanical stimulation, use of 

biological materials and growth factors are all to be considered (Tan et al., 2012, Wang et al., 

2012, Rodrigues et al., 2013, Lee et al., 2014, Linon et al., 2014, Nau and Teuschl, 2015). 

Comparison of different cell sources identified autologous stem cells, bone marrow-derived 

mesenchymal stem cells (MSCs) and embryonic stem cells (ESCs) as potential sources of 

treatment (Wang et al., 2017).   

For the management of ACL and CCL injuries, cruciate ligament fibroblasts and MSCs 

have been identified as the primary cell sources (Nau and Teuschl, 2015). Huang et al. (2008) 

compared stem cells derived from the ACL to human bmMSCs, concluding that that cruciate 

ligament derived stem cells had differentiated more readily to ligamentocytes due to 

developmental pre-disposition (Huang et al., 2008, Tan et al., 2012). It is commonly observed 

that an artificial ECM is employed within tissue engineering methods, a scaffold that supports 

cellular proliferation and differentiation, whilst mimicking the normal properties of the 

ligament (Ahmed et al., 2008b, Nau and Teuschl, 2015). Although a number of scaffold 

materials have been explored (silk, poly L-lactic acid, hyaluronic acid, chitosan, alginate), 

because 90% of the natural cruciate ligament ECM consists of collagen type I, this is the 

material that has seen most used as a scaffold (Murray et al., 2006, Freeman et al., 2007, Seo 

et al., 2009, Nau and Teuschl, 2015). The use of collagen fibril scaffolds has been examined 

by a number of studies where cruciate ligament fibroblasts were shown to adhere and 

proliferate successfully both in vitro and in vivo (Dunn et al., 1995, Bellincampi et al., 1998, 

Pietschmann et al., 2013). Pietschmann et al. (2013) seeded collagen fibril scaffolds with 

non-specific (cell types not isolated from the same tissue type as being utilised) adult 

human MSCs or rat Achilles tendon derived MSCs (as a potential treatment methodology 

for rat Achilles tendon rupture). It was determined that scaffolds seeded with tendon 

specific MSCs had an increased failure strength suggesting that the tissue-specific cells may 

be a more viable option for treatment (Pietschmann et al., 2013)  

Unfortunately, cell-seeded collagen type I scaffolds do not maintain the same 

biomechanical properties as the native ligament (Dunn et al., 1995, Bellincampi et al., 1998, 

ALTMAN et al., 2002, Pietschmann et al., 2013, Nau and Teuschl, 2015). To counteract this, 

cyclic stimulation has been used to increase biomechanical strength, promoting cellular 

differentiation and proliferation and increasing deposition of ECM including, tenascin-C, 

collagen I and collagen III (Kuo and Tuan, 2008, Nau and Teuschl, 2015). Park et al. (2006) 

determined that 8% cyclic stimulation lead to an increased proliferation of ligament derived 

fibroblasts than at 4% cyclic stimulation (Park et al., 2006). Addition of growth factors can be 
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utilised to stimulate biomechanical signal molecules, such as GDF5/7 (to induce ligament 

formation), IGF (anti-inflammatory mediator) and VEGF (promoter of angiogenesis) (Letson 

and Dahners, 1994, Yasuda et al., 2004, Lyras et al., 2010, Wei et al., 2011, Nau and Teuschl, 

2015).   

 

1.7 Stem cells  

Stem cells are defined as unspecialised self-renewing cells with the ability to undergo 

multilineage differentiation (Nadig, 2009). They have a strict hierarchy of potential that 

coincides with the developmental stage of the organism. Totipotent cells are observed within 

the first two stages of development: zygote and early cleavage-stage blastomeres for the first 

two cell divisions (Condic, 2014). Totipotent cells have the ability to differentiate into all cell 

types, including those that will go on to form the embryo proper, the placenta and umbilical 

cord (Nadig, 2009). Pluripotent cells are derived from the inner cell mass of the blastocyst 

and can differentiate into any cell type of the embryo proper originating from the 

ectodermal, mesodermal and endodermal germ layers (Niwa, 2007, Nadig, 2009, Condic, 

2014, Wu et al., 2016). Multipotent cells have more restricted differentiation potential, being 

limited to cell lineages specific to the tissues in which they reside (Nadig, 2009). 

 

1.7.1 Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are multipotent adult stem cells that differentiate 

toward cell lineages of mesenchymal origin including those of musculoskeletal tissues, 

tenocytes, chondrocytes, osteocytes and ligamentocytes (Pittenger et al., 1999, Dominici et 

al., 2006, Kim and Cho, 2013, Ullah et al., 2015). The seminal paper by Pittenger et al. (1999) 

characterised MSCs isolated from bone marrow tissue, and whilst this is arguably the 

predominant tissue studied, MSCs have been isolated from multiple tissue sources within the 

context of determining tissue repair mechanisms or as a source for tissue engineering 

applications (Table 2). 
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Table 2: A summary table of tissue cell types isolated from MSC populations. 

Cell Type Reference 

Adipocyte (Pittenger et al., 1999, De Ugarte et al., 

2003, Turner et al., 2017) 

Adrenal (Gan et al., 2018) 

Cardiomyocyte (Nimsanor et al., 2017, Szaraz et al., 2017, 

Guo et al., 2018b) 

Chondrocyte (Pittenger et al., 1999, Somoza et al., 2014, 

Segawa et al., 2009, Chen et al., 2018) 

Hepatocyte (Snykers et al., 2011, Meier et al., 2013) 

Haemarthrosis Fluid (Deehan et al., 2012, Rogers et al., 2014) 

Muscle (Hodgson et al., 2018) 

Osteocyte (Pittenger et al., 1999, Birmingham et al., 

2012) 

Synovial Fluid (Sekiya et al., 2012, Jorgenson et al., 2018, 

de Sousa et al., 2019) 

Umbilical Cord Blood (Romanov et al., 2003, Sanberg et al., 2005, 

Cho et al., 2008, Gharbia et al., 2015) 

 

In an attempt to standardise the classification of MSCs, the International Society for 

Cellular Therapy (ISCT) issued a position statement (Dominici et al., 2006) setting out the 

minimal criteria for defining MSCs, which were:  

 

1) The formation of colony-forming unit fibroblasts (CFU-Fs) by adherence of 

fibroblast-like cells to tissue culture plastic    

2) Positive and negative expression of a panel of cell surface antigens. 

3) Multipotent differentiation toward, chondrogenic, osteogenic and adipogenic cell 

lineages 

 

1.7.2 Cell surface antigen expression 

MSC populations cannot be defined by the definitive expression of a specific gene/ 

protein, rather they are characterised by the positive and negative expression of a panel of 

cell surface glycoprotein antigens (Pittenger et al., 1999, Dominici et al., 2006, Lv et al., 2014, 

Maleki et al., 2014, Harkness et al., 2016, Uder et al., 2018).  
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Stromal cell surface marker-1 (Stro1) has been identified as a cell surface 

glycoprotein associated with the formation of colony forming units of fibroblast cells (CFU-F) 

(Simmons and Torok-Storb, 1991). Stro1 is located mainly in the endothelium and is 

expressed by a number of different cell types, and in particular those associated with the 

MSC lineage including osteocytes, adipocytes and chondrocytes (Seo et al., 2004, Nagatomo 

et al., 2006, Kolf et al., 2007).  

CD44 (cluster of differentiation 44) is the hyaluronic acid receptor widely expressed 

by a number of different cell types including leucocytes, tumour cells (particularly associated 

with colorectal and prostate cancers) blood, B lymphocytes and T lymphocytes and bone 

marrow epithelial cells (Rojewski et al., 2008, Jaggupilli and Elkord, 2012). The CD44 molecule 

has multiple splice variants, reflecting the diverse tissue-specific expression pattern and 

pleiotropic functions. For instance, pluripotent stem cells are positive for splice variant CD44 

v3 when undifferentiated but express splice variant CD44 v6 during differentiation (Kim et 

al., 2018) 

CD90, also known as Thermocyte Differentiation Antigen-1 (Thy1), is a 

glycosylphosphatidylinositol (GPI) anchored protein (Rege and Hagood, 2006). CD90 has 

been shown to have a putative role in stem cell differentiation with expression occurring 

during proliferation through development, particularly toward the osteogenic cell lineage 

(Wiesmann et al., 2006). CD90 is expressed on multiple cell types including fibroblasts 

however the comparison of MSC and fibroblast populations showed that over 70% of the 

MSC population expressed CD90 compared to 20% of the fibroblast population (Dennis et al., 

2007).  Differences in expression might be attributed to the maturity of the cell type, with 

CD90 expression being reduced during terminal differentiation. CD90 is a cell adhesion 

molecule that has roles in wound healing and tissue regeneration processes via the 

mediation of cell-cell and cell-matrix interactions and regulation of the activity of 

immunomodulatory molecules (Kisselbach et al., 2009).  

CD105, also known as endoglin, is a co-receptor to the TGF receptor complex and is 

co-expressed by diverse cell lineages responsive to TGF̡ signalling events, including 

angiogenesis (Cleary et al., 2016). CD105 expression on MSCs is reduced as cells differentiate, 

and this is reflected in the 90%-fold reduction of CD105 osteocytes, 94% chondrocytes and 

76.2% in adipocytes, compared to bone marrow derived MSCs (Jin et al., 2009). Bone 

marrow-derived MSCs are immature cells that have not undergone differentiation, in 

comparison to terminally differentiated ligamentocytes and so there is likely to be reduced 

expression of CD105 (Jin et al., 2009).  
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CD106, also known as vascular cell adhesion molecule-1 (VCAM1), is a 

transmembrane glycoprotein that regulates the vascular adhesion and trans-endothelial 

migration of immune cells in response to inflammation (Yang et al., 2013). CD106 has been 

shown to have a critical role in embryonic development with CD106- knockout experiments 

showing developmental issues including, heart defects and embryonic death (Gurtner et al., 

1995, Kwee et al., 1995, Yang et al., 2013). CD106 expression has been reported to have a 

role in MSC-mediated immunosuppression, being necessary for T cell activation and 

recruitment of leukocytes (Ren et al., 2010, Yang et al., 2013).  

CD146 is alternatively known as melanoma cell adhesion molecule (M-CAM) or S-

Endo 1-associated antigen because of its localised expression within the endothelium. The 

role of CD146 is at present not fully understood, however, there is some evidence that CD146 

is involved in the mediation of cell-cell adhesion between endothelial cells and T-

lymphocytes as well as the formation of the actin fibres within the cytoskeleton (Elshal et al., 

2005, Erdbruegger et al., 2006, Harkness et al., 2016).  

CD166, also known as activated leukocyte cell adhesion molecule (ALCAM), is 

expressed on diverse cell types, including haematopoietic cell lineages, neurons, hepatocytes 

and fibroblasts (Fujiwara et al., 2014). Expression of CD166 expression is predominantly 

localised to the stem cell niches within tissues (Chitteti et al., 2014, Fujiwara et al., 2014).  

CD19 and CD45 are negatively expressed within mesenchymal stem cells (Jiang et al., 

2002, Dominici et al., 2006, Uder et al., 2018). CD19 is a transmembrane glycoprotein and 

marker for normal and neoplastic B cells (Jiang et al., 2002, Wang et al., 2012, Maleki et al., 

2014). CD45 is a transmembrane protein tyrosine phosphatase present within leukocytes to 

stimulate lymphocyte maturation and proliferation (Jiang et al., 2002, Maleki et al., 2014). 

MHC (major histocompatibility complex) class I is positively expressed in MSCs 

expression increased post differentiation down the adipogenic, chondrogenic and osteogenic 

lineages (Machado et al., 2013).  MHC Class II is often lacking in expression in MSCs due to 

the hypoimmunogenic nature of the cells (Ryan et al., 2005, Machado et al., 2013).  

 

1.7.3 Multipotent differentiation 

As defined by the minimal criteria, MSCs must differentiate to chondrogenic, 

osteogenic and adipogenic cell lineages (Dominici et al., 2006, Rojewski et al., 2008). The 

multipotent potential of MSC populations is typically measured using in vitro assays that 

mimic the physical and biochemical signalling cues present during in vivo differentiation 

(Dominici et al., 2006, Solchaga et al., 2011).  
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Chondrogenic differentiation of MSCs is driven by the formation of 3D cellular 

aggregates comparable to the mesenchymal condensation event that precedes cartilage 

formation during limb bud formation. Cells are cultured for up to 14 days in basal medium 

supplemented with dexamethasone, ascorbic acid-2-phosphate, insulin and TGF-ʲм to 

promote differentiation (Solchaga et al., 2011). Differentiation of MSCs is determined by 

monitoring the expression of genes/proteins associated with the chondrogenic cell 

phenotype, including SOX9, AGGRECAN and COL2A1 (Solchaga et al., 2011).  

Osteogenic differentiation of MSCs is driven by 2D monolayer culture for 21 days 

with medium supplemented with dexamethasone, ascorbic acid-2-ǇƘƻǎǇƘŀǘŜ ŀƴŘ ʲ-

glycerophosphate (Solchaga et al., 2011). MSCs undergoing osteogenic differentiation lose 

their characteristic spindle-like morphology and acquire a cuboid morphology (Atala, 2012, 

Alm et al., 2014). Differentiation of MSCs is determined by monitoring the expression of 

genes/ proteins associated with the osteogenic phenotype, including COL1A1, ALKALINE 

PHOSPHATASE and CBFA1 (Atala, 2012).  

Adipogenic differentiation of MSCs is driven by 2D monolayer culture for 21 days 

with medium supplemented with dexamethasone, insulin, indomethacin, and isobutyl 

methylxanthine (Solchaga et al., 2011). MSCs undergoing adipogenic differentiation acquire 

microsphere lipid vacuoles within the cytoplasm of the cell and differentiation is determined 

by monitoring the expression of genes/ proteins associated with the adipogenic phenotype, 

including CCAAT/ENHANCER-BINDING PROTEIN(C/ERP), ADIPONECTIN and LIPOPROTEIN 

LIPASE (Fink and Zachar, 2011, Turner et al., 2017).  

 

1.7.4 Further assessment of mesenchymal stem cell phenotype 

Further assessment of MSC phenotype can provide evidence of the functional status 

of the cells and includes measuring expression of transcription factors associated with 

ΨǎǘŜƳƴŜǎǎΩ ŀƴŘ adenosine triphosphate (ATP) binding cassette transporters, cellular 

chemotaxis and immunomodulation.   

 

 Transcription factor expression 

The POU5f1 encoded transcription factor, Octamer-binding transcription factor 3/4 

(OCT3/4) is associated with stem cell phenotype maintenance. Within the inner cell mass of 

the blastocyst, OCT3/4 maintains the pluripotent cell phenotype by preventing reversion to 

a trophoblast-like gene expression profile phenotype (Herberg et al., 2014). OCT3/4 binds to 

the ATGCAAAT octamer and member of the Sry-related high mobility group (HMG) domain, 
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sex determining Y-box 2 (SOX2) to form a heterodimer(Loh et al., 2006, Olariu et al., 2016). 

This heterodimer interacts with NANOG, to induce transcription factors such as FBX15 (to 

induce proliferation) and Utf1 (exhibits reduced expression during proliferation) (Kuroda et 

al., 2005).  

NANOG is a transcription factor expressed in undifferentiated adult stem cells (Loh 

et al., 2006, Pierantozzi et al., 2011). NANOG regulates the expression of both SOX2 and 

OCT3/4 to maintain pluripotency and self-renewal of cells within the inner cell mass of the 

embryo (Olariu et al., 2016). SOX2, OCT3/4 and NANOG maintain the multipotent phenotype 

of MSCs in culture (Ling et al., 2012, Tsai and Hung, 2012, Han et al., 2014, Matic et al., 2016). 

Senescence-associated molecules, including p16 and p21 are downregulated by the 

induction of Dnmt1 by OCT3/4 and NANOG to increase cell proliferation and decrease 

spontaneous differentiation (Tsai and Hung, 2012).  

 

  ATP binding cassette (ABC) transporters 

The ATP binding cassette (ABC) transporter superfamily represents complexes of 

transmembrane-spanning proteins, which in eukaryotic cells contributes to protecting the 

stem cell pool by effluxing toxins and drugs (Kawanabe et al., 2006, Wilkens, 2015). ABC 

transporter-expressing cells represent a proportion of cell populations, known as the side-

population and is confirmed in vitro by Hoechst 33342 dye exclusion assay using dual wave 

flow cytometry analysis (Murota et al., 2016). An advantage of using side population over cell 

surface antigen expression to characterise stem cell populations is that it provides evidence 

of function as well as phenotype (Kawanabe et al., 2006).   

Multiple ABC transporters are expressed in diverse tissues, with expression patterns 

altered in injured and diseased states (Wilkens, 2015). This has been particularly well 

observed in haemopoietic stem cells isolated from murine, rhesus monkey and swine 

species bone marrow (Zhou et al., 2001). Analysis of healthy bone marrow cells isolated 

from Mdr1a/1bҍκҍ mice (multi drug resistance mice lacking the mdr1-type P glycoprotein) 

showed that side population cells expressed 74% more of the ABC transporter, ABCG2, when 

compared to non-side population cells, indicative of its role in maintaining functional stem 

cell populations in the bone marrow (Zhou et al., 2001). Additionally, low density umbilical 

cord blood stem cells lose expression of ABCG2 on differentiation and loss of stem cell 

phenotype (Ahmed et al., 2008a).   
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  Chemotaxis 

Chemotaxis is fundamental to stem cell function where activation in response to 

chemical stimuli promotes the migration of stem cells toward damaged tissues where they 

can initiate repair (Yoon et al., 2015). Cysteine-X-cysteine (CXC) chemokine receptor-4 

(CXCR4) is a predominant chemokine receptor expressed on a diverse range of tissues, 

particularly haematopoietic stem cells, mature blood cell lineages including leukocytes, T-

lymphocytes and B-lymphocytes, as well as neurons, endothelial cells and a proportion of 

MSCs (Shi et al., 2007). Expression of CXCR4 within the MSC population has been shown to 

mediate migration to damaged tissue, modulating the presence of inflammatory cytokines 

such as IL-мʲΣ L[-6 and TNF-ʰΣ ŀƴŘ ƴŜǳǘǊƻǇƘƛls to produce a repair response (Yang et al., 

2015).   

 

  Moderation of immunology by mesenchymal stem cells 

1.7.4.4.1 Immunoprivilege of mesenchymal stem cells 

The major histocompatibility complex (MHC) represents complexes of 

transmembrane proteins classified as MHC class I and MHC class II (Wieczorek et al., 2017)  

(Wieczorek et al., 2017). MHC are part of the acquired immune system. Peptide antigens 

derived by intracellular processing are presented by MHC on the cell surface where they 

subsequently engage with the T-cell receptor or B-cell receptor of respective lymphocyte 

populations (Wieczorek et al., 2017). MHC Class I is expressed on the surface of all nucleated 

cells with its absence being indicative of abnormal cell physiology leading to removal by 

natural killer (NK) cells. MHC Class I expression is responsible for self-recognition and the 

maintenance of immune tolerance versus detection of foreign antigens and the eradication 

of intracellular pathogens (Wieczorek et al., 2017). In contrast, MHC class II expression is 

limited to the specialised antigen presenting cells of the immune system including 

macrophages, dendritic cells and B-lymphocytes (Wieczorek et al., 2017).   

MSCs do not express MHC Class II and whilst they express low amounts of MHC class 

I, they do not express the co-stimulatory cell surface receptors (CD40, CD80, CD86) required 

for activation of T-cell signalling (Ryan et al., 2005). Undifferentiated MSCs can evade 

immunological detection and are considered immunoprivileged (Ryan et al., 2005).  

 

1.7.4.4.2 Production of paracrine immunomodulatory factors 

MSCs are able to moderate immune responses through the production of paracrine 

immunomodulatory factors (Wang et al., 2018). Within the context of tissue regeneration, 
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MSCs migrate to the site of damage in response to chemokine signals produced during 

inflammation where they sequester the direct effect of pro-inflammatory cytokines on cells 

within the tissue as well as mediating the activity of cells of the innate and acquired immune 

system (Ren et al., 2010). The predominant molecules responsible for exerting the 

immunosuppressive phenotype of MSCs include the cytokines including tumour necrosis 

factor alpha (TNF- )h, interleukin-alpha (IL-м )h and interleukin-1 beta (IL-м)̡ and the small 

molecules prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO) and inducible nitric-

oxide synthase (iNOS) (Ren et al., 2010).  

The effects of MSC immunosuppression on immune cell activity include, inhibition of 

monocyte to macrophage maturation, inhibition of activation and maturation of dendritic 

cells and inhibition of proliferation of natural killer cells, CD4+ and CD8+ T-lymphocytes and 

B-lymphocytes (Wang et al., 2018). Further to this, MSCs are able to re-program immune 

ŎŜƭƭǎΣ ŀƭǘŜǊƛƴƎ ǘƘŜ ƭŀǘǘŜǊΩǎ ƛƳƳǳƴƻƭƻƎƛŎŀƭ ǇƘŜƴƻǘȅǇŜΦ CƻǊ ƛƴǎǘŀƴŎŜ, macrophages secreting 

pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ¢bCʰ can be re-programmed to secrete anti-inflammatory IL10 (Arango 

Duque and Descoteaux, 2014). Similarly, within T-lymphocyte population subsets, 

differentiation of naïve T0-lymphocytes toward cytolytic CD8+ T-lymphocytes and pro-

inflammatory CD4+Th17 T-lymphocytes is restricted in favour of less aggressive CD4+ TH1/Th2 

T-lymphocytes and the promotion of immunosuppressive regulatory T-lymphocyte (Treg) 

population (Aggarwal and Pittenger, 2005).  

 

1.7.4.4.3 Tissue-specific differences in immunomodulatory potential of MSCs 

The immunomodulatory potential of MSC populations differs according to the tissue 

of derivation (Abdi et al., 2008). MSCs isolated from umbilical cord blood have been shown 

to have a lower expression of pro/anti-inflammatory cytokines such as IL10 and IL2, 

compared to MSCs isolated from bone marrow and are therefore considered to be less 

immunogenic (Sanberg et al., 2005, Gharbia et al., 2015). A study undertaken by Hwang et 

al., (2009), showed MSCs derived from umbilical cord did not express soluble intercellular 

adhesion molecule-1 (sICAM-1) and the chemokine monocytes chemoattractant protein-1 

(MCP-1) in comparison to MSCs derived from bone marrow and placenta. In addition, the 

expression of IL6 and chemokine Growth regulated alpha protein precursor (Dwhʰ) were 

lower in umbilical cord MSCs. MSCs isolated from umbilical cord had longer telomeres in 

comparison to those isolated from bone marrow and placental tissues, suggesting that the 

reduced immunogenic phenotype observed for umbilical cord derived-MSCs was because 

they had a more immature phenotype (Sanberg et al., 2005).  



43 
 

Numerous studies have reported the presence of adult stem cell populations within 

ligament tissues (Seo et al., 2004, Violini et al., 2009). Following ligament rupture, migration 

of progenitor cells is observed from ligament (Steinert et al., 2011). Isolation and 

characterisation of these progenitor cells have shown a cell surface antigen expression profile 

positive for CD44, CD90, CD105 and Stro-1 and negative for CD11c, CD45, CD74 and CD144 

as well as tri-lineage differentiation to chondrogenic, osteogenic and adipogenic cell lineages 

(Steinert et al., 2011). These data are indicative of the ligament progenitor cells being MSCs, 

as defined by the ISCT position paper (Dominici et al., 2006).   

 

1.8  Cellular senescence  

Cellular senescence is ubiquitous to mammalian cells and is defined as the 

irreversible arrest of the cell cycle (Hayflick, 1965, Herbig et al., 2006). Replicative 

ǎŜƴŜǎŎŜƴŎŜΣ ƪƴƻǿƴ ŀǎ ΨIŀȅŦƭƛŎƪΩǎ [ƛƳƛǘΩΣ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇƻǇǳƭŀǘƛƻƴ ŎŜƭƭ ŘƻǳōƭƛƴƎǎ ŀ 

cell in continuous culture can undertake before cell cycle arrest (Hayflick, 1965, Brown et al., 

1997, Herbig et al., 2006). Cellular senescence is an evolutionary conserved mechanism that 

limits the post-natal expansion of cell populations within tissues, preventing hypertrophy and 

reducing the risk of tumour formation (Beauséjour et al., 2003, Kuilman et al., 2010).  

Senescent cells are unable to undergo apoptosis, and in contrast to apoptotic cells are not 

removed from the tissue (Itahana et al., 2001; Campisi et al., 2007). 

Cellular senescence is stimulated by a number of factors. Reactive oxidative species 

(ROS) (including hydrogen peroxide, superoxide anion and hydroxyl radical) shortening of 

telomere length, expression of oncogenes and reduction in expression of tumour suppressor 

genes can all activate the DNA damage response that can, in turn, activate pathways 

associated with cellular senescence and the senescence-associated secretory phenotype 

(SASP) (Wang et al., 2019).  

The senescence-associated secretory phenotype (SASP) is the secretome profile 

associated with cells undergoing senescence (Victorelli and Passos, 2017). The SASP consists 

of growth factors, pro-inflammatory cytokines that activate the innate immune system 

(including IL-6, IL-8 and VEGF), tissue remodelling proteins and proteins related to the 

catabolism of the ECM (Reinhardt and Schumacher, 2012, Victorelli and Passos, 2017, Ou and 

Schumacher, 2018).   
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1.8.1 Morphological Changes Associated with Cellular Senescence 

Enlarged cell morphology is a key phenotypic change associated with cellular 

senescence as regulation of cell volume homeostasis by aquaporins becomes dysregulated 

(Banito et al., 2009, Kuilman et al., 2010). MSCs are seen to lose their characteristic 

fibroblastic shape and become flatter, multinucleated, with enlarged cytoplasm (Banito et 

al., 2009, Kuilman et al., 2010). 

Replicative senescence occurs through the progressive shortening of the telomeres 

at the end of each chromosome (Shammas, 2011, Victorelli and Passos, 2017). A telomere 

consists of a double stranded repeat of a TTAGGG motif and is responsible for protecting  the 

end of a chromosome against genetic instability (Beauséjour et al., 2003). At each mitotic cell 

division, DNA polymerase, responsible for replicating DNA during the S phase of the cell cycle, 

fails to extend to the end of the chromosome causing shortening of the telomere. Repetitive 

mitotic cell divisions that accumulate as the cell ages, eventually result in the telomere being 

too short for further cell divisions (Bonab et al., 2006, Herbig et al., 2006, Shammas, 2011, 

Victorelli and Passos, 2017, Kuilman et al., 2010). Over the lifespan of a cell, the average 

telomere length has been reported to shorten from 15Kb in germline cells to between 4 and 

7Kb at replicative senescence (Itahana et al., 2001, Kuilman et al., 2010).   

 

1.8.2 Cell cycle arrest 

Cell cycle arrest is a key phenotype of cellular senescence. p53, p16INK4A and p21CIP1 

are all involved in cell cycle inhibition. The DNA damage response activates two senescence-

associated signalling pathways, the p53 pathway and the p16INK4A pathway. The two 

pathways work in parallel or independently to cause cell cycle arrest (Campisi and Di Fagagna, 

2007, Mirzayans et al., 2012, Ou and Schumacher, 2018).  

 

1.8.3 Molecular regulation of cell cycle arrest: p53 and p21CIP1 

Tumour protein p53 (p53) regulates cell cycle progression and controls multiple 

mechanisms that influence cell behaviour (Victorelli and Passos, 2017, Ou and Schumacher, 

2018). p53 of the DNA repair response and maintenance of genomic stability, such that it is 

referred to as being the Ψguardian of the genomeΩ (Lane, 1992, Toufektchan and Toledo, 

2018). Following DNA damage, p53 arrests cell cycle progression at the G1/S checkpoint 

allowing repair complexes such as activation of the nucleotide excision repair (NER) and base 

excision repair (BER) pathways to repair the damage (Smith and Seo, 2002, Campisi and Di 

Fagagna, 2007, Leontieva et al., 2010). DNA damage is not repaired the cell is removed from 
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the pool of proliferative cells within the tissue by p53-mediated mechanisms dependent on 

the cellular level of p53 (Campisi and Di Fagagna, 2007, Leontieva et al., 2010, Toufektchan 

and Toledo, 2018). Low expression of p53 induces cellular senescence, and it is this pathway 

that is activated by telomere shortening (Leontieva et al., 2010). High expression of p53 

results in the activation of pathways resulting in quiescence or apoptosis (Campisi and Di 

Fagagna, 2007, Leontieva et al., 2010, Toufektchan and Toledo, 2018). Following cell 

senescent activation of the p53 pathway, alternate reading frame (ARF) protein inhibits E3 

ubiquitin protein ligase HDM2, which inhibits the tumour suppressor p53. Inhibition of p53 

upregulates the expression of the cyclin-dependent kinase inhibitor (CKI) p21CIP1 which can 

either affect growth arrest and cell senescence directly, or inhibit Cyclin Dependent Kinases 

(CDKs) within the p16INK4A pathway (Figure 1.10) as p53 is directly inhibited by senescent 

signals leading.   

 

1.8.4 Molecular regulation of cell cycle arrest: p16INK4A 

A negative feedback loop within the p53 signalling pathway downregulates p53 and 

p21CIP1expression (Campisi and Di Fagagna, 2007). Reduced expression of p53 and p21CIP1 is 

coupled with an increase in expression of the cyclin-dependent kinase inhibitor, p16INK4A 

aiding with the maintenance of the senescent cell phenotype (Itahana et al., 2001). In 

contrast to p53 and p21CIP1, the p16INK4A pathway is not only activated by telomere 

shortening, as genotoxic stress has also been shown to have an effect (Beauséjour et al., 

2003, Mirzayans et al., 2012). Evidence of this has been reported by p16INK4A expression 

remaining high despite telomere shortening being observed and replicative senescence still 

occurring despite ectopic expression of telomerase (Beauséjour et al., 2003). 

The oncogene RAS activates the p16INK4 pathway. Instigation of the pathway inhibits 

CDK, inhibiting phosphorylation of Retinoblastoma protein (pRB), and preventing cellular 

proliferation (Campisi and Di Fagagna, 2007). As cellular proliferation is halted, cell cycle 

progression is prevented through the inhibition of E2FF; stopping cells entering the S-phase 

of the cell cycle (Beauséjour et al., 2003, Campisi and Di Fagagna, 2007).   
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Figure 1.10: A schematic diagram of how the DNA damage response leads to an increase in 
senescence signals. DNA damage leads to an increased level of senescence signals, resulting in 
decreased cellular proliferation and reduced in cell growth following activation of both the p53 
pathway and p16INK4A pathways (Image from Campisi et al., 2007).  

 

1.8.5 Reduced multipotent potential  

Cellular and replicative senescence is associated with impaired multipotency in both 

MSC and haematopoietic stem cells (Wagner et al., 2008, Turinetto et al., 2016, Schultz and 

Sinclair, 2016). Shultz et al., 2016 reported reduced expression of genes and proteins 

associated with the stem cell phenotype, and this is associated with reduced self-renewal 

(proliferation kinetic) and differentiation of haematopoietic stem cells towards the formation 

of blood cells (Schultz and Sinclair, 2016). Yang et al., (2017), assessed the multipotent 

potential of adult MSC and determined replicative senescence (through comparison of 

passage 4 and 8) was correlated with reduced expression of genes associated with 

differentiation to specialised cell lineage. Comparison of osteogenic (COL1A1, RUNX2 and 

ALP) and adipogenic (LPL and tt!wʴ) genes showed that COL1A1, ALP, LPL and tt!wʴ were 

all significantly reduced at passage 8 in comparison to passage 4 (Yang et al., 2018).   

The implications of accelerated cellular senescence within a biological context 

include impaired ability to regenerate and repair damaged tissues as well as reduced control 

over immune modulation (Victorelli and Passos, 2017, Toufektchan and Toledo, 2018). In 
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addition, within the context of developing advanced therapeutic tissue engineering 

strategies, the prolonged expansion of MSCs to clinically relevant cell numbers have been 

shown to be negatively correlated with accelerated cellular senescence impacting on the 

quality of tissue-engineered product (Wang et al., 2019).  

 

1.8.6 Methodology for identifying cellular senescence    

The Senescence Associated Beta Galactosidase (SA-ß-Gal) assay is the most 

frequently employed technique for identifying senescent cells. Senescent cells have 

increased cytoplasmic lysosomes, which play a key role in autophagic mechanisms.  The SA-

ß-Gal assay determines the presence and activity of lysosomal pH 6-dependent beta 

galactosidase by catalysing the hydrolysis of ǘƘŜ ʲ-galactosidase analogue X-gal into a blue 

product (colourless galactose and 4-chloro-3-brom-indigo) (Juers et al., 2012). Despite many 

studies using the SA-ß-Gal assay, there has been debate over its validity in identifying 

senescent cells. ß-Galactosidase activity has been reported in the immortalised cell lines 

which by definition do not undergo cellular senescence (Cristofalo, 2005, Herbig et al., 2006). 

An alternative and more robust method for identifying senescent cells would be to use 

immunohistochemistry for the identification of molecular markers associated with 

senescence, including p53, p16 and p21.  

Although senescence is a process that occurs in all cell types, it is important to 

understand the impact it has on cells and why some cell types prematurely senesce in 

comparison to other. This leads to questions such as are the cells which senesce first 

undergoing premature ageing and is the process one that can be reversed in order to reduce 

the ageing and replicative effect and increase cell health? 

 

1.9 Summary 

Previous studies have derived MSCs, compliant with the International Society for 

Cellular Therapy position statement, from the human ACL and canine CCL. However, to our 

knowledge, no prior study fully characterises and compares the difference in the MSC 

populations of intact (non-diseased) ligaments to ligaments that have been subjected to 

ruptured (diseased state) in either species. The quality of MSCs has been linked to 

predisposition to rupture. It is yet to be determined if the MSCs isolated from either species 

decrease in quality with age through passage post passage 3. As the anatomical structure of 

the canine stifle joint is highly comparable to that of the human knee joint, the use of the 

canine stifle as an experimental model for ACL rupture and the development of comparative 
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ǘǊŜŀǘƳŜƴǘ ǊŜƎƛƳŜƴǎ ŦƻǊ ōƻǘƘ ǎǇŜŎƛŜǎ ǳƴŘŜǊ ǘƘŜ ǘƘŜƳŜ ƻŦ ΨhƴŜ IŜŀƭǘƘΣ hƴŜ aŜŘƛŎƛƴŜΩ ǎƘƻǳƭŘ 

be assessed.  

 

1.10 Hypothesis 

 

This study will address the hypothesis that MSCs isolated from intact and ruptured human 

ACL and canine CCL will differ in molecular, cellular and biochemical composition. It is 

hypothesised that species-specific differences will be observed in ECM composition, gene 

expression, MSC phenotype and cellular senescence.   

 

 

1.11 Aims and objectives 

 

To answer our hypothesis the aims and objectives of this study are to: 

1. To stratify clinical groups of human ACL and canine CCL retrieved from joint surgeries 

to identify species-specific differences in the molecular, biochemical and cellular 

content of intact and ruptured tissues.  

 

2. To determine species-specific differences between the MSC populations isolated 

from intact and ruptured human ACL and CCL and characterise the cell phenotype 

and function based on the International Society for Cellular Therapy (ISCT) issued 

position statement.  

 

3. To determine species-specific differences in cellular senescence in MSCs derived 

from intact and ruptured human ACL and canine CCL through analysis of key 

senescence markers.  
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2.1 Materials and Methods 

2.1.1 Clinical sources of ligament tissue  

 Human anterior cruciate ligament (ACL) tissue 

Cǳƭƭ ŜǘƘƛŎŀƭ ŀǇǇǊƻǾŀƭ ŦƻǊ ǘƘŜ ǎǘǳŘȅ ŜƴǘƛǘƭŜŘ Ψ/ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ {ǘŜƳ /Ŝƭƭ tƻǇǳƭŀǘƛƻƴǎ 

LǎƻƭŀǘŜŘ ŦǊƻƳ [ƛƎŀƳŜƴǘ ¢ƛǎǎǳŜΩ ǿŀǎ ƻōǘŀƛƴŜŘ ǘƘǊƻǳƎƘ ǘƘŜ LƴǘŜƎǊŀǘŜŘ wŜǎŜŀǊŎƘ !ǇǇƭƛŎŀǘƛon 

System (IRAS: 75487). Ethical approval was obtained following review by an appropriate 

Research Ethics Committee (REC: 15/WM/0324, Aintree University Hospital NHS Foundation 

Trust Research and Development (R&D) Department (R&D ref: 863/15) and NHS Blood and 

Transplant Tissue Services. Approvals documents are presented in the Appendix. Appropriate 

Material Transfer Agreements (MTAs) were put in place for the transfer of material between 

the University of Liverpool, Aintree University Hospital NHS Foundation Trust and NHS Blood 

and Transplant Tissue Services. 

 

 Human ligament tissue collection 

1) Acute and chronically ruptured ACL tissue samples were collected from knee 

reconstruction surgeries undertaken at Aintree University Hospital, Aintree 

University Hospital NHS Foundation Trust. 

Inclusion criteria for patient participation were: 

¶ Patients presenting at Aintree University Hospital with knee ACL rupture requiring 

reconstructive surgery. 

¶ Patients presenting at Aintree University Hospital with chronic degenerative disease, 

such as knee osteoarthritis, requiring total knee replacement. 

¶ Aged 18 to 90 years old. 

 

Exclusion criteria for patient participation were: 

¶ Patients unable to give informed consent on their own behalf including: 

o <18 years old. 

o Patients with learning difficulties. 

o Patients with limited comprehension of the English language to the extent 

that the participant information form would not be understood entirely. 

¶ Vulnerable groups including patients within the prison population.  

Participants were recruited into the study during consultation prior to surgery by 

presentation with a Patient Information Sheet (PIS; see appendix) and were requested to 

provide informed written consent as outlined in the study Research Protocol (see appendix). 
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Participants were informed of the use of the tissue, the anonymity of personal data outside 

of their direct care team, the transfer of tissue samples to the University of Liverpool and the 

disposal of tissue samples in accordance with the Human Tissue Act (HTA) 2004 

(Legislation.gov.uk). 

Intact human ACL tissue samples were supplied by the National Health Service Blood 

and Transplant (NHSBT; Speke, Liverpool). ACL tissue samples were collected from deceased 

donors as either fresh or frozen tissue samples that had been collected as a clinical waste 

product from the harvesting of osteochondral allografts for their clinical transplant program. 

Human ACL tissue samples were provided with ǘƘŜ ǇŀǊǘƛŎƛǇŀƴǘΩǎ bI{ ƴǳƳōŜǊ ƛƴ ƻǊŘŜǊ ǘƻ 

maintain patient anonymity with the research team but permit bi-directional identification 

of the tissue between the clinical team and the research team.  

 

 Transfer of human ligament tissue to the research laboratory 

Human ACL tissue samples were collected in 15ml centrifuge tubes containing 

/ƻƭƭŜŎǘƛƻƴ aŜŘƛǳƳ ό!ƭǇƘŀ a9a όʰ-MEM) DƛōŎƻϰΣ tŀƛǎƭŜȅΣ ¦YΣ м҈ όǾƻƭκǾƻƭύ tŜƴƛŎƛƭƭƛƴ-

{ǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰύ ŜǉǳƛǾŀƭŜƴǘ ǘƻ млл¦κƳƭ ǇŜƴƛŎƛƭƭƛƴΣ мллǳƎκƳƭ ǎǘǊŜǇǘƻƳȅŎƛƴύΦ ¢ƘŜ ǘǳōŜǎ 

were triple packaged using the UN3373 certified Intelsius Pathopak System (DGP Intelsius 

Ltd, York, UK) to protect from damage, maintain the sterility of the samples and reduce the 

risk of infection and contamination from samples during transportation to the research 

laboratory (Figure 2.1).  

Upon receipt at our research laboratory, the clinical details of each sample were 

recorded, including age, gender, whether the ACL tissue was from the left or right joint and 

reason for removal (such as trauma through accident, total knee replacement, ACL 

reconstruction). ACL tissue samples were assigned a five-digit alpha-numeric code for 

identification within the research laboratory. Ruptured ACL tissue collected from Aintree 

¦ƴƛǾŜǊǎƛǘȅ IƻǎǇƛǘŀƭ bI{ CƻǳƴŘŀǘƛƻƴ ¢Ǌǳǎǘ ǿŀǎ ŀǎǎƛƎƴŜŘ ǘƘŜ ŦƻǊƳŀǘ ΨȅŜŀǊŀōŎΩΦ ΨYŜŀǊΩ ŘŜƴƻǘƛƴƎ 

the year the first sample for the study was collected (16 for 2016, 17 for 2017 and 18 for 

нлмуύ ŀƴŘ ΨŀōŎΩ ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǳƴƛǉǳŜ ǎŜǉǳŜƴǘƛŀƭ ƴǳƳōŜǊǎ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ǎŀƳǇƭŜΦ CƻǊ ŜȄŀƳǇƭŜΣ 

ǘƘŜ ǘƘƛǊŘ ǎŀƳǇƭŜ ŎƻƭƭŜŎǘŜŘ ƛƴ нлмс ǿŀǎ ŀǎǎƛƎƴŜŘ ǘƘŜ ŎƻŘŜ ΨмсллоΩΦ CƻǊ ƛƴǘŀŎǘ !/L tissues, 

ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ bI{.¢Σ ŀ ŎƻŘŜ ƻŦ ΩbI{ŀōΩ ǿŀǎ ŀǎǎƛƎƴŜŘΦ  ΨbI{Ω ƛŘŜƴǘƛŦƛŜǎ ǘƘŜ ǎŀƳǇƭŜ ǿŀǎ 

ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ bI{.¢Σ {ǇŜƪŜΣ [ƛǾŜǊǇƻƻƭ ŀƴŘ ΨŀōΩ ŦƻǊ ǘƘŜ ǘǿƻ ǳƴƛǉǳŜ ǎŜǉǳŜƴǘƛŀƭ ƴǳƳōŜǊǎ 

to identify the sample. For example, the third sample collected is aǎǎƛƎƴŜŘ ǘƘŜ ŎƻŘŜΩbI{лоΩΦ  
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Figure 2.1: An Intelsius Pathopak (UN3373) System. The Intelsius Pathopak (UN3373) System was 
used to triple pack samples for transport from the clinic to the research laboratory. The Intelsius 
Pathopak System consists of: A) A rigid cardboard box with appropriate hazard labelling; B) a one litre, 
95kPa IATA compliant secondary rigid pressure vessel; C) an infectious class label required for the 
transport of samples; D) a security seal to ensure the Pathopak remains sealed during transport; E) an 
absorbent sheet to absorb any fluid leakage and F) bubble wrap for protection of sample and 
containment of leaked material. 
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 Canine Cranial Cruciate Ligament (CCL) tissue 

Ethical approval for use of this tissue in research was obtained following review by 

the University of Liverpool, Veterinary Research Ethics Committee (intact CCL tissue samples, 

VREC192 (under the generic ethics approval for use of clinical waste in research 

(RETH00000553) and ruptured CCL tissue samples, VREC213).  

 

Inclusion criteria for recruitment of dogs to the study were: 

¶ Dogs referred to the Small Animal Teaching Hospital, University of Liverpool by their 

primary veterinary surgeon.  

¶ Dogs must have been diagnosed with CCL rupture and having surgical management 

for this condition. 

¶ Owner consent must be given in writing upon surgical admission 

 

Exclusion criteria for of dogs to the study were: 

¶ Dogs with bilateral pain or any other joint related pain in the pelvic limbs.   

¶ Dogs with significant inflammatory disease.  

¶ Dogs that were pregnant, lactating or breeding dogs.  

¶ Dogs receiving either neuromuscular blocking properties or corticosteroids. 

 

 Canine CCL Tissue Collection 

Ruptured CCL tissue samples were retrieved from dogs undergoing unilateral CCL 

reconstruction surgeries at the Small Animal Teaching Hospital (SATH), Leahurst Campus of 

the University of Liverpool.  Participants were recruited into the study during consultation 

with the owners prior to surgery under a generic SATH consent sheet where the participants 

were informed of the use of the tissue and the anonymity of personal data outside of their 

direct veterinary care team.  Intact CCL tissue samples were retrieved from cadaver dogs that 

had been euthanised for reasons not related to ligament disease and were collected from 

the University of Liverpool, Veterinary Training Suite under full ethical approval for this 

clinical waste material in research. 

 

 Transfer of canine CCL tissue to the research laboratory 

Canine CCL tissue samples were collected in 15ml centrifuge tubes containing 

ŎƻƭƭŜŎǘƛƻƴ ƳŜŘƛǳƳ ό!ƭǇƘŀ a9a όʰ-MEM) DƛōŎƻϰΣ tŀƛǎƭŜȅΣ ¦YΣ м҈ όǾƻƭκǾƻƭ όǾκǾύύ ƻŦ tŜƴƛŎƛƭƭƛƴ-

{ǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰύ ŜǉǳƛǾŀƭŜƴǘ ǘƻ млл¦κƳƭ ǇŜƴƛŎƛƭƭƛƴΣ мллǳƎκƳƭ ǎǘǊŜǇǘƻƳȅŎƛƴύ and triple-
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packaged using the UN3373 certified Intelsius Pathopak System to protect from damage, 

maintaining the sterility of the samples and reducing the risk of infection and contamination 

from samples during transportation to the research laboratory (Figure 2.1).  

Upon receipt at our research laboratory, canine ligament tissue samples were 

assigned an alpha-numeric code to maintain patient anonymity with the research team and 

allow bi-directional identification of the tissue with the clinical team. The alpha-numeric code 

followed a format of Ψ//[ŀōŎΩ ŦƻǊ ǊǳǇǘǳǊŜŘ //[ ǎŀƳǇƭŜǎ ǿƛǘƘ Ψ//[Ω ŘŜƴƻǘƛƴƎ ǘƘŜ ǎŀƳǇƭŜ ƛǎ ŀ 

ǊǳǇǘǳǊŜŘ //[ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ {!¢I ŀƴŘ ΨŀōΩ ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǳƴƛǉǳŜ ǎŜǉǳŜƴǘƛŀƭ ƴǳƳōŜǊǎ ǘƻ 

identify the sample. For example, the third sample collected was assigned the code of 

Ψ//[ллоΩΦ CƻǊ ƛƴǘŀŎǘ //[ǎΣ ŀ ŎƻŘŜ ƻŦ Ψb/ŀōŎΩ ǿŀǎ ŀǎǎƛƎƴŜŘΦ  Ψb/Ω ƛŘŜƴǘƛŦƛŜǎ ǘƘŜ ǎŀƳǇƭŜ ŀǎ ōŜƛƴƎ 

ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ±ŜǘŜǊƛƴŀǊȅ ¢ǊŀƛƴƛƴƎ {ǳƛǘŜ ŀƴŘ ΨŀōŎΩ ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǳƴƛǉǳŜ ǎŜǉǳŜƴǘƛŀƭ 

numbers to identify the sample. For example, the third sample collected was assigned the 

ŎƻŘŜ Ψb/ллоΩΦ  

 

2.1.2 Processing of human ACL and canine CCL tissue samples 

Whole ligament tissues (ACL and CCL) were collected for the following analyses:  

i. Isolation of cells for mesenchymal stem cell (MSC) derivation and culture 

ii. RNA isolation and gene expression analysis 

iii. Biochemical analyses including immunomodulatory factor profiling and 

quantification of sulphated glycosaminoglycans (sGAGs) content 

iv. Histological and immunohistochemical analyses   

Prior to dissection, ligament tissues were washed with phosphate-buffered saline 

(PBS; without calcium and magnesium, pH 7.4; Gibco) to remove excess blood and debris. 

The wet weight of the ligament was recorded in grams. For whole tissue analyses, ACL and 

CCL tissue was dissected using a sterile disposable scalpel (Swann-Morton No 10, Sheffield, 

UK) into equal-sized longitudinal sections representative of the heterogeneous composition 

of cellular and matrix components of the ligament (Figure 2.2). Sections of ligament tissue 

designated for RNA isolation and gene expression analysis, and biochemical analysis were 

stored at -80°C.  

Ligament tissue used for the derivation and culture of MSCs was minced using a 

scalpel into sections of approximately 3mm2 to facilitate enzymatic digestion (Yu et al., 2004, 

Huang et al., 2008, Ogata et al., 2018, Alstrup et al., 2019). Ligament tissue samples for 
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histological analysis were fixed in 4% (w/v) paraformaldehyde overnight (16 hours) at 4°C. 

Fixed tissue samples were transferred to 70% (vol/vol) ethanol and stored at 4°C. 

 

 

 A B 

 1   

 2   

 3   

 

 

Figure 2.2: Dissection of ligament tissue and allocation to analytical techniques. Ligament tissues 
were assigned to five analytical techniques shown in (A) schematic diagrams and (B) photographic 
image. 1) Whole ligament tissues were dissected into equal-sized longitudinal sections using a sterile 
disposable scalpel for isolation of RNA and gene expression analysis, sulphated glycosaminoglycan 
(sGAG) analysis and quantification of immunomodulatory factors. 2) Whole ligament tissues were 
processed for histology and 3) whole ligament tissues were processed for cell isolation and derivation 
of mesenchymal stem cell (MSC) populations. 
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2.1.3 Analysis of mesenchymal stem cell (MSC) populations 

 Derivation of MSC populations from ligament tissue 

2.1.3.1.1 Derivation of MSC populations from human ACL tissue  

MSC populations were derived from intact, and acute and chronically ruptured 

human ACL tissue. For cell isolation, whole ligament tissue was minced scalpel into pieces of 

approximately 3mm2 using a scalpel and transferred into a sterile 50ml centrifuge tube 

ŎƻƴǘŀƛƴƛƴƎ ŀ мрƳƭ ǾƻƭǳƳŜ ƻŦ ʰ-MEM supplemented with 10% (vol/vol) fetal bovine serum 

(FBS; Sigma-Aldrich, Poole UK), 1% (vol/vol) penicillin-ǎǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ 

100U/ml penicillin, 100ug/ml streptomycin) and 0.1% (wt/vol) collagenase type I 

(Worthington, Lorne, UK), which had been sterile-filtered by passing through a 0.22µm 

syringe-driven filter.  The centrifuge tube was transferred to a shaker incubator (Thermo 

{ŎƛŜƴǘƛŦƛŎϰ aŀȄvϰ слллύ ŦƻǊ ƻǾŜǊƴƛƎƘǘ ŘƛƎŜǎǘƛƻƴ όмс ƘƻǳǊǎύ ŀǘ отϲ/Σ мслǊǇƳ ǳƴŘŜǊ ƭƻǿ 

oxygen (5% O2) tension.  Post-digestion, the contents of the centrifuge tube were centrifuged 

for 10 minutes at 850 x g, the supernatant was removed and the cell pellet resuspended in a 

уƳƭ ǾƻƭǳƳŜ ƻŦ ΩƘǳƳŀƴ ǎǘŜƳ ŎŜƭƭ ƳŜŘƛǳƳΩ όʰ-MEM, 10% (vol/vol) FBS, 1% (vol/vol) penicillin-

ǎǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ млл¦κƳƭ ǇŜƴƛŎƛƭƭƛƴΣ мллǳƎκƳƭ ǎǘǊŜǇǘƻƳȅŎƛƴύ млƴƎκml 

fibroblast growth factor-2 (FGF2) (Biotechne, Abingdon, UK). The resuspended cell pellet was 

centrifuged for 5 minutes at 850 x g before removal of supernatant and resuspension in 7ml 

human stem cell medium. A viable cell count was performed and the cell suspension 

transferred into a T-25 cell culture flask before being placed into the cell culture incubator at 

37°C, 5% CO2, 5% O2 (Ma et al., 2009, Zhang and Wang, 2013, Widowati et al., 2014). Forty-

eight hours post-seeding, non-adherent mononuclear cells were removed by aspiration of 

the cell culture medium and the cell layer rinsed three times with autoclaved PBS. Fresh 

human stem cell medium was transferred to the culture flask (10ml per T-75 flask) and the 

flask returned to the cell culture incubator.  

 

2.1.3.1.2 Derivation of MSC populations from canine CCL tissue 

MSC populations were derived from both ruptured CCL and intact CCL tissue. For 

MSC derivation, the ligament tissue was minced into pieces of approximately 3mm2 using a 

scalpel and then transferred into a T-нр ŎŜƭƭ ŎǳƭǘǳǊŜ Ŧƭŀǎƪ ŎƻƴǘŀƛƴƛƴƎ ʰ-MEM supplemented 

with 10% (vol/vol) FBS, 1% (vol/vol) penicillin-ǎǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ млл¦κƳƭ 

penicillin, 100ug/ml streptomycin) and 0.01% (wt/vol) collagenase type I, which had been 

sterile filtered by passing through a 0.22µm syringe-driven filter. The T-25 cell culture flask 

was transferred to the cell culture incubator, and the tissue digested overnight (16 hours) at 

37°C, 5% O2, 5% CO2. Post-digestion, the contents of the T-25 cell culture flask were 



57 
 

transferred to a 50ml centrifuge tube and centrifuged for 10 minutes at 850 x g, the 

ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǊŜƳƻǾŜŘΣ ŀƴŘ ǘƘŜ ŎŜƭƭ ǇŜƭƭŜǘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ ŀƴ уƳƭ ǾƻƭǳƳŜ ƻŦ ΨŎŀƴƛƴŜ ǎǘŜƳ 

ŎŜƭƭ ƳŜŘƛǳƳΩ όʰ-MEM, 10% (vol/vol) FBS, 1% (vol/vol) of penicillin-ǎǘǊŜǇǘƻƳȅŎƛƴ όDƛōŎƻϰΣ 

equivalent to 100U/ml penicillin, 100ug/ml streptomycin). The resuspended cell pellet was 

centrifuged again for 5 minutes at 850 x g before removal of supernatant and resuspension 

ƛƴ ŀ тƳƭ ǾƻƭǳƳŜ ƻŦ Ψ/ŀƴƛƴŜ {ǘŜƳ /Ŝƭƭ aŜŘƛǳƳΩΦ ! ǾƛŀōƭŜ ŎŜƭƭ Ŏƻǳƴǘ ό{ŜŎǘƛƻƴ 2.1.3.5) was 

performed, and the cell suspension transferred into a T-25 culture flask before being placed 

into the incubator at 37°C, 5% CO2, 5% O2. Forty-eight hours post-seeding, non-adherent 

mononuclear cells were removed by aspiration of the cell culture medium and the cell layer 

rinsed three times with autoclaved PBS. Fresh canine stem cell medium was transferred to 

the culture flask and the flask returned to the cell culture incubator.  

 

 Maintenance and passaging of human ACL and canine CCL stem cell cultures 

All flasks of cell cultures underwent biweekly half media changes and images taken 

of cells using a Zeiss Vert A.1 microscope with an AxioCam ERc5s attachment (Gottingen, 

Germany) and analysed using Zen 2.3 lite (blue edition) software (Zeiss UK, Cambridge, UK).  

Cells were passaged upon reaching between 80-90% confluence within a flask ( 

Figure 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3: Representative image of human ACL cells at ~80% confluency. An image taken with a Zeiss 
Vert A.1 microscope with an AxioCam ERc5s attachment showing approximately 85% confluency of 
human ACL cells. Scale bar = 100µm.  
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Cell culture medium was aspirated from the cell culture flask. The cell layer was 

rinsed three times with a 3ml volume of autoclaved PBS and then covered with 0.25% 

(wt/vol) Trypsin-95¢! ǇƘŜƴƻƭ ǊŜŘ όм ·Τ DƛōŎƻϰΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΤ мΦрƳƭ ǾƻƭǳƳŜ ǇŜǊ 

T-25 cell culture flask, 3ml volume per T-75 cell culture flask). The cell culture flask was 

returned to the cell culture incubator for approximately four minutes. Confirmation of cell 

detachment from the culture flask was performed by visualising under the microscope. Alpha 

MEM medium supplemented with 10% (vol/vol) FBS was added to the culture flask to 

inactivate the trypsin and the contents transferred to a 15ml centrifuge tube. The cells were 

collected by centrifugation for three minutes at 850 x g. The supernatant was removed, and 

the cell pellet resuspended in 5ml of stem cell medium appropriate for each species. A viable 

cell count was performed, and the cells re-seeded into a T75 culture flask (passage 1 cells) to 

give a 1:3 ratio of passage (Figure 2.4).  Cells were cultured for up to ten passages with 

analysis occurring at passage 3, 7 and 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Schematic representation of the 1:3 passaging regime of cells up to passage 3. At passage 
1, cells were detached from the T-25 flask and seeded into a T-75 flask. At 90-95% confluence, at 
passage 1, the cells were detached and seeded into 3 x T-75 cell culture flasks. For passage 3, the cells 
were again diluted at a 1:3 ratio to form 9 x T-75 flasks. 

tŀǎǎŀƎŜ л ό¢πнрύ 

tŀǎǎŀƎŜ м ό¢πтрύ 

tŀǎǎŀƎŜ н ό¢πтрύ 

tŀǎǎŀƎŜ о ό¢πтрύ 
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Post-passage 3, all MSC populations were maintained for four further passages with 

human MSC populations being continued to passage 10. Human MSC populations were 

analysed at passages 3, 7 and 10 and canine MSC populations at passages 3 and 7. The 

volumes of cell culture reagents used in the passaging of MSC cultures are shown in Table 

2.1 

Table 2.1 The volume of solutions added to T-25 and T-75 flasks for MSC culture maintenance and 
passage. The volumes of PBS, trypsin and cell culture medium used in maintenance and passaging of 
human and canine MSC populations.  

Cell Culture Flask Size T-25 T-75 

Volume of PBS used as wash (ml) 1ml 3ml 

Volume of trypsin (ml) 1.5ml 3ml 

Volume of media to inactivate trypsin(ml) 3ml 6ml 

Volume of media per cell culture flasks for culture (ml) 7ml 10ml 

 

 Cryopreservation of human ACL and canine CCL MSC populations 

Cell culture medium was aspirated from the cell culture flasks. The cell layer was 

rinsed three times by addition of 3ml volume of autoclaved PBS and then covered with 0.25% 

(wt/vol) trypsin- EDTA phenol red (1X; 1.5ml per T-25 cell culture flask, 3ml volume per T-75 

cell culture flask prior to returning to the cell culture incubator for approximately four 

minutes. Confirmation of cell detachment from the culture flask was performed by visualising 

under the microscope. Alpha MEM medium supplemented with 10% (vol/vol) FBS was added 

to the culture flask to inactivate the trypsin and the contents transferred to a 15ml centrifuge 

tube. The cells were collected by centrifugation for three minutes at 850 x g the supernatant 

was removed, and the cell pellet resuspended in ice-cold (approximately 4°C) 

cryopreservation medium (90% (vol/vol) FBS, 10% (vol/vol) Dimethyl sulfoxide (DMSO; Sigma 

Aldrich, UK)). The cell suspension was pipetted into cryovials at ratios of 0.5 x T-75 flask / 

ŎǊȅƻǾƛŀƭύΦ ¢ƘŜ ŎǊȅƻǾƛŀƭǎ ǿŜǊŜ ǇƭŀŎŜŘ ƛƴǘƻ ŀ aǊ CǊƻǎǘȅϰ ŎǊȅƻǎǘƻǊŀƎŜ ōƻȄ ό¢ƘŜǊƳƻ Cƛǎher) 

containing propan-2-ol and placed at -80°C to allow for a drop-in temperature of -1°C per 

ƳƛƴǳǘŜΦ !ŦǘŜǊ нп ƘƻǳǊǎ ǘƘŜ ŎǊȅƻǾƛŀƭǎ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ aǊ CǊƻǎǘȅϰ ŀƴŘ ǎǘƻǊŜŘ ŀǘ -80°C. 

 

 Thawing of cryopreserved human ACL and canine CCL cell cultures 

Cryovials of MSCs were removed from the -80°C freezer and thawed quickly by 

placing in a 37°C water bath. Cryovials were surrounded by plastic paraffin wrap (Parafilm) 

to reduce the risk of contamination from the water bath. Once thawed, the cells were 

transferred in 1ml volumes to a 9ml volume of culture media and collected by centrifugation 



60 
 

at 850 x g for 3 minutes. The supernatant was removed, and the cell pellet resuspended in 

appropriate culture medium, a viable cell count performed (Section 2.1.3.5), and MSCs 

seeded into an appropriate-sized culture T-flask. The volume of media added to each flask is 

shown in Table 2.1.  

 

 Viable cell counting by trypan blue exclusion assay 

The trypan blue exclusion assay was used to calculate the percentage of viable cells 

in a cell population. Trypan blue dye is able to penetrate the damaged cell membrane of dead 

cells staining the cytoplasm blue. Viable cells do not take up any blue dye because their cell 

membranes are intact and so maintain a clear cytoplasm (Johnson et al., 2013; Strober et al., 

2015). Trypan blue (Sigma Aldrich) was added to an aliquot of cell suspension at a dilution 

factor of 1:10 (180µl cell suspension and 20µl trypan blue). Volumes of 10µl were loaded into 

each chamber of a haemocytometer and the number of cells counted (Figure 2.5). 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: A schematic diagram of a haemocytometer grid. Viable and dead cells are identified using 
a trypan blue exclusion assay. Green arrows denote living cells in which trypan blue is excluded by 
intact cell membrane. Red arrows denote dead cells in which trypan blue have permeated the cell 
membrane and stained the cell cytoplasm.  
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An average cell count was calculated from four squares and the total number of cells in the 

cell suspension calculated using Equation 2.1. 

 

Equation 2.1 

Total cell number = (N x 1.11 x 10,000) x V) 

Where: 

N = the average number of cells counted within a 1mm x 1mm square  

1.11 = correction for dilution of cell suspension with trypan blue 

V = total volume of cell suspension 

 

The viability of the cells within each cell suspension was calculated as a percentage of the 

total number of cells (Equation 2.2).  

 

Equation 2.2 

% cell viability = (number of live cells/ total number of cells) x 100 

 

2.1.4 Characterisation of mesenchymal stem cell populations 

 Population kinetic assays 

MSCs were seeded at density of 2.5 x 104 cells per well of a standard 6-well cell 

culture cluster plate (equivalent to a cell density of 2.8 x 103 cells per cm2). The total number 

of viable MSCs was counted by trypan blue exclusion assay at days 3, 6 and 9 with three 

technical replicates for each time point. Cell counts were used to calculate the population 

doubling time of the cell cultures (Equation 2.3).  

   

Equation 2.3 

Population doubling time = ln x (Final cell number) x 3-1 

                    (Initial cell number) 

  

(Paul Jr, 2012) 

 

 Multipotent differentiation of MSCs derived from ACL, CCL and bone marrow 

mononuclear cells 

2.1.4.2.1 Chondrogenic differentiation 

 ACL and CCL derived MSCs were detached from monolayer culture by trypsin digest 

and collected by centrifugation at 850 x g for 3 minutes and room temperature as described 
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in section 2.1.3.2. The supernatant was removed, and the cells re-ǎǳǎǇŜƴŘŜŘ ƛƴ {ǘŜƳtǊƻϰ 

Chondrogenesis Differentiatiƻƴ ƳŜŘƛŀ όDƛōŎƻϰΣ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ ǘƻ ŀ ŎŜƭƭ ŘŜƴǎƛǘȅ ƻŦ рллΣллл 

cells/ml. The cell suspension was transferred in 1ml volumes to 15ml centrifuge tubes and 

centrifuged at 850 x g for three minutes in order to form micromass cell aggregates. Cells 

were placed back into the cell culture incubator with the lids loosened to allow for gas 

exchange. Cells were differentiated for up to 14 days with medium changes every 3-4 days 

(Pittenger et al., 1999, Muraglia et al., 2000, Oldershaw et al., 2008).  

 

2.1.4.2.2 Osteogenic differentiation 

 ACL and CCL derived MSCs were seeded in a standard 6-well cell culture cluster plate 

at cell density of 5 x 103 per cm2 (equivalent to 4.5 x 104 cells per well) in appropriate stem 

cell medium ς human stem cell medium for ACL cells and canine stem cell medium for CCL 

cells.  Twenty-four hours post-seeding, the cell culture medium was removed and replaced 

with a 2 ml volume of osteogenic differentiŀǘƛƻƴ ƳŜŘƛǳƳ ό{ǘŜƳtǊƻϰ hǎǘŜƻƎŜƴŜǎƛǎ 

5ƛŦŦŜǊŜƴǘƛŀǘƛƻƴ YƛǘΣ DƛōŎƻϰΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ ¢ƘŜ ŎŜƭƭ ŎǳƭǘǳǊŜ ǇƭŀǘŜǎ ǿŜǊŜ ǇƭŀŎŜŘ ōŀŎƪ 

into the cell culture incubator. Osteogenic cultures were maintained for up to 21 days with 

differentiation medium changed every 3-4 days (Pittenger et al., 1999, Muraglia et al., 2000). 

A well containing stem cells, which had been maintained in appropriate stem cell medium 

(as above) was used as a negative control.  

 

2.1.4.2.3 Adipogenic differentiation  

ACL and CCL derived MSCs were seeded in a standard 6-well cell culture cluster plate 

at cell density of 1.0 x 104 per cm2 (equivalent to 9.0 x 104 cells per well) in appropriate stem 

cell medium. Twenty-four hours post-seeding, the cell culture medium was removed and 

ǊŜǇƭŀŎŜŘ ǿƛǘƘ ŀ нƳƭ ǾƻƭǳƳŜ ƻŦ ŀŘƛǇƻƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƳŜŘƛǳƳ ό{ǘŜƳtǊƻϰ !ŘƛǇƻƎŜƴŜǎƛǎ 

5ƛŦŦŜǊŜƴǘƛŀǘƛƻƴ YƛǘΣ DƛōŎƻϰΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ ¢ƘŜ ŎŜƭƭ ŎǳƭǘǳǊŜ Ǉƭŀtes were placed back 

into the cell culture incubator. Adipogenic cultures were differentiated for up to 21 days with 

medium changed every 3-4 days (Pittenger et al., 1999, Muraglia et al., 2000). A well 

containing stem cells, which had been maintained in appropriate stem cell medium was used 

as a negative control. 

 

 Cell cycle analysis of MSC populations by propidium iodide labelling  

MSCs were detached from the cell culture flask using trypsin. A viable cell count was 

performed and 1 x 106 MSCs transferred to a 15ml centrifuge tube. MSCs were collected by 
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centrifuging the 15ml centrifuge tube at 850 x g for 3 minutes and then fixed with 70% (v/v) 

ethanol at 4°C for 30 minutes. The cells were collected by centrifugation at 850 x g for 3 

minutes, the ethanol removed, and the pellet washed in PBS. Post-washing, the centrifuge 

tube was centrifuged for five minutes at 750 x g. The cell pellet was resuspended in 75µl of 

PBS and the cell suspension transferred to a 1.5ml microfuge. The cells were treated with a 

75µl volume of 100µg/ml RNase A (Sigma-Aldrich for 15 minutes at 37°C. A 150µl volume of 

100µg/ml Propidium Iodide (Sigma-Aldrich) was added and the microfuge tube incubated at 

room temperature in the absence of light for 30 minutes. Cell cycle analysis was performed 

using a BD Accuri flow cytometer (BD Biosciences, Berkshire, UK) collecting 25,000 events per 

sample at a flow rate of 66µl/min with a 22µm core. An FL2 filter was used with a 488nm 

blue laser.  All analysis was performed using BD Accuri C6 Software (BD Biosciences). 

 

2.1.5 Molecular biology  

 Isolation and purification of nucleic acids 

2.1.5.1.1 Isolation and purification of genomic DNA (gDNA) from MSC monolayers  

Genomic DNA (gDNA) was isolated and purified using the QIAamp® DNA Mini Kit 

(Qiagen, Manchester, UK). MSCs were detached from a monolayer culture of a T-25 cell 

culture flask with trypsin and collected by centrifugation. The MSC suspension was removed 

ŦǊƻƳ ǘƘŜ Ŧƭŀǎƪ ŀƴŘ ǘƘŜ ŎŜƭƭ ǇŜƭƭŜǘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ ŀ мулҡƭ ǾƻƭǳƳŜ ƻŦ .ǳŦŦŜǊ Ψ!¢[Ω ŦƻƭƭƻǿŜŘ ōȅ 

the addition of a 20µl volume of 600 mAU/ml Proteinase K. The cells were pulse vortexed for 

15 seconds and transferred into a 1.5ml microfuge tube. The microfuge tube was incubated 

at 56°C for 10minutes. Post-ƛƴŎǳōŀǘƛƻƴΣ ŀ нллҡƭ ǾƻƭǳƳŜ ƻŦ .ǳŦŦŜǊ Ψ![Ω ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘǳōŜΣ 

the tube pulse vortexed for 15 seconds and then a 200µl volume of 96-100% ethanol added. 

The tube was vortexed and incubated at room temperature for 5 minutes. Post-incubation, 

the microfuge tube was pulse centrifuged, the solution transferred to a QIAamp® mini spin 

column and centrifuged at 6,000 x g for 1 minute. The flow through was discarded and the 

column placed in a fresh 2ml collection tube before the addition of a 500µl volume of Buffer 

Ψ!²мΩΦ ¢ƘŜ ŎƻƭǳƳƴ ǿŀǎ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ сΣллл Ȅ Ǝ ŦƻǊ м ƳƛƴǳǘŜΦ ¢ƘŜ Ŧƭƻǿ ǘƘǊƻǳƎƘ ǿŀǎ ŘƛǎŎŀǊŘŜŘ 

and the column transferreŘ ǘƻ ŀ ŦǊŜǎƘ ŎƻƭƭŜŎǘƛƻƴ ǘǳōŜΦ ! рллҡƭ ǾƻƭǳƳŜ ƻŦ .ǳŦŦŜǊ Ψ!²нΩ ǿŀǎ 

added to the column and further centrifuged at 6,000 x g for one minute. After 

centrifugation, the flow through was discarded and the column transferred into a fresh 2ml 

collecting tube. The column was centrifuged at 20,000 x g for three minutes. The QIAamp 

ŎƻƭǳƳƴϯ ǿŀǎ ǇƭŀŎŜŘ ƛƴǘƻ ŀ ŎƭŜŀƴ мΦрƳƭ ƳƛŎǊƻŦǳƎŜ ǘǳōŜΣ ŀ плҡƭ ǾƻƭǳƳŜ ƻŦ .ǳŦŦŜǊ Ψ!9Ω ŀŘŘŜŘ 
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and left to incubate for one minute at room temperature. After incubation, the tube was 

spun at 20,000 x g for one minute to elute the gDNA. gDNA was stored at -20°C.  

 

2.1.5.1.2 Quantification of gDNA from MSC monolayers 

DNA concentration, A260/A280 and A260/A230 values were recorded using a Nanodrop 

нлллϰ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ ¢ƘŜ !260/A280 and A260/A230 values were used to assess the 

quality and purity of DNA. Ratios between 1.8 and 2.1 were determined to be of suitable 

ǉǳŀƭƛǘȅ ŦƻǊ ǳǎŜ ƛƴ ǘƘŜ ¢Ŝƭƻ¢!DDDϰ ¢ŜƭƻƳŜǊŜ ƭŜƴƎǘƘ ŀǎǎŀȅ ό{ƛƎƳŀ !ƭŘǊƛŎƘΤ ǎŜŎǘƛƻƴ 2.1.6.8). 

 

2.1.5.1.3 Quantification of gDNA in chondrogenic micromass aggregates 

Quantification of gDNA within chondrogenic micromass aggregates was performed using the 

Quant-ƛǘϰ tƛŎƻDǊŜŜƴϯ Řǎ5b! !ǎǎŀȅ ƪƛǘ ό¢ƘŜǊƳƻ CƛǎƘŜǊΣ ¦YύΦ /ƘƻƴŘǊƻƎŜƴƛŎ ƳƛŎǊƻƳŀǎǎ 

aggregates were digested in papain buffer. A calibration curve of graded concentrations of 

0-1µg/ml double-stranded lambda DNA was created by serial dilution with 1 x Tris-EDTA (TE) 

buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). A 2µl volume of experimental sample was 

diluted in 98µl of TE buffer and added to each well in triplicates of a 96 well plate. Quant-ƛǘϰ 

PicoGreen® reagent was prepared by diluting 2µg/ml stock reagent at a ratio of 1:200 in 1 X 

TE. Volumes of 100µl of diluted Quant-ƛǘϰ tƛŎƻDǊŜŜƴϯ ǊŜŀƎŜƴǘ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭΦ ¢ƘŜ 

plate was incubated at room temperature in the dark for 5 minutes before reading on a 

SPECTROstarNano BMG Labtech plate reader with MARS data analysis software at an excitation 

of 480nm and emission 520nm.  
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Figure 2.6: A calibration curve of graded concentrations of double stranded lambda DNA. A 
calibration curve of 0 ς 1000ng/ml double stranded lambda DNA was generated through serial dilution 
and the fluorescence recorded at an excitation of 480nm and emission 520nm.  

 

2.1.5.1.4 Isolation and purification of RNA from MSC monolayers  

RNA was isolated from MSC monolayer cultures using the Qiagen RNeasy® Mini Kit 

όvƛŀƎŜƴΣ aŀƴŎƘŜǎǘŜǊΣ ¦YύΦ aƻƴƻƭŀȅŜǊǎ ǿŜǊŜ ƭȅǎŜŘ ŘƛǊŜŎǘƭȅ ǳǎƛƴƎ орлҡƭ .ǳŦŦŜǊ Ψw[¢Ω ǇŜǊ 

25cm2. The lysate was transferred to a QIAshreddeǊϰ ŎƻƭǳƳƴ όорлҡƭ ǾƻƭǳƳŜ ǇŜǊ 

vL!ǎƘǊŜŘŘŜǊϰ ŎƻƭǳƳƴύ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ уΣллл Ȅ Ǝ ŦƻǊ н ƳƛƴǳǘŜǎ ƛƴ ŀ ƳƛŎǊƻŦǳƎŜ ƛƴ ƻǊŘŜǊ ǘƻ 

homogenise the cell lysate.  A volume of 350µl of 70% (vol/vol) ethanol was added to the cell 

lysate, mixed by repeated pipetting and then transferred a RNeasy® spin column. The column 

was centrifuged at 8,000 x g for 15 seconds and the flow through discarded. A 700µl volume 

ƻŦ .ǳŦŦŜǊ Ψw²мΩǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎƻƭǳƳƴΣ ǿƘƛŎƘ ǿŀǎ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ уΣллл Ȅ Ǝ ŦƻǊ мр ǎŜŎƻƴŘǎ 

and the flow through discarded. This was followed by two washes of 500µl volumes of Buffer 

Ψwt9ΩΦ ! мрǎ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ уΣллл Ȅ Ǝ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŦƻƭƭƻǿƛƴƎ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘŜ ŦƛǊǎǘ ǾƻƭǳƳŜ 

ƻŦ .ǳŦŦŜǊ Ψwt9ΩΣ ǿƛǘƘ ŀ н-minute centrifugation at 8,000 x g after addition of the second 

volume oŦ .ǳŦŦŜǊ Ψwt9ΩΦ ¢ƻ ŜƴǎǳǊŜ ŀƭƭ ǊŜǎƛŘǳŀƭ .ǳŦŦŜǊ Ψwt9Ω ǿŀǎ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ǎŀƳǇƭŜΣ ǘƘŜ 

spin column was placed into a fresh 2ml collection tube and centrifuged at 8,000 x g for 2 

minutes. The column was transferred to a 1.5ml microfuge tube, a volume of 40µl of RNase-

free water added to the centre of the column resin and incubated for 2 minutes. The 

collection tube was centrifuged at 8,000 x g for 1 minute to elute the RNA. RNA was 

transferred to a sterile 1.5ml microfuge tube and stored at -80°C.  
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2.1.5.1.5 Isolation and purification of RNA from chondrogenic micromass cell aggregates 

RNA was isolated and purified from chondrogenic micromass cell aggregates using 

the GE Healthcare Sample Grinding kit (GE Healthcare Biosciences, Piscataway, USA). 

Volumes of 1ml Tri-reagent® (Sigma-Aldrich) were added to a 1.5ml microfuge tube 

containing Molecular Grinding Resin®. The chondrogenic micromass cell aggregate was 

transferred to the microfuge tube and ground against the molecular grinding resin in the Tri-

reagent® using a micropestle.   A 200µl volume of chloroform was added to the microfuge 

tube, which was vortexed for 15 seconds and then allowed to stand for 15 minutes at room 

temperature. The microfuge tube was centrifuged at 12,000 x g for 15 minutes at 4°C to 

separate the sample into the three phases: an organic protein bottom layer, a DNA 

interphase and an aqueous top layer containing RNA. Using a 200µl pipette tip, the top 

aqueous phase was aspirated and transferred into a fresh 1.5ml microfuge tube. A 500µl 

volume of propan-2-ol was added to microfuge tube, which was shaken vigorously to mix. 

The microfuge tube was allowed to stand for 10 minutes at room temperature to precipitate 

the RNA, which was then collected by centrifugation at 12,000 x g for 10 minutes at 4°C. The 

supernatant was removed, and the RNA pellet washed by adding 1ml 70% (vol/vol) ethanol, 

which had been pre-chilled to -20°C, and vortexed. The supernatant was removed, post 

centrifugation, and the RNA pellet was air-dried before being dissolved in a 40µl volume of 

RNase-free H2O. RNA solutions were stored at -80°C until required.  

 

2.1.5.1.6 Isolation and purification of RNA from fresh and frozen ACL and CCL tissues  

Ligament tissues were dissociated using the Mikro Dismembrator-U (B. Braun 

Biotech International) dissociator. All of the removable components of the dissociator were 

immersed in liquid nitrogen. Ligament tissue samples were placed in liquid nitrogen within a 

capsule of the dismembrator with a ball bearing and fixed into the dissociator. The dissociator 

was run at 2,000rpm for 3 cycles of 30 seconds until the tissue was ground into a powder-

like consistency. The tissue was then solubilised in a 1ml volume of Tri reagent®.  A 200µl 

volume of chloroform was added to the microfuge tube, vortexed for 15 seconds and then 

allowed to stand for 5 minutes at room temperature. The microfuge tube was centrifuged at 

12,000 x g for 15 minutes at 4°C in order to separate the sample into the three phases of 

organic protein bottom layer, white DNA interphase and aqueous top layer containing RNA. 

Using a 200 µl pipette tip, the top aqueous phase was aspirated and transferred into a fresh 

1.5ml microfuge tube. A 500µl volume of propan-2-ol was added to microfuge tube which 

was shaken vigorously to mix. The microfuge tube was allowed to stand for 10 minutes at 
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room temperature to precipitate the RNA, which was then collected by centrifugation at 

12,000 x g for 10 minutes at 4°C. The propan-2-ol was removed and the RNA pellet washed 

by vortexing with a 1ml volume of 70% (vol/vol) ethanol, which had been pre-chilled to -20°C. 

The ethanol was removed from the RNA and then air-dried before being resuspended in a 

40µl volume of RNase-free. RNA was stored at -80°C (Method adapted from McDermott et 

al., 2016). 

 

2.1.5.1.7 Quantification of RNA 

RNA concentration, A260/A280 and A260/A230 values were recorded using a Nanodrop 

нлллϰ ό¢ƘŜǊƳƻ CƛǎƘŜǊύΦ ¢ƘŜ !260/A280 and A260/A230 values were used to assess the quality 

and purity of RNA. Ratios between 1.8 and 2.1 were determined to be of suitable quality for 

use in quantitative PCR (qPCR) analysis. Ratio values outside of these parameters were 

considered indicative of contamination with residual phenol or guanidine or confirmatory of 

a low concentration. 

 

2.1.5.1.8 Validation of RNA integrity by Tris-Acetate-EDTA (TAE) agarose gel 

electrophoresis 

The integrity of RNA was assessed using TAE gel electrophoresis. A 0.8% (wt/vol) 

agarose gel was prepared by melting high electroendosmosis (EEO) for molecular biology 

agarose (Sigma-Aldrich) in 1 X TAE buffer (40mM Tris base, 20mM acetic acid, 1mM EDTA, 

pH 8.3; diluted from a 50 X stock (Thermo Fisher Scientific)). The agarose was heated until 

clear and allowed to cool to the touch. Once cooled, a 0.0004% (vol/vol) of peqGREEN (VWR, 

Leicestershire, UK) was added to the molten agarose. The molten agarose was poured into 

an agarose gel cast with a well comb and allowed to set. The solidified agarose gel was 

transferred to a gel electrophoresis tank, submerged in 1 X TAE buffer and the well comb 

removed. A 10µl volume of 5 X DNA Loading Buffer (Bioline, Nottingham, UK) was added to 

an aliquot of RNA (5µl equivalent to 1µg of RNA) and then loaded into the wells of the agarose 

gel and electrophoresised at 70V for approximately 30 minutes. The RNA was visualised by 

ƛƳŀƎƛƴƎ ǘƘŜ ŀƎŀǊƻǎŜ ƎŜƭ ǳƴŘŜǊ ¦± ƭƛƎƘǘ ǳǎƛƴƎ ŀ /ƘŜƳƛ5ƻŎϰ ŎƘŜƳƛƭǳƳƛƴŜǎŎŜƴŎŜ-imaging 

device with Image Lab software (Bio-Rad Laboratories Ltd, Hertfordshire, UK). RNA integrity 

was confirmed by visualising the 28S and 18S ribosomal bands present at a 2:1 ratio of 

intensity and indicative of intact RNA (Figure 2.7).  
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Figure 2.7:  RNA integrity gel analysing RNA purified from human ACL derived MSCs at passage 3. A 
representative image of an RNA integrity gel for human ACL derived MSCs at passage 3 showing clear 
bands at both 28S and 18S ribosomal RNA. Image taken using a ChemiDoc chemiluminescence-imaging 
device. 

 

2.1.5.1.9 Reverse transcription of RNA  

RNA was reverse transcribed to complementary DNA (cDNA) using moloney murine 

leukaemia virus (M-MLV) reverse transcriptase. Reactions were assembled in 0.2ml 

microfuge tubes. RNA (1-2µg) and random primers (40ng; Promega, Southampton, UK) were 

combined and made up to a volume of 13.4µl with molecular biology water (Sigma-Aldrich). 

Samples were incubated at 70°C for 5 minutes in Applied Biosystems Thermocycler (Applied 

Biosystems) to denature secondary and tertiary structures within nucleic acids and then 

placed directly onto ice. The reverse transcription reaction was assembled to a final volume 

of 25µl with 1 X M-MLV Reverse Transcriptase Reaction Buffer (50mM Tris-HCl (pH 8.3), 3mM 

MgCl2, 75mM KCl, 10mM dithiothreitol (DTT); Promega), 2mM PCR Nucleotide Mix 

(Promega), 0.96U/µl of RNasin Plus® Ribonuclease Inhibitors (Promega) and 200U/µl M-MLV-

RT (Promega). The microfuge tubes were returned to the thermocycler and incubated under 

the following parameters: 

 

1) 37°C for 60 minutes 

2) 93°C for 5 minutes 

оύ пϲ/ қ 

cDNA was stored at -20°C. 

1 2 3 

28S rRNA 

18S rRNA 
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 Quantitative PCR (qPCR)  

2.1.5.2.1 Design of quantitative PCR oligonucleotide primers 

Oligonucleotide primer sequences were designed using ABI Prism Primer Express 

software (Applied Biosystems, California, US) using the following parameters. Verification of 

gene and species specificity was carried out by analysis of oligonucleotide primer sequences 

using the NCBI Nucleotide Blast Program (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 

 

¶ Primer Melting Temperature (Tm)  

o Minimum ς 58̄ C 

o Maximum ς 60̄ C 

¶ Primer GC Content  

o Minimum ς 30% GC 

o Maximum ς 80% GC 

¶ Primer Length  

o Minimum ς 9bp 

o Maximum ς 40bp 

o Optimal ς 20bp 

¶ Amplicon  

o Minimum Tm ς 0 C̄ 

o Maximum Tm ς 85̄ C 

o Minimum Length ς 50bp 

o Maximum Length ς 150bp 

 

2.1.5.2.2 Quantitative PCR reactions 

cDNA, diluted in molecular biology water, was added to each well of a 96-well qPCR 

ǇƭŀǘŜ ƛƴ ǾƻƭǳƳŜǎ ƻŦ нΦрҡƭ ƻŦ пƴƎκҡƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ ±ƻƭǳƳŜǎ ƻŦ мтΦрҡƭ ƻŦ ƳŀǎǘŜǊ ƳƛȄ ό¢ŀƪȅƻƴϰ 

Rox SYBR® MasterMix dTTP Blue (Eurogentec Belgium), 3mM forward and reverse primers, 

molecular biology water (H2O)) was added to the cDNA within each well of the 96 well plate. 

Amplification of target cDNA sequences was performed using a Roche Lightcycler® 96 

machine (Roche, Basel, Switzerland) using the following parameters: initial denaturation at 

95°C for 10 minutes for 1 cycle; 95°C for 15 seconds followed by 60°C for 1 minute for 40 

cycles (Livak and Schmittgen, 2001, Peffers et al., 2015).  
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2.1.5.2.3 Validation of quantitative PCR oligonucleotide primers 

Oligonucleotide primers for qPCR were validated using primer efficiency analysis and 

melt curve analysis  

 

2.1.5.2.4 Primer efficiency analysis 

The amplification efficiency of qPCR oligonucleotide primers was determined prior to use. 

Primer efficiency analysis was performed by assembling qPCR reactions with graded 

concentrations of cDNA template for the gene of interest (Table 2.2).  

Values were plotted as Log cDNA amount vs 2^ɲ/¢ Target. Primer efficiency was calculated 

using Equation 2.4. 

 

Equation 2.4 

%ÆÆÉÃÉÅÎÃÙ Ϸ  
ρ

ρπ
ρØ ρππ 

Oligonucleotide primers were confirmed as successfully validated when efficiency was 
between 80% - 110% (Pfaffl, 2001). An example of a primer efficiency curve is provided in  

Figure 2.9.  

 

Figure 2.8: Representative gene expression used for primer efficiency analysis.  Efficiency of 
oligonucleotide primers used for quantitative PCR analysis was calculated by serial dilution of cDNA 
template using Equation 2.4. Primer sequences were confirmed as successfully validated when 
efficiency was between 80 - 110% (Pfaffl, 2001).   
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2.1.5.2.5 Melt curve analysis 

A melt (denaturation) curve was generated using the Roche Lightcycler® 96 machine 

(Roche) at the end of each qPCR cycle to confirm the amplification of a single amplicon 

product. A melt curve was generated through the incremental increase in temperature from 

increase in 65°C to 99°C.  Primers were determined suitable if temperature homogeneity was 

observed shown by the production of only one single peak on the melt curve graph 

confirming the amplification of a single amplicon (Figure 2.9) (Ririe et al., 1997, Bruzzone et 

al., 2013).  

 

 

 

 

 

 

 

 

 

Figure 2.9: Representative melt curve analysis for validation of quantitative PCR primers using a 
Lightcycler® 96 machine (Roche).  Melt curve analysis was performed to validate the production of a 
single amplicon product. A melt curve was generated by incremental increase in temperature from 
65°C to 99°C using a Lightcycler® 96 machine. 

 

2.1.5.2.6 Gene expression analysis by quantitative PCR analysis 

Expression of the gene of interest within experimental cell cultures was quantified 

by normalisaǘƛƻƴ ǘƻ ǘƘŜ ƘƻǳǎŜƪŜŜǇƛƴƎ ƎŜƴŜΣ ʲ-ŀŎǘƛƴΦ ʲ-actin was selected due to the little 

variation observed within differing tissue types. As this study focused on ruptured and intact 

tissues in human and canine species it was determined the most appropriate housekeeper 

to use. The data produced from the Roche Lightcycler was exported using the Lightcycler° 96 

software and transferred to Microsoft Excel for analysis. Analysis was performed using the 

2¯ɲ/¢ method (Livak and Schmittgen, 2001).  
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Table 2.2: Primer sequences for target genes in both human ACL and canine CCL tissue. The forward and reverse primers sequence for target genes of both human and 
canine species with accession number, amplicon size and efficiency of primers.  

Species Gene Forward PrƛƳŜǊ {ŜǉǳŜƴŎŜ όрΩ Ą оΩύ wŜǾŜǊǎŜ tǊƛƳŜǊ {ŜǉǳŜƴŎŜǎ όрΩ Ą оΩύ Genbank Accession 

Number (base pairs 

covered by amplicon) 

Amplicon 

Size 

Primer 

Efficiency 

(%) 

Human HOUSEKEEPING GENE 

ɰ-ACTIN GCGCGGCTACAGCTTCA TCTCCTTAATGTCACGCACGAT NM_001101.5 59 103.8 

STEM CELL GENES 

ABCB1 GTGCTGCTTTCCTGCTGATCT TCCCCTGAGAGGACCAAGGT NM_001348946.1 76 97.4 

ABCG2 GTTACGTGGTACAAGATGATGTTGTG CCGAAGAGCTGCTGAGAACTG NM_004827.3 77 87.3 

CXCR4 GACCGCTTCTACCCCAATGA GCCAACCATGATGTGCTGAA NM_001348056.1 63 92.5 

OCT3/4 ACATCAAAGCTCTGCAGAAAGAACT CTGAATACCTTCCCAAATAGAACCC NM_002701.6 127 95.8 

NANOG CCAAAGGCAAACAACCCACTT TCTTGACCGGGACCTTGTCT NM_024865.4 69 95.5 

SOX2 TGCGAGCGCTGCACAT GCAGCGTGTACTTATCCTTCTTCA NM_003106.4 93 97.7 

CHONDROGENIC DIFFERENTIATION GENES 

AGGRECAN TCTACCGCTGCGAGGTGAT GCCTTTCACCACGACTTCCA NM_001369268.1 68 99.8 

COL2A1 GTCAAAGGTCACAGAGGTTATCCA GGAACCACTCTCACCCTTCACA NM_001844.5 84 96.7 

SOX9 AGCGACGTCATCTCCAACATC GTTGGGCGGCAGGTACTG NM_000346.4 66 105.8 

OSTEOGENIC DIFFERENTIATION GENES 

ALP GCCGCCCGCTTTAACC CCGATTCACCACGGAGATG X55958.1 63 95.8 

CBFA1 AGTGATTTAGGGCGCATTCCT GGAGGGCCGTGGGTTCT NM_001278478.2 70 99.7 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_001348946.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM431AD6015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004827.3?report=genbank&log$=nucltop&blast_rank=1&RID=GM460YMH015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001348056.1?report=genbank&log$=nucltop&blast_rank=2&RID=GM4AKMB7015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_002701.6?report=genbank&log$=nucltop&blast_rank=2&RID=GM4US10S014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_024865.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM5T002N015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_003106.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM5XHM2Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001369268.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM6JZDY2015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001844.5?report=genbank&log$=nucltop&blast_rank=1&RID=GM6U2V66015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000346.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM7E0MYE015
https://www.ncbi.nlm.nih.gov/nucleotide/X55958.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM8V04PE01N
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001278478.2?report=genbank&log$=nucltop&blast_rank=1&RID=GM8Z6WAV015
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Gene continued CƻǊǿŀǊŘ tǊƛƳŜǊ {ŜǉǳŜƴŎŜ όрΩ Ą оΩύ wŜǾŜǊǎŜ tǊƛƳŜǊ {ŜǉǳŜƴŎŜǎ όрΩ Ą оΩύ Genbank Accession 

Number (base pairs 

covered by amplicon) 

Amplicon 

Size 

Primer 

Efficiency 

(%) 

COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCATT XM_005257058.4 65 95.8 

ADIPOGENIC DIFFERENTIATION GENES 

ADIPOPONECTIN GCTCTGTGCTCCTGCATCTG ACGCTCTCCTTCCCCATACA NM_004797.4 68 100.1 

C/EBP AAGAAGTCGGTGGACAAGAACAG TGCGCACCGCGATGT NM_004364.4 70 89.9 

LPL GCCTTGGAGCCCATGCT GGCCAGTAATTCTGTTGACTTTCTT NM_000237.3 69 111.1 

TENOGENIC DIFFERENTIATION GENES 

COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCATT XM_005257058.4 65 95.8 

COL3A1 TGGAGTGTCTGGACCAAAAGG TGATCCCAGCAATCCCAAGT NM_000090.3 106 112.5 

TNMD GATTTGTGGACTGGTGTTTGGTATC CGGCCAGAAGTGCTTGCT NM_022144.2 76 99.7 

PROTEASE GENES 

ADAMTS5 TCCACTCCAAAAGTAAACTCTGTCA GCGGCTGCGAAGTGTGT NM_007038.4 70 118.6 

COL3A1 TGGAGTGTCTGGACCAAAAGG TGATCCCAGCAATCCCAAGT NM_000090.3 106 112.5 

DECORIN TCAGCAACCCGGTCCAGTA GGCAGAGCGCACGTAGACA NM_133503.3 72 112.9 

IGF-1 TGTTAAAATATGCTTGACTAGAGTTTCCA TCTGAGCAGGCATGGGAAAT NM_000618.4 82 91.8 

MMP1 GATGGACCTGGAGGAAATCTTG TGAGCATCCCCTCCAATACC NM_001145938.1 65 99.5 

MMP13 TTCTTGTTGCTGCGCATGA TGCTCCAGGGTCCTTGGA NM_002427.3 66 99.4 

TN-C TCTGTGTCTCAACAATTGCTACAAC CCCGGTCGAAGCAGTCAT NM_002160.3 121 90.2 

TNMD GATTTGTGGACTGGTGTTTGGTATC CGGCCAGAAGTGCTTGCT NM_022144.2 76 99.7 

https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004797.4?report=genbank&log$=nucltop&blast_rank=1&RID=GMC1AWWG014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004364.4?report=genbank&log$=nucltop&blast_rank=3&RID=GMC3PFWU014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000237.3?report=genbank&log$=nucltop&blast_rank=1&RID=GMC5ME59015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015
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 Gene CƻǊǿŀǊŘ tǊƛƳŜǊ {ŜǉǳŜƴŎŜ όрΩ Ą оΩύ wŜǾŜǊǎŜ tǊƛƳŜǊ {ŜǉǳŜƴŎŜǎ όрΩ Ą оΩύ Genbank Accession 

Number (base pairs 

covered by amplicon) 

Amplicon 

Size 

Primer 

Efficiency 

(%) 

 

 

Canine 

HOUSEKEEPING GENE 

ɰ-ACTIN GCGCGGCTACAGCTTCA TCTCCTTAATGTCACGCACGAT NM_001101.5 59 87.0 

STEM CELL GENES 

ABCG2 CAGGGCTGTTGGTAAATCTCA TACTGCAAAGCCGCATAACC XM_006042276.2 55 96.2 

ABCB1 GCCAGAAAAGGCCGGACTA TGACATCGGCATTACGAACTG NM_001003215.2 67 91.9 

CXCR4 GACTCCATGAAGGAACCCTG GCCAGAAAAGGCCGGACTA NM_001048026.1 69 87.1 

OCT3/4 TGCAGCAGATCAGCCACATT CCACACTCGGACCACATCCT XM_538830.3 61 99.3 

NANOG GCAGCCCCCAATCCAGTT CTTTCCCCAGCAGTTTCGAA XM_022411387.1 72 95.5 

SOX2 CCCACCTACAGCATGTCCTA GGAGTGGGAGGAGGAGGTAA XM_005639752.3 69 106.5 

CHONDROGENIC DIFFERENTIATION GENES 

AGGRECAN TGGCTACGAACAATGTGATGCT CGGGCTGCTGTCCTTGTC NM_001113455 103 99.8 

COL2A1 CAGTAGTCTCCGCTCTTCCATTC GCAAGAACCCCGCTCGTA NM_001006951.1 84 96.7 

SOX9 GCGTGCAGCACAAGAAAGAC GGCCGTTCTTCACCGACTT NM_001002978.1 72 99.8 

OSTEOGENIC DIFFERENTIATION GENES 

ALP GCCGCCCGCTTTAACC CCGATTCACCACGGAGATG X55958.1 63 106.1 

CBFA1 AGTGATTTAGGGCGCATTCCT GGAGGGCCGTGGGTTCT NM_001278478.2 70 98.6 

COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCATT XM_005257058.4 65 95.8 

ADIPOGENIC DIFFERENTIATION GENES 

https://www.ncbi.nlm.nih.gov/nucleotide/XM_006042276.2?report=genbank&log$=nucltop&blast_rank=58&RID=GMKBK1MT015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001003215.2?report=genbank&log$=nucltop&blast_rank=7&RID=GMJTXDHP015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001048026.1?report=genbank&log$=nucltop&blast_rank=57&RID=GMKP11JP015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_538830.3?report=genbank&log$=nucltop&blast_rank=25&RID=GMM3E40K015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_022411387.1?report=genbank&log$=nucltop&blast_rank=2&RID=GPFV24KY015
https://www.ncbi.nlm.nih.gov/nucleotide/X55958.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM8V04PE01N
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001278478.2?report=genbank&log$=nucltop&blast_rank=1&RID=GM8Z6WAV015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015
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Gene CƻǊǿŀǊŘ tǊƛƳŜǊ {ŜǉǳŜƴŎŜ όрΩ Ą оΩύ wŜǾŜǊǎŜ tǊƛƳŜǊ {ŜǉǳŜƴŎŜǎ όрΩ Ą оΩύ Genbank Accession 

Number (base pairs 

covered by amplicon) 

Amplicon 

Size 

Primer 

Efficiency 

(%) 

ADIPO GCTCTGTGCTCCTGCATCTG ACGCTCTCCTTCCCCATACA NM_004797.4 68 111.1 

C/EBP AAGAAGTCGGTGGACAAGAACAG TGCGCACCGCGATGT NM_004364.4 70 88.7 

LPL GCCTTGGAGCCCATGCT GGCCAGTAATTCTGTTGACTTTCTT NM_000237.3 69 94.5 

CELL SURFACE ANTIGENGENES 

CD19 GGTCATTGCCCAGTCAGTAAGG GCACAGCAGGGACTTTCCA XM_022419914.1 65 92.3 

CD45 TTCCAGTTCTGATGAGACTCATACG TGTTGTGGGAGCAGTTGTATGG KF434427.1 73 94.5 

CD44 AGCACTTCGGCAGGCTACA TCCTCGGTCGGGTATGCA NM_001197022.1 62 93.5 

CD90 TGTCTGGTTTCTCCTTCCTTTTCT TCCATCACATCCCCAATCCT NM_001287129.1 69 92.0 

CD105 CCACAACTGGCACCCTTACC TGGGTTTCCGGTGACAGACT XM_005625330.3 63 95.5 

MHC 1 CGCTCGGGAGGAAAAGGA GAGCCCTGGGCACTGTCAT NM_001014767.1 62 95.4 

MHC 2 AACGGGCAGAAGGAGATCTTG CCCCGTAGTTGTGTCTGCAGTA NM_001014768.1 70 96.4 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_004797.4?report=genbank&log$=nucltop&blast_rank=1&RID=GMC1AWWG014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004364.4?report=genbank&log$=nucltop&blast_rank=3&RID=GMC3PFWU014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000237.3?report=genbank&log$=nucltop&blast_rank=1&RID=GMC5ME59015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001014767.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM0W6SU1014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001014768.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM0XPM8X015
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2.1.6 Biochemical analyses 

 AlamarBlue® Assay for cell vitality 

AlamarBlue® is a reduction-oxidation (REDOX) indicator used in the measurement of 

cell viability and vitality.  The active component of the alamarBlue® reagent is a blue, non-

fluorescent component, resazurin, which in the reducing environment of a healthy cell is 

reduced to red, fluorescent resorufin (Figure 2.10) (Rampersad, 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Schematic diagram describing the reduction reaction of resazurin to resorufin within a 
viable cell. The active component of the alamarBlue® reagent is a blue, non-fluorescent component, 
resazurin, which in the reducing environment of the healthy and viable cell is reduced to red, 
fluorescent resorufin producing NAD+ and H2O 

 

ACL and CCL derived MSCs were seeded in a standard 6-well cell culture cluster plate 

at graded cell densities shown in  

 

Figure 2.11. Twenty-four hours post-seeding, cell vitality was measured by 

alamarBlue® assay. A working solution of alamarBlue® was prepared by adding 1 volume of 

stock alamarBlue® to 9 volumes of appropriate cell culture medium. Spent cell culture 

medium was aspirated from each of the wells and a volume of 1.5ml of alamarBlue® working 

solution was added to each one. A 1.5ml volume of alamarBlue® working solution was 

retained to serve as a negative control. The cell culture plate was returned to the cell culture 

incubator. After a 3-hour incubation, volumes of 250µl of culture medium were transferred 

in triplicate to a standard 96-well cell culture cluster plate alongside equivalent volumes of 

the negative control working solution. The absorbance of the alamarBlue® was measured at 
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570nm using a SPECTROstarNano BMG Labtech reader (BMG Labtech, Aylesbury, UK) with 

MARS data analysis software (BMG Labtech, Aylesbury, UK). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11:  Schematic representation of MSC seeding for AlamarBlue® assay. MSCs were seeded at 
graded cell densities ranging from 1x102 ς 1x106 cells per well and incubated for 24 hours under low 
oxygen culture conditions. A volume of 1.5ml working solution of alamarBlue® was added to each well 
and incubated for 3 hours prior to the absorbance at 570nm being measured and recorded.  

 

 Immunomodulation 

2.1.6.2.1 Collection of MSC-conditioned media 

ACL and CCL-derived MSCs were seeded in a 1ml volume of appropriate medium at 

a cell density of 6.25x103 cells/ cm2 (equivalent to 2.5 x 104 cells per well of a 12-well cell 

culture cluster plate) and placed in the cell culture incubator. A 1ml volume of fresh culture 

medium was transferred to a 1.5ml microfuge tube to serve as a day 0, unconditioned 

medium control. Seventy-two hours post-seeding, the MSC-conditioned culture medium was 

transferred to 1.5ml microfuge tube. All media samples were stored at -80°C from the point 

of collection. 

 

2.1.6.2.2 Solid-phase sandwich enzyme-linked immunosorbent assays (ELISAs) 

The methodical principle for the R&D Systems DuoSet® kit assay is a solid-phase sandwich 

(Enzyme-Linked Immunosorbent Assay) ELISA and is shown in Figure 2.12.  Conditioned 

media collected from the culture of ACL MSC populations was profiled for 

immunomodulatory cytokine expression using DuoSet® ELISA Development kits (R&D 

Systems) selected for antibodies raised against interleukin-6 (Il6), interleukin-мʲ όLƭмǖύΣ 
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transforming growth factor-ʲо ό¢GFß3), tumour necrosis factor-ŀƭǇƘŀ ό¢bCʰύ ŀƴŘ ƛƴǘŜǊƭŜǳƪƛƴ-

10 (Il10), the details of which are presented in Table 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.12: Methodical principle of the R&D Systems DuoSet® kit assay: protein of interest within 
the conditioned medium is bound to a protein-specific capture antibody, adsorbed onto the bottom 
of a 96 well plate. The protein-specific detection antibody with biotin (B) conjugate binds to the 
protein of interest. Streptavidin (S) and Horseradish Peroxidase (HRP) binds to the biotin on the 
detection antibody and converts tetramethylbenzidine (TMB) substrate in a concentration-dependent 
manner to a blue colour. Addition of the STOP solution converts the blue to a yellow colour, which is 
read at A450. Image adapted from R&D Systems, 2019.  

 

1. Protein-specific capture 
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2. Protein of interest within the 

conditioned medium binds to the 

capture antibody  

3. Protein-specific detection 

antibody with biotin (B) 

conjugate binds to the protein of 

interest 
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Peroxidase (HRP) complex binds 

to the biotin conjugate on the 

detection antibody 

5. Tetramethylbenzidine (TMB) 
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amount of bound protein. STOP 
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A450  
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Table 2.3: Product information of the DuoSet® ELISA Development kits used to profile cytokine 
expression. The table shows the supplier, catalogue number and lot number of the kits used for each 
cytokine. 

Cytokine Assay Supplier Catalogue Number Lot 

Human IL6 R&D Systems, DuoSet® DY206 P154822 

Human IL1ß/ IL1F2 R&D Systems, DuoSet® DY201 P167454 

IǳƳŀƴ ¢bCʰ R&D Systems, DuoSet® DY210 P165667 

Human IL10 R&D Systems, DuoSet® DY217B P141020 

 

A capture antibody, at an adequate working concentration diluted in PBS was added 

(Table 2.3) in 100ul volumes to 96-well micro plates (R&D systems, Abingdon, UK), sealed 

and incubated overnight at room temperature. The concentrations of all reagents are shown 

in Table 2.3. After incubation, all wells were aspirated and washed three times with 400µl 

Ψ²ŀǎƘ .ǳŦŦŜǊΩ όлΦлр҈ όǾƻƭκǾƻƭύ ¢ǿŜŜƴϯнл ƛƴ t.{ όǇI тΦн-7.4)). The washed plates were 

bƭƻŎƪŜŘ ǿƛǘƘ мллҡƭ ǾƻƭǳƳŜǎ ƻŦ ΨwŜŀƎŜƴǘ 5ƛƭǳŜƴǘΩ όм҈ όǿǘκǾƻƭύ .{! ƛƴ t.{ όǇI тΦн-7.4) filtered 

through a 0.22µm syringe ςdriven filter) for one hour prior to a further three washes with 

Ψ²ŀǎƘ .ǳŦŦŜǊΩΦ wŜŎƻƳōƛƴŀƴǘ ƘǳƳŀƴκŎŀƴƛƴŜ ǎǘŀƴŘŀǊŘǎ ŀƴŘ !/[ ŀƴŘ //[ ǘƛǎǎǳŜ samples were 

ŘƛƭǳǘŜŘ ǿƛǘƘ ΨwŜŀƎŜƴǘ 5ƛƭǳŜƴǘΩ ŀƴŘ мллҡƭ ǾƻƭǳƳŜǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭ ōŜŦƻǊŜ ƛƴŎǳōŀǘƛƴƎ ŦƻǊ 

нƘƻǳǊǎΦ ! ŦǳǊǘƘŜǊ ǘƘǊŜŜ ǿŀǎƘŜǎ ǿƛǘƘ Ψ²ŀǎƘ .ǳŦŦŜǊΩ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ Ǉƻǎǘ-incubation. 

Biotinylated goat anti-human detection antibody was added in a volume of 100µl to each 

ǿŜƭƭ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŦƻǊ н ƘƻǳǊǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻƭƭƻǿŜŘ ōȅ ǘƘǊŜŜ ǿŀǎƘŜǎ ǿƛǘƘ Ψ²ŀǎƘ 

.ǳŦŦŜǊΩΦ ±ƻƭǳƳŜǎ ƻŦ мллҡƭ {ǘǊŜǇǘŀǾƛŘƛƴ-HRP (diluted 40-fold by Reagent Diluent) was added 

to each well and incubated in the dark for 20 minutes. After 3 ǿŀǎƘŜǎ ǿƛǘƘ Ψ²ŀǎƘ .ǳŦŦŜǊΩΣ 

мллҡƭ ǾƻƭǳƳŜǎ ƻŦ Ψ{ǳōǎǘǊŀǘŜ {ƻƭǳǘƛƻƴΩ όŎƻƭƻǳǊ ǊŜŀƎŜƴǘ !Υ I2O2 and colour reagent B: 

ǘŜǘǊŀƳŜǘƘȅƭōŜƴȊƛŘƛƴŜύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭΦ !ŦǘŜǊ нл ƳƛƴǳǘŜǎ ƛƴŎǳōŀǘƛƻƴ ƛƴ ǘƘŜ ŘŀǊƪΣ Ψ{ǘƻǇ 

{ƻƭǳǘƛƻƴΩ όнb I2SO4; 50µl volumes) was added to each well. Absorbance at 450nm and 570nm 

(570nm to allow for wavelength correction) was recorded using a SPECTROstarNano BMG 

Labtech plate reader with MARS data analysis software.  
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Table 2.4: The working concentration of reagents for the DuoSet® assays: The working concentration 
of capture antibody, detection antibody and standards used within the DuoSet® assays for human 
9[L{! ƪƛǘǎ L[сΣ L[мʲκ L[мCнΣ ¢bCʰΣ L[млΦ 

 WORKING CONCENTRATION 

 Capture Antibody Detection Antibody Standards 

Human I-6 2.00µg/ml 50ng/ml 9.38 ς 6.00pg/ml 

Human IL1ß/ IL1F2 4.00µg/ml 150ng/ml 3.91-250pg/ml 

IǳƳŀƴ ¢bCʰ 4.00µg/ml 50ng/ml 15.6-1000pg/ml 

Human IL10 2.00µg/ml 75ng/ml 31.2-2000pg/ml 

 

 Immunofluorescence 

2.1.6.3.1 Seeding of MSCs for immunofluorescence  

Human ACL and Canine CCL derived MSCs were seeded onto glass coverslips (13mm 

diameter, 11/2 thickness; Agar Scientific, Stansted, UK) in 24-well cell culture cluster plates at 

a density of 40,000 cells per well and incubated overnight at 37°C, 5% CO2, 5% O2.  

 

2.1.6.3.2 Fixing cell cultures for immunofluorescence 

Attachment of MSCs to coverslips was confirmed under a Zeiss Vert A.1 microscope 

with an AxioCam ERc5s attachment (Gottingen, Germany). Cell culture medium was 

aspirated from each well and the cell cultures washed twice with PBS. Cell cultures were fixed 

with 400µl volumes of 4% (w/v) paraformaldehyde (PFA; paraformaldehyde (Sigma-Aldrich) 

in PBS, pH 7.4) at 4°C for 30 minutes, after which the PFA was aspirated and the cell cultures 

washed twice with PBS and the plates stored at 4°C. 

 

2.1.6.3.3 Immunofluorescence 

Coverslips were removed from the wells using hooked forceps and placed on a 

microscope slide (Colourslide 76x26x1.1mm, Clipped 45°, Solmedia, Shrewsbury, UK) within 

a hydrophobic barrier drawn using an ImmEdge Hydrophobic Barrier PAP Pen (Vector 

Laboratories, Peterborough, UK). Fixed cell cultures were incubated in volumes of 100µl of 

blocking buffer (0.01% (w/v) bovine serum albumin (BSA), 10% (vol/vol) serum (Sigma 

Aldrich) from the species in which the secondary antibody was raised in PBS (pH 7.4)) for 1 

hour at room temperature. For analysis of intracellular protein expression, the blocking 

buffer was supplemented with 0.01% (vol/vol) Triton-X (Sigma) to permeabilise cellular and 
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organelle membranes. Blocking buffer was completely removed from the fixed cell cultures 

prior to washing with PBS. Primary antibodies were diluted to the appropriate concentration 

in appropriate blocking buffer, added in 100µl volumes to the fixed cell cultures, which were 

then incubated overnight at 4°C. Characterisation of antibodies used is presented in Table 

2.5. The primary antibody was completely removed, and the cell cultures washed twice with 

100µl volumes of PBS for 5 minutes. The appropriate secondary antibody was diluted with 

blocking buffer, added in volumes of 100µl, and incubated in the dark at room temperature 

for 1 hour. The secondary antibody was removed, and the cell cultures washed three times 

with PBS for a duration of 5 minutes per wash. Coverslips were mounted onto fresh 

microscope slides using VectorShield® Antifade Mounting Media with DAPI (Vector 

Laboratories) and imaged on a Zeiss Vert A.1 microscope with an AxioCam and analysed using 

Zen (blue edition) software. All slides were stored at 4°C prior to imaging. Method adapted 

from (Karaoz et al., 2009, Secunda et al., 2015).  
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Table 2.5: Antibodies used in the characterisation of protein expression for immunofluorescence. Final concentration and supplier of primary and secondary antibodies 
used to perform immunofluorescence including key stem cell markers (OCT 3/4, SOX2, NANOG, ABCG2, CXCR4, MHC CLASS I and MHC CLASS II) and senescence markers (p16, 
p21 and p53).  

PROTEIN ANTIBODY FINAL CONCENTRATION (µg/ml) SUPPLIER 

Human OCT-4A Mouse monoclonal IgG2a anti-human OCT4A (MAB17591) 20 µg/ml R&D Systems 

Human/Mouse/Rat SOX2 Monoclonal mouse IgG2a anti-human/mouse SOX2 (MAB2018R) 20 µg/ml R&D Systems 

Human NANOG Polyclonal goat IgG anti-human NANOG (AF1997) 10 µg/ml R&D Systems 

Human ABCG2 Monoclonal mouse IgG2a anti-human ABCG2 (MAB995) 20 µg/ml R&D Systems 

Human CXCR4 Monoclonal mouse IgG2a anti-human CXCR4 (MAB172) 20 µg/ml R&D Systems 

Mouse MHC Class I Mouse monoclonal IgG2a anti-mouse MHC Class I (AB25228) 5 µg/ml Abcam 

Human MHC Class II Mouse monoclonal IgG2a anti-human MHC Class II (AB55152) 5 µg/ml Abcam 

Human p53 Monoclonal mouse IgG2a anti-human p53 clone BP53-12 (05-224) 20 µg/ml Merck Millipore 

Human p16 Monoclonal mouse IgG1 anti-human p16 (MAB4133) 20 µg/ml Merck Millipore 

Human p21 Polyclonal rabbit IgG anti-human p21 (Ab109520) 20 µg/ml Abcam 

Immunological Control Rabbit monoclonal IgG isotype control (Ab172730) As appropriate for primary antibody Abcam 

Immunological Control Mouse IgG isotype control (10400C) As appropriate for primary antibody Thermo Fisher Scientific 

Secondary Antibody Goat anti-mouse IgG H&L (Alexa Fluor® 647) Diluted 1:250 from stock Abcam 

Secondary Antibody Goat anti-rabbit IgG H&L (Alexa Fluor® 647) Diluted 1:250 from stock Abcam 

Secondary Antibody Donkey anti-goat IgG H&L (Alexa Fluor® 647) Diluted 1:250 from stock Abcam 
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 Flow cytometry for ACL and CCL tissue samples 

MSCs were detached from two T75 cell culture flasks using trypsin. The detached 

cells were resuspended at a density of 1x106cells/ml in 3.4ml of flow cytometry buffer (PBS, 

pH 7.4 and 0.1% (w/v) BSA). Volumes of 200µl (2x104 cells) were aliquoted into 1.5ml 

Eppendorf tubes. Primary antibodies specific for each cell surface antigen were added to the 

cell suspension to give a final concentration of 2.5 µg/ml Table 2.6 and the tubes incubated 

at 4°C for 1 hour. Parallel control reactions were assembled to include an unlabelled, no 

primary antibody control and isotype control specific to and equivalent in final concentration 

to the primary antibody (Table 2.6). The microfuge tubes were centrifuged at 300 x g for 5 

minutes. The flow cytometry buffer was removed from the tubes and discarded, and the cells 

washed twice with PBS (pH 7.4). MSCs were resuspended in flow cytometry buffer and 

incubated for 30 minutes at 4°C with appropriate secondary antibody (diluted 1:500 from 

stock; Table 2.6). The microfuge tubes were centrifuged at 5 minutes and the cells washed 

twice in PBS. MSCs were resuspended in 200µl of flow cytometry buffer and cell surface 

antigen expression analysed using a BD Accuri flow cytometer (BD Biosciences) collecting 

20,000 events per sample at a flow rate of 66µl/min with a 22µm core. An FL2 filter was used 

with a 488nm blue laser.  All analysis was performed using BD Accuri C6 Software (BD 

Bioscience) (Pittenger et al., 1999, Le Blanc et al., 2003, Nery et al., 2013).  
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Table 2.6: Antibodies used for flow cytometry to assess stem cell markers. Primary and secondary antibodies were identified for flow cytometry to assess the presence of 
stem cell markers within human ACL derived MSCs.  The final concentration of antibody used and supplier has been presented.  

PROTEIN ANTIBODY FINAL CONCENTRATION (µg/ml) SUPPLIER 

Human STRO1 Mouse Anti-Human Stro-1 IgM gamma Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD44 Mouse Anti-Human CD44 IgG2A Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD90 Mouse Anti-Human CD-90 IgG2A Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD105 Mouse Anti-Human CD105 IgG1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD106 Mouse Anti-Human CD106 IgG1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD146 Mouse Anti-Human CD146 IgG1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD166 Mouse Anti-Human CD166 IgG1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CXCR4 Mouse Anti-Human CXCR-4 IgG1 monoclonal antibody  2.5 µg/ml R&D Systems 

Human CD19 Mouse Anti-Human CD19 IGg1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

Human CD45 Mouse Anti-Human CD45 IGg1 Monoclonal Antibody 2.5 µg/ml R&D Systems 

MHC Class I Anti-MHC Class I antibody 0.25 µg/ml Abcam 

MHC Class II Anti-MHC Class II antibody 0.25 µg/ml Abcam 

Immunological Control Mouse IgM Isotype Control Equivalent to the final concentration of experimental 

primary antibody 

Abcam 

Immunological Control Mouse IgG Isotype Control Equivalent to the final concentration of experimental 

primary antibody 

Thermo Fisher 
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Immunological Control Goat IgG Isotype Control Equivalent to the final concentration of experimental 

primary antibody 

Invitrogen 

Secondary Antibody Goat anti-mouse IgG H&L (Alexa Fluor® 647)  Diluted 1:500 from stock Abcam 

Secondary Antibody Donkey anti-goat IgG H&L (Alexa Fluor® 647) Diluted 1:500 from stock Abcam 
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 Histology 

2.1.6.5.1 Fixation of ACL and CCL tissue samples and chondrogenic cell micromass 

aggregates 

Ligament tissue samples were fixed in 4% (wt/vol) paraformaldehyde overnight (16 

hours) at 4°C. Chondrogenic micromass cell aggregates were fixed in 4% (wt/vol) para-

formaldehyde hours at 4°C for 4 hours. Fixed tissue samples were transferred to 70% (vol/vol) 

ethanol and stored at 4°C.  

 

2.1.6.5.2 Processing and embedding of fixed ligament tissue samples and chondrogenic 

cell micromass aggregates 

Fixed ligament tissue samples and chondrogenic micromass cell aggregates were 

processed using a Leica ASP300 fully enclosed tissue processor (Leica Biosystems, Newcastle-

upon-Tyne, UK).  For fixed ligament tissues, the processing protocol is as presented in Table 

2.7. The processing protocol for chondrogenic pellet aggregates is presented in Table 2.8.  

Method adapted from (Oldershaw et al., 2005).  

 

Table 2.7: Processing protocol used for fixing all ligament tissue. The reagents and timings for 
processing human ligament tissue using a Leica ASP300 fully enclosed tissue processor. 

Reagent Time (minutes) Number of Cycles 

50% Ethanol 90 1 

70% Ethanol 90 1 

99% Ethanol 90 4 

Xylene 90 4 

Molten paraffin wax  2 

 
Table 2.8. Processing protocol used for chondrogenic pellet aggregates. Reagents and timings for 
processing chondrogenic pellet aggregates using a Leica ASP300 fully enclosed tissue processor.  

Reagent Time (minutes) Number of Cycles 

70% Ethanol 30 1 

Absolute Ethanol 15 3 

Absolute Ethanol 25 1 

Xylene 15 1 

Xylene 25 1 

Xylene 35 1 

Molten paraffin wax қ 3 
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Processed ligament tissue samples and chondrogenic micromass cell aggregates 

were embedded in Paraplast wax (Leica Biosystems) in tissue moulds and when cooled stored 

as tissue blocks at room temperature.  

 

2.1.6.5.3 Sectioning and staining of embedded ACL tissue samples and chondrogenic cell 

micromass aggregates  

Tissue blocks were sectioned into 5µm sections using a microtome and transferred 

onto a glass slide (Strocchi et al., 1992). The glass slides were then rehydrated and stained 

using an Automatic Slide Stainer following the protocol presented in Table 2.9.  

 
Table 2.9:  Rehydration protocol used for ligament tissue samples and chondrogenic pellet 
aggregates. The reagents and timings for rehydrating ligament tissue samples and chondrogenic pellet 
aggregates using an automatic slide stainer.  

Reagent Time (minutes) Number of Cycles 

Xylene 2 1 

Xylene 2 1 

100% Ethanol 1 1 

90% ethanol 1 1 

70% Ethanol 1 1 

Water 1 1 

 

The rehydrated slides were stained with Haematoxylin and Eosin (H&E) and Safranin 
O (as shown by Table 2.10 and  

 

Figure 2.11) mounted with Distyrene, Plasticizer and Xylene (DPX) and imaged.  

 
Table 2.10:  Haematoxylin & Eosin staining protocol. An automatic slide stainer was used to stain 
human ACL tissue and chondrogenic cell aggregates with H&E.  

Reagent Time (minutes) Number of Cycles 

Running Tap Water Wash briefly 1 

Haematoxylin Gills III 5 1 

Running Tap Water Wash briefly 1 

1% Acid Alcohol Wash briefly 1 

Running Tap Water 5 1 

Alcoholic Eosin 5 1 

Running Tap Water Wash briefly 1 
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Table 2.11:  Safranin O staining protocol. An automatic slide stainer was used to stain human ligament 
tissue and chondrogenic cell aggregates with Safranin O.  

Reagent Time (minutes) Number of Cycles 

Running Tap Water Wash briefly 1 

Haematoxylin Gills III 10 1 

Running Tap Water 10 1 

Fast Green 5 1 

1% Acetic Acid 0.25 1 

0.1% Safranin O 5 1 

Running Tap Water Wash briefly 1 

 

The glass slides stained with H&E and Safranin O were then dehydrated following the 

protocol presented in Table 2.12.  

 

Table 2.12: Dehydration protocol used for ligament tissue samples and chondrogenic pellet 
aggregates. The reagents and time taken to dehydrate ligament tissue samples and chondrogenic 
pellet aggregates using an Automatic Slide Stainer.  

Reagent Time (minutes) Number of Cycles 

70% Ethanol 0.5 1 

90% Ethanol 0.5 1 

100% Ethanol 0.5 1 

Xylene 1 2 

 

2.1.6.5.3.1 Alizarin red staining of osteogenic cultures 

Alizarin red staining was performed in triplicate replicates on cell cultures to visualise 

the formation of calcium nodules. After 21 days, the differentiation medium was aspirated, 

cells were washed using 1ml volumes of PBS and distilled H2O.  Alizarin red solution (40mM; 

Merck Millipore) was added in 1ml volumes to each well of the 6-well cell culture cluster 

plate and incubated for two hours at room temperature. The alizarin red solution was 

removed, and the excess washed away by extensive washing with 1ml volumes of PBS. 

Images were using Zeiss Vert A.1 microscope with an AxioCam ERc5s attachment microscope 

with Zen 2.3 lite (blue edition). 

Quantification of alizarin red staining was performed by solubilising the cell culture 

in a 800µl volume of Triton X-100 cell lysate solution (0.01% (vol/vol) Triton-x100 in PBS). The 

lysate was transferred in triplicate in 250 µl volumes into a 96-well cell culture cluster plate 

and the absorbance of the lysate read at 570nm using a SPECTROstarNano BMG Labtech and 

MARS data analysis software. 
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2.1.6.5.3.2 Oil Red O staining of adipogenic cultures  

Oil red O staining was to visualise the formation of cytoplasmic lipid vacuoles. After 

21 days, the differentiation media was aspirated, cells were washed using 1ml volumes of 

autoclaved PBS and distilled H2O. Oil red O solution (0.3% (wt/vol) Oil red O in 99% 

Propan-2-ol; Merck Millipore, Hertfordshire, UK) was diluted at a 3:2 ratio with deionized 

water and 1ml volumes added to each well of the 6-well cell culture cluster plate in triplicate 

replicates and incubated for 5 minutes at room temperature. The Oil red O solution was 

removed, and the excess cleared by extensive washing with 1ml volumes of PBS. Images were 

taken using Zeiss Vert A.1 microscope with an AxioCam ERc5s attachment and analysed using 

Zen 2.3 lite (blue edition). 

Quantification of Oil red O staining was performed by solubilising the adipogenic 

cultures in 800µl of Triton X-100 cell lysate solution (10% (vol/vol) Triton-x100 in PBS). The 

lysate was transferred in triplicate in 250µl volumes into a 96-well cell culture cluster plate 

and the absorbance read at 570nm using a SPECTROstarnano plate reader and MARS data 

analysis software.  

 

2.1.6.5.3.3 ɰ-galactosidase cellular senescence assay  

¢ƘŜ Ψ/ŜƭƭǳƭŀǊ {ŜƴŜǎŎŜƴŎŜ !ǎǎŀȅ YƛǘΩ όaŜǊŎƪ aƛƭƭƛǇƻǊŜΣ ²ŀǘŦƻǊŘΣ ¦Yύ ƛƴŘǳŎŜǎ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ 

ǎŜƴŜǎŎŜƴŎŜ ŀǎǎƻŎƛŀǘŜŘ ʲ-ƎŀƭŀŎǘƻǎƛŘŀǎŜ όʲ-Ǝŀƭύ ǿƛǘƘƛƴ ŎŜƭƭǎ ǳƴŘŜǊƎƻƛƴƎ ǎŜƴŜǎŎŜƴŎŜΦ ʲ-gal 

catalyses the hydrolysis of X-gal within senescent cells. As X-gal production leads to a blue 

stain it allows senescent cells to be identified. Non-senescent cells do not change colour 

Figure 2.13 and Figure 2.14. Both human and canine MSCs were seeded in standard 12-well 

cell culture cluster plates at a seeding density of 6.25x103cells/cm2 (25,000 cells per well) and 

incubated under low oxygen tension for 3 days. Growth medium was removed from all wells 

and cŜƭƭ ŎǳƭǘǳǊŜ ŦƛȄŜŘ ƛƴ м · ΨCƛȄƛƴƎ {ƻƭǳǘƛƻƴΩ όŘƛƭǳǘŜŘ ƛƴ t.{ύ ŀƴŘ incubated for 10 minutes at 

room temperature. All wells were washed twice with 2ml volumes of PBS and then incubated 

ǿƛǘƘ ŀ нƳƭ ǾƻƭǳƳŜ ƻŦ Ψ{!- -̡Ǝŀƭ 5ŜǘŜŎǘƛƻƴ {ƻƭǳǘƛƻƴΩ ƻǾŜǊƴƛƎƘǘ ŀǘ отϲ/ ƛƴ ǘƘŜ absence of both 

CO2 and light. Post-ǎǘŀƛƴƛƴƎΣ ǘƘŜ Ψ{!- -̡gal DetŜŎǘƛƻƴ {ƻƭǳǘƛƻƴΩ ǿŀǎ ŀǎǇƛǊŀǘŜŘ ŀƴŘ ǘƘŜ ŎŜƭƭǎ 

washed twice with 2ml volumes of PBS. Cell cultures were imaged using a Zeiss Axio Vert A.1 

microscope with Zen 2.3 Lite (blue edition) software (Zeiss, Cambridge, UK).  The percentage 

of senescent cells within cell cultures was calculated using Equation 2.5. 

 

Equation 2.5 

Percentage of senescent cells = (Number of blue stained cells/ Total number of cells) x 100 
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Figure 2.13: Representative image of senescence associated-beta-galactosidase (SA- -̡gal) stained 
MSCs. The cellular senescence assay was used to identify senescent cells within MSC populations. 
Senescent MSCs are stained blue through use of the as X-gal is hydrolysed by SA- -̡Gal (blue arrows). 
Non-senescent MSCs are not stained blue (red arrow). Image taken with a Zeiss Vert A.1 microscope 
with an AxioCam ERc5s attachment. Scale bar = 100µm.  
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Figure 2.14: A schematic diagram of the principle of the Cellular Senescence Assay: Senescent MSCs are stained blue as the X-gal is hydrolysed by SA- -̡Gal. Within non-
senescent MSCs X-gal is not hydrolysed so no blue staining is observed. 

X-Gal 

SA-Ǡ-GAL 
+  H2O 
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 Papain digestion of ligament tissue samples and chondrogenic micromass cell 

aggregates  

Ligament tissue samples and chondrogenic micromass pellet aggregates were 

digested in 10U/ml papain from papaya latex (Sigma-Aldrich) in 1 X papain buffer (100 X 

papain buffer: 24mM EDTA, 50mM L-cysteine, 1M Sodium Acetate; pH5.8). For chondrogenic 

micromass cell aggregates, a 20µl volume of papain was added to 1.5ml microfuge tubes. 

Ligament tissue samples were placed in 7ml bijoux tubes and covered with a 250µl volume 

of papain. Samples were incubated at 60°C overnight in a water bath. Once digested, samples 

were centrifuged, and the final volume of tissue digest recorded. Papain-digested samples 

were stored at -80°C until required for further analyses (Farndale et al., 1986).  

 

 Quantification of sulphated glycosaminoglycans with dimethylmethylene 

blue (DMMB) assay 

The amount of sulphated glycosaminoglycan (sGAG) within tissue samples was 

quantified using the 1-9 dimethyl methylene blue (DMMB) assay. Dimethyl methylene blue 

(DMMB), the major component of the DMMB assay, binds to negatively charged GAGs within 

the sample causing a precipitation reaction and a concentration-dependent colour change 

from blue to pink (Farndale et al., 1986). Shark-derived chondroitin sulphate C (Sigma) was 

prepared to a stock concentration of 5mg/ml with ddH2O. A standard curve of known 

concentrations of chondroitin sulphate C ranging from 0-50µg/ml was prepared by dilution 

of the stock solution with ddH2O.  

Samples which had been digested with papain were diluted in ddH2O at a ratio of 

1:10 to allow for the recorded absorbance of the DMMB assay to fall within the exponential 

phase of a standard curve. Volumes 40 µl of standard chondroitin sulphate C or diluted 

experimental sample were added in triplicate to each well of a 96-well cell culture cluster 

plate. A 200µl volume of DMMB solution (16µM, 1-9 dimethyl methylene blue, 2mM sodium 

formate, 2ml formic acid; pH 3.5) of was added to each well and the absorbance read at 

570nm using a SPECTROstarNano BMG Labtech plate reader with MARS data analysis software 

(BMG LabTech). 

 

 Quantification of Telomere Length using the TeloTAGGG Telomere Length Assay 

The telomere lengths of genomic DNA (gDNA) within MSC populations was 

quantified using the TeloTAGGG telomere length assay kit (Roche Applied Science; Figure 

2.15) (Wang et al., 2013, Tarik et al., 2018).  
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Step 1: DNA Digestion  

Step 2: Gel Electrophoresis and Southern Blotting 

 

 

 

 

 

 

Step 3: Hybridisation and Chemiluminescence  

 

Figure 2.15: Schematic Representation of TeloTAGGG telomere length assay. Following DNA 
digestion and agarose gel electrophoresis, the digested gDNA is transferred onto a positively charged 
nylon membrane. Filter paper is saturated with 20 X SSC buffer to form a salt bridge onto which the 
agarose gel and nylon membrane is placed. The agarose: nylon membrane is stacked with filter paper 
and paper towels and weighted to promote the transfer of the gDNA via the capillary action of the 20 
X SSC buffer, as represented by the dotted grey arrows.        

Filter Paper  
Salt Bridge 
 

Weight 

 

Paper Towel 

 Filter Paper 

 
Nylon Membrane 

 Agarose Gel 

 

20 X SSC Buffer 
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gDNA, which had been isolated as described in section 2.1.5.1.1, was centrifuged for 

5 minutes at 10,000 x g. The clarified supernatant containing gDNA was collected and diluted 

with nuclease-free water to a concentration of 0.13 µg/µl. Control-DNA (provided in the 

TeloTAGGG telomere length assay kit) was diluted to 0.1µg/µl.  gDNA in the experimental 

samples (2µg in 15µl nuclease-free water) and the control-DNA (1.5µg in 15µl nuclease-free 

water) was digested to leave intact telomeres. Digestion reactions were assembled to a final 

volume of 20µl with restriction endonucleases HinfI (20U/µl) and RSAI (20U/µl) and 1 X 

digestion buffer (proprietary buffer in assay kit. The reactions were incubated for 2 hours at 

37°C. Volumes of 5µl 5 X gel electrophoresis loading buffer was added to stop the digestion 

reactions.  

gDNA telomeres were separated by agarose gel electrophoresis. Digested 

experimental samples and control-DNA were loaded into the wells of a 0.8% (wt/vol) agarose 

gel (High Electroendosmosis (EEO) for molecular biology agarose (Sigma-Aldrich) in 1 X TAE 

buffer (40mM Tris base, 20mM acetic acid, 1mM EDTA, pH 8.3; diluted from a 50 X stock 

(Thermo Fisher Scientific)). To quantify the lengths of telomeres, the gel was calibrated with 

digoxigenin (DIG) molecular weight marker diluted in loading buffer (Figure 2.15).  The gel 

was electrophoresed at (a rate of 5V/cm) for approximately 2 hours at 70V until the loading 

buffer had run approximately 10cm from the wells. 

The gel was prepared for Southern blotting with a series of wash steps, all of which 

were performed with gentle agitation at room temperature. The gel was initially submerged 

in 0.25N HCl solution for 5-10 minutes until the bromophenol blue dye in the loading buffer 

had turned yellow. The gel was rinsed twice with ddH2O before being submerged into 

denaturation solution (0.5M NaOH, 1.5M NaCl) for two washes of 15 minutes. The gel was 

again rinsed twice with ddH2O before being submerged for two 15-minute washes in 

neutralisation solution (0.5M Tris-HCL, 3M NaCl).  To assemble the Southern blot, the gel was 

positioned on a filter paper salt bridge which acted as a wick for a solution of 20 x SSC (3 M 

Sodium chloride and 300 mM tri-Sodium citrate dihydrate, pH 7.0) to draw the gDNA from 

the gel to a nylon membrane by capillary action overnight (16 hours). A schematic 

representation of the Sothern blot is shown in Figure 3.20; Wang et al., 2013; Tarik et al., 

2018). 

After blotting, the nylon membrane was UV cross-linked at 120mJ to fix the DNA. All 

subsequent washing and incubation steps of the membrane were performed with gentle 

agitation at room temperature. The membrane was washed twice in 2 X SSC buffer (3M NaCl, 

0.3M Sodium Citrate, pH 7.0) and then incubated with pre-hybridisation solution (DIG Easy 

Hybridisation granules (reconstituted in autoclaved ddH2O and pre-warmed to 42°C) at 42°C 



95 
 

for 45 minutes. The pre-hybridisation solution was fully discarded, and the membrane 

incubated with DIG-labelled telomere specific probe diluted in hybridisation solution (DIG 

Easy Hybridisation granules reconstituted in autoclaved ddH2O and pre-warmed to 42°C). 

The membrane was incubated with the probe for 3 hours at 42°C with gentle agitation. The 

membrane was washed twice with stringent wash buffer I (2 X SSC, 0.1% (wt/vol) SDS) for 5 

minutes at room temperature followed by a further two washes with stringent wash buffer 

II (0.2 x SSC, 0.1% (wt/vol) SDS) at 50°C for 15 minutes. The membrane was washed with 1 X 

washing buffer for 5 minutes before the addition of blocking buffer for a further 30 minutes 

and then incubated with 75 mU/ml Anti-DIG-Alkaline Phosphate (Anti-Dig-AP; diluted in 1 X 

blocking solution) for 30 minutes in order to metabolise the chemiluminescent substrate, 

CDP-Star. The membrane was washed twice with 1 X washing buffer before incubating with 

1 X detection buffer for 5 minutes. Substrate solution (~40 drops / ~3ml) was applied to the 

membrane and incubated for 5 minutes. Exposure of the image was performed using a 

ChemiDoc chemiluminescence-imaging device with Image Lab software (Bio-Rad 

Laboratories Ltd). Images were taken every 30 seconds over an exposure time of 20 minutes.  

 

2.1.7 Statistical analysis of experimental data 

Statistical analysis was performed through the use of the software GraphPad Prism8. 

This study was reliant on collecting human and canine clinical samples (that were compliant 

with the inclusion criteria (2.1.1)). Sample availability led to low ΨƴΩ ƴǳƳōŜǊǎ ŦƻǊ ǎƻƳŜ 

experiments. Therefore, to ensure normality of collected results, a conservative approach 

was taken, and a non-parametric Kolmogorov-Smirnov test was performed to test the overall 

distribution of data. If data was determined to be distributed normally, parametric statistical 

analysis was performed. To compare two independent sample meansΣ ŀ {ǘǳŘŜƴǘΩǎ ǘ-test was  

used. If two or more samples were analysed, a one-way ANOVA followed by a Tukey post-

hoc test was used to identify any statistical differences between means. To compare three 

or more groups, a two-way ANOVA with Tukey post-hoc test was utilised. The Tukey post-

hoc test was performed to decipher whether there were statistical differences between 

specific groups through comparison against the critical value. If the critical value is exceeded, 

the pair is deemed statistically significantly different.  If the result of the 

Kolmogorov-Smirnov test was determined to exhibit non-normal distribution, a Kruskal-

Wallis H-test was carried out. To determine correlations, a Pearson correlation coefficient 

value was calculated. Significance for all tests was determined with p-values of <0.05.  
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3.1 Introduction 

The anatomical structure of the human knee joint and canine stifle joint is highly 

comparable. These anatomical similarities allow for the use of the canine stifle joint as an 

experimental model for injuries and diseases that affect the human knee. This allows for the 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŎƻƳǇŀǊŀǘƛǾŜ ǘǊŜŀǘƳŜƴǘ ǊŜƎƛƳŜƴǎ ŦƻǊ ōƻǘƘ ǎǇŜŎƛŜǎ ǳƴŘŜǊ ǘƘŜ ǘƘŜƳŜ ƻŦ ΨhƴŜ 

IŜŀƭǘƘΣ hƴŜ aŜŘƛŎƛƴŜΩ (Cook et al., 2010). A detailed description of the comparative 

similarities between the human knee and canine stifle joints is provided in Chapter 1.  

The anterior cruciate ligament (ACL) is highly susceptible to injury and rupture with 

previous studies identifying several factors associated with the risk of rupture (Maffulli et al., 

2003, Herzberg et al., 2017). Undertaking high impact activities involving pivoting actions has 

been shown to increase the risk of injury and rupture, dependent on personal fitness and 

strength of adjacent muscles (Lohmander et al., 2007, Øiestad et al., 2009). Age and gender 

have also been shown to contribute to the risk of ligament rupture, with females, up to five 

times more susceptible to ACL rupture than a male counterpart of the same age (Lohmander 

et al., 2007). The canine anatomical equivalent, the cranial cruciate ligament (CCL), is also 

highly susceptible to rupture (Carlin, 1926, Vasseur et al., 1985, Johnson and Johnson, 1993, 

IŀǊŀǎŜƴΣ нллоΣ /ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нллрΣ /ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нлмоΣ YǊƻǘǎŎƘŜŎƪ Ŝǘ ŀƭΦΣ нлмсΣ tŜŏƛƴ 

et al., 2017). Although both age and gender do have an associated influence on the risk of 

rupture, there are several other contributory factors, including the breed (Duval et al., 1999, 

Harasen, 2003, Comerford et al., 2006, Smith et al., 2017). Breeds such as Labrador 

Retrievers have been shown to have an increased predisposition for ligament injury 

compared to breeds such as greyhounds that have a low risk of injury (Comerford et al., 

2005). Assessment of cadaveric canine stifle joints obtained from Labrador retrievers and ex-

racing greyhounds, determined that the high risk for injury in the Labrador retriever breed 

may be due to an increased stifle joint laxity, lower ultimate tensile stress and a higher 

collagen turnover in the cruciate ligaments (Comerford et al., 2005).  

This chapter of work focuses on the comparison of the human ACL with the canine 

CCL in terms of the molecular, cellular and biochemical composition of intact and ruptured 

ACL and CCL.   
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3.2 Hypothesis 

The hypothesis for chapter 3 is: 

Intact and ruptured cruciate ligament tissue isolated from human ACLs and canine CCLs will 

exhibit species-specific and tissue-specific differences in molecular, cellular and biochemical 

composition. It has been proposed that the canine stifle joint can be used as an experimental 

model for human knee disorders due to anatomical similarities. To determine if this is 

possible, it is vital to fully characterise both tissue types in both intact and ruptured 

(diseased) state.  

 

The hypothesis will be tested with the aims described in section 3.3.  

 

3.3 Aims 

The aims of this study are: 

¶ To stratify clinical groups of human ACL and canine CCL retrieved from joint surgeries 

(ruptured tissues) and from cadaveric donors (intact tissues) 

o Tissue and species-specific differences in ACL and CCL tissues will be stratified 

according to whether they are intact or ruptured and according to the type of 

joint surgery that has been performed leading to tissue retrieval. 

  

¶ To compare intact and ruptured human and canine tissues by molecular, cellular and 

biochemical analysis 

o Tissue and species-specific differences will be identified by histological 

evaluation of tissue organisation, gene, protein and biochemical analyses of 

extracellular matrix, inflammatory mediators and regulators of tissue 

homeostasis, and quantification of cellular content. 
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3.4 Results 

3.4.1 Stratification of human and canine cruciate ligament tissue groups  

 Human anterior cruciate ligament (ACL) tissue 

Human ACL tissue was collected from two sites: Aintree University Hospital, 

Liverpool and National Health Service Blood and Transplant (NHSB&T, Speke, Liverpool).  

Ruptured ACL tissues collected from Aintree University Hospital were retrieved from 

trauma and elective surgeries (major trauma, ACL reconstruction and total knee replacement 

(TKR; Figure 3.1).  A total of 20 ACL tissue samples were collected from Aintree University 

Hospital of which 11 (55%) were retrieved from ACL reconstruction surgeries, 7 (35%) from 

TKR and 2 (10%) from trauma surgeries (Figure 3.1). Intact ACL tissues, displaying an absence 

of gross pathology, were retrieved and collected from NHSB&T from deceased cadaveric 

donors. A total of 13 intact ACL samples were donated as a clinical waste product from the 

harvesting of osteochondral allografts for the NHSB&T clinical transplant program.  

Clinical demographic information including gender and age of the donating patients 

and the type of surgery performed leading to ACL retrieval, was collated and analysed. Of 

the total number of ACL tissues collected 61% were collected from males and 39% were from 

female donors.  Analysis of tissues by assignment to surgical category showed a gender split 

of: ACL reconstruction, 64% male to 36% female; TKR, 43% male to 57% female; trauma 

surgeries, 50% male to 50% female; deceased donors, 69% male to 31% female (Figure 3.1).  

All ACL reconstructions were performed on patients aged 50 years old or under with 64% 

performed on patients aged between 18 ς 30 years old. Pearson correlation analysis showed 

a strong negative correlation between age and ACL reconstruction surgery with the number 

of patients undergoing surgery for ACL reconstruction decreasing with increasing age.  

TKR surgeries were all performed on patients aged 51+ years old with 71% 

performed on patients aged between 61 ς 70 years old. Similarly, all deceased donors, from 

which intact ACL ligaments were retrieved, were aged 51+ years (51-60, 61-70, 71-80, 81+). 

A trend could not be established between age and trauma surgeries because only 2 ACL 

ligaments were able to be collected in this category. These patients were aged between 

41 ς 50 years old (Figure 3.2).   
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Figure 3.1: Graphical representation of the percentage of male and female donors of human ACL tissue samples retrieved by category of surgery. Human anterior cruciate 
ligament (ACL) tissues were retrieved from ACL reconstruction surgeries, total knee replacement (TKR) surgeries or trauma surgeries (Aintree University Hospital; n = 20) and 
as intact ACL tissue from deceased donors NHSB&T; n = 13). The percentage of male and female donors from each retrieval was reported. 
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Figure 3.2: Graphical representation of the percentage of donors of human anterior cruciate ligament (ACL) tissue samples in each age group. Human ACL tissue was 
retrieved from ACL reconstruction, TKR, trauma and as intact tissue from deceased donors. The percentage of donors in each age group was recorded and compared with 
the category of surgical removal. 
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 Canine cranial cruciate ligament (CCL) tissue 

Canine CCL tissue was collected from two sites: intact CCLs were retrieved from 

cadaveric donors from the Veterinary Teaching Suite (VTS), University of Liverpool. Intact 

CCL tissue was collected as clinical waste material following euthanasia for reasons unrelated 

to ligament disease as denoted in the inclusion and exclusion criteria of the ethical approvals. 

Clinical demographic data was not available for CCL tissue from cadaveric donors as it was 

not possible to identify the breed, age or whether the canine had been neutered at point of 

euthanasia. In total, the number of intact CCL tissues retrieved from deceased donors was 

n=12. Ruptured CCL tissue was collected from donors undergoing stifle joint stabilisation 

surgeries (tibial plateau levelling osteotomies (TPLOs) for CCL rupture at the Small Animal 

Teaching Hospital (SATH), University of Liverpool. In total, nine ruptured CCL ligaments were 

retrieved from dogs that had TPLOs. Ruptured CCL tissues were stratified according to the 

breed and gender of donor. From the 9 CCL tissue samples retrieved, 5 out of 9 (56%) male 

and 4 out of 9 (44%) were female. Of all of the canines, 7 out of 9 (78%) were neutered with 

60% of males neutered and 100% of females neutered (Figure 3.3).  

The number of CCLs retrieved from different breeds was as follows:  Labradoodle (n 

= 1), Labrador retriever (n = 3; n=1 aged 8 years old; n=2 aged 9 years old), boxer (n = 1; aged 

9 years old), bullmastiff (n = 2; n=1 aged 1 years old; n=1 aged 6 years old) and crossbreeds 

(n = 2; n=1 aged 2 years old; n=1 aged 11 years old).  
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Figure 3.3: Graphical representation of the age of canines of different breeds. Cranial cruciate liagmentCCL ligaments were retrieved from donors undergoing surgical 
treatment for CCL injury at the Small Animal Teaching Hospital (Leahurst Campus, University of Liverpool). The age of donor was cross referenced against breed. CCL were 
retrieved from Labrador Retriver, Labradoodle, Bullmastiff, Boxer and Cross-Breed canines.  Each bar denotes a different canine donor. 
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3.4.2 Biochemical analysis of human ACL and canine CCL tissues 

 Weight of human ACL and canine CCL tissues   

Both human and canine cruciate ligaments were weighed prior to detailed dissection 

for analysis and the wet weight recorded.  

The mean wet weight of ligaments, ± standard deviation, was calculated for ruptured 

and intact ACLs, and ruptured and intact CCLs to determine tissue-specific and species-

specific differences in ligament weights.  

The effect of rupture on the weight of human ACL and canine CCL tissues was 

assessed by comparison of ruptured ACL with intact ACL, and ruptured CCL and intact CCL. 

The mean wet weight of ruptured ACL was 1.64 ± 0.97g in comparison to the mean wet 

weight of intact ACL (1.79 ± 0.53g), and this was shown to be not significantly different 

following post-hoc Tukey analysis. The mean wet weight of ruptured CCL was 0.24 ± 0.12g in 

comparison to the mean wet weight of intact CCL (0.24 ± 0.05g, and again no statistically 

significant differences were determined between the two tissue groups (Figure 3.4). 

Although not statistically different, differences were observed in tissue weight.  

In contrast, the mean wet weights of human and canine cruciate ligament tissues 

were statistically different. The mean wet weight of the ruptured ACL was 6.8-fold higher 

than that of the ruptured CCL (post-hoc Tukey analysis p=0.0003). Similarly, the mean wet 

weight of intact ACL was 7.5-fold higher than intact CCL (p=0.0038; Figure 3.4).  
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Figure 3.4: The wet weight of human ACL and canine CCL tissues. The wet weight of the ruptured ACL 
(n=25), intact ACL (n=7), ruptured CCL (n=8) and intact CCL (n=6) was recorded prior to dissection. The 
wet weight of all cruciate ligaments within each category was used to calculate the mean wet weight 
(± SD). Normal distribution of data was confirmed using a Kolmogorov-Smirnov test. Statistical analysis 
was performed using an ordinary one-way ANOVA and Tukey post-hoc test (p<0.0001).  

 
To determine the effect of gender on ligament weight, the mean wet weights of ACL 

tissues from both male and female donors was determined for those retrieved from ruptured 

ligaments (ACL reconstruction, trauma and TKR) and intact ligaments from deceased donors 

(Figure 3.5). 

ACL tissues retrieved from male donors had a 1.3-fold increase in their mean mass 

(1.90 ± 0.99g) compared to those of female donors (1.49 ± 0.73g) but the difference between 

genders was not statistically significant (Figure 3.5) (see section 2.1.7 for statistical analysis).  
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Figure 3.5: Comparison of the mean wet weight of human ACL tissues by the gender of the donors. 
The mean wet weight of human cruciate ligament tissues from both ruptured (ACL reconstruction, 
trauma and TKR) and intact ACL was recorded for female (n=13) and male (n=20) patients prior to 
dissection of tissue. Statistical analysis was performed using a ǇŀƛǊŜŘ ǎǘǳŘŜƴǘΩǎ ǘ-test. Normal 
distribution of data was confirmed using a Kolmogorov-Smirnov test. 

 
 Extracellular matrix (ECM) measurements 

3.4.2.2.1 Quantification of DNA content in human ACL and canine CCL tissues 

Absolute quantification of cells within ligament tissue is challenging due to the 

protracted technical protocol for the isolation of cells from the matrix-dense tissue. 

Comparison of the cellular content was therefore made by quantification of the total amount 

of double stranded DNA (dsDNA using the Quant-ƛ¢ϰ tƛŎƻDǊŜŜƴϰ Řǎ5b! ŀǎǎŀȅ ƪƛǘ ǿƛǘƘ Řŀǘŀ 

normalised to 1g of tissue. Comparative analysis was made between ruptured and intact 

human ACL and canine CCL tissues. Analysis of tissue-specific differences between the sub-

groups of clinical tissues showed no statistically significant differences in the total amount of 

dsDNA between ruptured ACL (1221 ± 116 µg / g tissue) and intact ACL (1188 ± 47 µg / g 

tissue; Figure 3.6). There were also no statistically significant differences in the amount of 

DNA in ruptured CCL tissue (1175 ± 29 µg / g tissue) and intact CCL tissue (1166 ± 30 µg / 

tissue; Figure 3.6). Although the mean wet weight of canine CCL was significantly decreased 

in comparison to the mean wet weight of human tissue, the amount of DNA (per g of tissue) 

was not significantly different between species (Figure 3.6).   



107 
 

 

 

Figure 3.6: Comparison of the amount of DNA in human ACL and canine CCL tissues. The cellular 
content of human ACL and canine CCL tissues were compared by measuring the amount of dsDNA per 
g of tissue. The amount of DNA was quantified using a Quant-ƛ¢ϰ tƛŎƻDǊŜŜƴϰ Řǎ5b! !ǎǎŀȅ ƪƛǘ ŀƴŘ 
normalised to 1g of tissue for ruptured ACL (n=4), intact ACL (n=5), ruptured CCL (n=4) and intact CCL 
(n=5). Statistical analysis was performed using a Kolmogorov-Smirnov test followed by Kruskal-Wallis 
H test. No statistical significance was determined between clinical sub-groups.  

 

 Quantification of sulphated glycosaminoglycan content in human ACL and canine 

CCL tissues 

The amount of total sGAG within human ACL and canine CCL tissues was quantified 

using the 1-9 dimethyl methylene blue (DMMB) assay and the amount of total sGAG 

normalised to 1g of tissue (Farndale 1986). Analysis of tissue-specific differences showed 

that the amount of sGAG in ruptured ACL (970 ± 38 µg / g)  showed that it was 2.7-fold higher 

but non-significantly increased in comparison to intact ACL (354 ± 165 µg / g; Figure 3.7).  

Similarly, the amount of sGAG in canine ruptured CCL (1532 ± 35 µg / g of tissue) was 1.5-
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fold higher that of intact CCL (1053 ± 143 µg / g of tissue) and as with human ACL tissue, but 

not statistically different (Figure 3.7).  

Comparison of species-specific differences between the mean amount of sGAG 

within all four groups (ruptured ACL, intact ACL, ruptured CCL and intact CCL) showed that 

the amount of sGAG in intact CCL was significantly higher than in intact ACL (Figure 3.7). 

Intact CCL had 3-fold more (1053 ± 143 µg / g) sGAG than intact ACL tissue (354 ± 165 µg / g; 

p<0.0001; Figure 3.7).  

 

Figure 3.7: Comparison of the amount of sulphated glycosaminoglycan (sGAG) in human ACL and 
canine CCL tissues.  The amount of sGAG in ruptured ACL (n=4), intact ACL (n=8) ruptured CCL (n=3) 
and intact CCL (n=6) was measured by DMMB assay and normalised to 1g of ligament tissue Statistical 
analysis was performed using a  Kolmogorov-Smirnov test  followed by Kruskal-Wallis H test and 
5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ όǇҐлΦлмупύΦ 
 

3.4.2.3.1 Quantification of sulphated proteoglycan per cell in human ACL and canine CCL 

tissues 

The amount of sGAG in ligaments was normalised to amount of DNA to determine 

the amount of sGAG produced per cell. Analysis of tissue-specific differences showed that 

the amount of sGAG / DNA in ruptured human ACL (0.80 ± 0.07µg/µg) was 2.8-fold higher 

(but not significantly different) than intact ACL (0.29 ± 0.13 µg/µg). Similarly, the amount of 

sGAG / DNA in ruptured canine CCL (1.31 ± 0.04 µg/µg) was 1.5-fold higher (no significant 

difference observed) than intact ACL (0.90 ± 0.12 µg/µg; Figure 3.8). 
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Comparison of species-specific differences within all four groups (ruptured ACL, 

intact ACL, ruptured CCL and intact CCL) showed that the ruptured canine CCL tissue (1.31 ± 

0.04 µg/µg; p=0.0001) had a 1.6-fold increase in sGAG / DNA compared to ruptured ACL 

tissue (0.80 ± 0.07µg/µg) (not statistically significant).  Similarly, ruptured human ACL tissue 

was 68% increased in comparison (not statistically significant) in sGAG / DNA compared to 

intact canine CCL tissue (Figure 3.8).  
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Figure 3.8: Comparison of the amount of sulphated glycosaminoglycan (sGAG) per g of DNA in 
human ACL and canine CCL tissues.  The amount of sGAG / DNA in ruptured ACL (n=4), intact ACL 
(n=5) ruptured CCL (n=3) and intact CCL (n=5) was normalised to 1g of tissue. Statistical analysis was 
performed using a Kolmogorov-Smirnov test followed by Kruskal-²ŀƭƭƛǎ I ǘŜǎǘ ŀƴŘ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ 
comparison tests.  

 

 

3.4.3 Histological analysis of human ACL and canine CCL tissues 

Comparative analyses of cruciate ligaments were performed to identify differences 

in the structural organisation of tissues retrieved from intact ACL and CCL and ruptured ACL 

at the mid region and enthesis site of tissues. 
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 Haematoxylin and eosin (H&E) staining 

Haematoxylin and eosin (H&E) staining was performed to analyse cellular 

morphology, distribution and organisation within the mid-region and enthesis site of intact 

ACL, ruptured ACL, intact CCL and ruptured CCL to determine tissue and species-specific 

differences (Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12)>  

It has been proposed that the canine CCL is anatomically similar to the human ACL; 

however, comparison of histological analysis of the two species for ruptured and intact 

tissues has not been performed to date.  Analysis of the extracellular matrix organisation by 

H&E staining of the mid-region of intact ACL, ruptured ACL, intact CCL and ruptured CCL 

tissue, determined that all structures maintained a parallel aligned, compact arrangement of 

collagen fibres  (white arrows; Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12).  

Within intact ACL tissue, high levels of fibrous organisation were observed 

contrasting with ruptured ACL tissue, where fibre alignment was less well organised (white 

arrows; Figure 3.9). Comparison of species-specific differences showed that the level of 

organisation of fibres within intact CCL was similar to that observed in intact ACL (Figure 

3.11). 

Qualitative analysis of intact ACL and ruptured ACL showed that intact ACL has 

longer, narrower interfascicular regions in comparison to ruptured ACL where interfascicular 

regions were less distinct (black arrows; Figure 3.9 and Figure 3.10). Canine intact CCL tissue 

maintained a much greater proportion of interfascicular regions in comparison to intact 

human ACL tissue and these regions appeared less narrow than in intact ACL. Increased 

vascularisation was observed within the interfascicular regions of the ligaments (black 

arrows; Figure 3.9 and Figure 3.11).  

The presence of nuclear staining was noted in ruptured ACL, intact ACL, ruptured CCL 

and intact CCL tissues, and shown within Figure 3.9, Figure 3.10, Figure 3.11 and Figure 3.12 

by blue arrows. Although, there appeared to be no difference in the amount of nuclear 

staining within intact ACL tissue in comparison to ruptured ACL tissue, qualitative 

comparison of intact ACL and intact CCL tissue showed that there were more nuclei stained 

within intact CCL than intact ACL tissue (blue arrows; Figure 3.9 and Figure 3.10). 

The enthesis region of tissues was imaged post H&E staining. In comparison to the 

mid-region, there was an increase in nuclear staining within intact ACL tissue sections.  At 

the site of enthesis, organisation of fibres was decreased in comparison to the fibre 

organisation of the mid-region at x4, x10 and x20 magnification. However, at x40 

magnification, fibres appeared to be more organised in structure (white arrows; Figure 3.9). 
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This pattern of organisation was not observed within ruptured ACL tissues where fibrillar 

arrangement was shown to be disorganised at all magnifications (white arrows; Figure 3.10) 

Within intact CCL, fibres were shown to be well organised with a distinct enthesis, 

characterised by lower cell density (noted through a subjective reduction in nuclei staining 

as observed indicated with a  blue arrow; Figure 3.11), sparser distribution of tissue alongside 

a reduction in organisation (denoted through white arrow) and increased number of 

interfascicular regions (black arrow). Interfascicular regions of intact CCL were shown to be 

highly organised with equal distribution and parallel alignment along fibres, as highlighted 

by the use of black arrows in Figure 3.11. Interfascicular regions of intact and ruptured ACL 

tissues were observed to be disorganised and unequally distributed throughout the enthesis 

of the tissue (black arrows; Figure 3.9 and Figure 3.10).  

  



112 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9: Representative image of Haematoxylin and Eosin (H&E) staining within intact ACL tissue. 
5µm sections of paraffin embedded intact ACL tissue was stained with H&E. Images were taken at x4, 
x10, x20 and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Arrows 
have been used to denote the interfascicular regions (black arrows), organised connective tissue 
(white arrows) and nuclei (blue arrow). Scale bar = 100µm.  
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Figure 3.10: Representative image of Haematoxylin and Eosin (H&E) staining within ruptured ACL 
tissue. 5µm sections of paraffin embedded ruptured ACL tissue was stained with H&E. Images were 
taken at x4, x10, x20 and x40 magnification, of two regions; (A) the mid region and (B) the site of 
enthesis. Arrows have been used to denote the interfascicular regions (black arrows), organised 
connective tissue (white arrows) and nuclei (blue arrow). Scale bar=100µm. 
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Figure 3.11: Representative image of Haematoxylin and Eosin (H&E) staining within intact CCL 
tissue. 5µm sections of paraffin embedded intact CCL tissue was stained with H&E. Images were taken 
at x4, x10, x20 and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. 
Arrows have been used to denote the interfascicular regions (black arrows), organised connective 
tissue (white arrows) and nuclei (blue arrow). Scale bar=100µm.  
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Figure 3.12: Representative image of Haematoxylin and Eosin (H&E) staining within ruptured CCL 
tissue. 5µm sections of paraffin embedded ruptured CCL tissue was stained with H&E. Images were 
taken at x4, x10, and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. 
Arrows have been used to denote the interfascicular regions (black arrows), organised connective 
tissue (white arrows) and nuclei (blue arrow). Scale bar = 100µm.   
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 Safranin O staining  

Safranin O staining was used to identify the presence, expression pattern and 

regional distribution of sulphated proteoglycans. Qualitative analysis of the safranin O 

staining in intact ACL and intact CCL tissue showed no staining within the mid-region of the 

tissues (Figure 3.13 and Figure 3.15). Within ruptured ACL, an increased level of safranin O 

staining was observed, particularly around areas with a more disorganised fibre alignment 

(white arrows have been used to denote organisation of fibres; Figure 3.14). The presence 

of vascular structures was not observed in either intact ACL, intact CCL or rupture CCL tissue. 

Vascular-like morphologies were observed in ruptured ACL tissues with associated staining 

of nuclei in these regions (blue arrows; Figure 3.13and Figure 3.15) Comparable to H&E 

staining, interfascicular regions were limited within intact ACL tissue and fibres maintained 

a highly-aligned crimped structure, in contrast to intact CCL tissue, where large 

interfascicular regions were observed between areas of highly aligned, straight fibres (white 

arrows; Figure 3.13 and Figure 3.15). Interfascicular regions were observed within ruptured 

CCL tissue (white arrows; Figure 3.16). It was not possible to determine the presence of 

interfascicular regions within ruptured ACL tissue because of the highly disorganised 

structural organisation of the tissue and the increased presence of vacuoles surrounding the 

vascular regions (green arrows; Figure 3.14).  

Positive safranin O staining was observed at the enthesis of intact ACL tissue and 

there were increased vascular tissues and cell nuclei staining in comparison to the mid 

regions of the tissue. The enthesis site of intact ACL tissue showed the highest density of cell 

nuclei and this was associated with decreasing structural organisation of fibres (blue arrows; 

Figure 3.13). This was comparable to ruptured ACL tissues, which also showed an increased 

level of nuclear staining around the vascular-like structures (Figure 3.14). There was no 

positive safranin O staining observed at the enthesis site of intact CCL tissue (Figure 3.15). 
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Figure 3.13: Representative image of Safranin O staining within intact ACL tissue. 5µm sections of 
paraffin embedded intact ACL tissue was stained with safranin O. Images were taken at x4, x10, x20 
and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Vascular-like 
structures (green arrow), organised connective tissue (white arrow) and nuclei (blue arrow). Scale bar 
= 100µm.  
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Figure 3.14: Representative image of Safranin O staining within ruptured ACL tissue. 5µm sections 
of paraffin embedded ruptured ACL tissue was stained with safranin O. Images were taken at x4, x10 
and x20 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Vascular-like 
structures (green arrow) and nuclei (blue arrow) and nuclei (blue arrow). Scale bar = 100µm. 
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Figure 3.15: Representative image of Safranin O staining within intact CCL tissue. 5µm sections of 
paraffin embedded intact CCL tissue was stained with safranin O. Images were taken at x4, x10, x20 
and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Arrows denote 
cell nuclei (blue) Scale bar = 100µm. 
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Figure 3.16: Representative image of Safranin O staining within ruptured CCL tissue. 5µm sections 
of paraffin embedded ruptured CCL tissue was stained with safranin O. Images were taken at x4, x10, 
and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Arrows denote 
cell nuclei (blue) Scale bar = 100µm. 
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3.4.4 Gene expression analysis of human ACL and canine CCL tissues  

Differential gene expression analysis in cruciate ligament tissues was performed by 

qPCR following the stated protocol in section 2.1.5.2. Ruptured and intact human ACL and 

canine CCL tissues were analysed for the expression of genes associated with the ligament 

ECM, such as TENASCIN-C (TN-C), TENOMODULIN (TNMD), DECORIN (DCN) and COLLAGEN 

TYPE III (COL3A1). The gene expression of proteins involved in ligament tissue remodelling, 

such as MATRIX METALLOPROTEINASE-1 (MMP1), MATRIX METALLOPROTEINASE-13, A 

DISINTEGRIN-LIKE AND METALLOPROTEASE (REPROLYSIN TYPE) WITH THROMBOSPONDIN 

TYPE 1 MOTIF, 5 (ADAMTS5) and INSULIN-LIKE GROWTH FACTOR-1 (IGF1) were also 

determined.  

 

 Ligament ECM gene expression  

Analysis of human ACL ligaments showed that COL3A1 expression was 3-fold higher 

in the ruptured ACL in comparison to intact ACL (p=0.00429; Figure 3.17). There was also a 

3-fold increase in COL3A1 gene between ruptured and intact canine CCL tissues; however 

this was not statistically significant (Figure 3.17). The expression of TN-C, TNMD and DCN 

genes was upregulated in ruptured ACL in comparison to intact ACL, however, this was not a 

statistically significant result (Figure 3.17).  

Analysis of species-specific differences showed no statistically significant 

differences. However, gene regulation of TN-C was 24-fold higher in ruptured human ACL 

tissue compared to ruptured CCL tissue (p=0.0108 ς Kruskal-Wallis test; not significant post 

5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘύ ŀƴŘ нл-fold higher in intact human ACL tissue compared to 

intact canine CCL tissue (p=0.0108 ς Kruskal-²ŀƭƭƛǎ ǘŜǎǘΤ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘ Ǉƻǎǘ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ 

comparison test; Figure 3.17).
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Figure 3.17: Gene expression analysis of extracellular matrix proteins in human ACL and canine CCL 
tissues. Gene expression of key extracellular matrix proteins analysed in ruptured ACL (n=3), intact 
ACL (n=4 (COL3A1 and DCN); n=3 (TN-C and TNMD)), ruptured CCL (n=3) and intact CCL (n=3).  (A) 
COL3A1 (p=0.0429), (B) TN-C (C) DCN and (D) TNMD gene expression was normalised to expression of 
house-ƪŜŜǇƛƴƎ ƎŜƴŜ ʲ-actin. Statistical analysis was performed using a Kolmogorov-Smirnov test 
followed by Kruskal-²ŀƭƭƛǎ I ǘŜǎǘ ŀƴŘ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘǎΦ  
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 Gene expression of proteins involved in ligament ECM homeostasis  

The relative gene expression of cell-membrane proteases MMP-1, MMP-13 and 

ADAMTS-5 was analysed. Comparative analysis of tissue-specific differences showed a 1.1-

fold upregulation of MMP-1 gene expression in ruptured human ACL compared to intact ACL 

tissue though this was not statistically significant (p=0.0042 for Kruskal-Wallis test but no 

significaƴǘ ŀŦǘŜǊ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘύΦ  ²ƛǘƘƛƴ ǊǳǇǘǳǊŜŘ ŎŀƴƛƴŜ //[ ǘƛǎǎǳŜΣ ŀ мΦт-

fold increase in MMP-1 gene expression was observed in comparison to expression in intact 

CCL tissue. Furthermore, there were no significant differences in MMP13 and ADAMTS5 gene 

expression between ruptured and intact tissue for either human ACL or canine CCL tissue. 

IGF1 gene expression was upregulated by 1.6-fold in intact human ACL tissue compared to 

ruptured ACL tissue, although this was not statistically significant. No difference in 

expression was observed between ruptured canine CCL and intact canine CCL.  

In contrast, significant differences in gene expression were recorded between 

human ACL and canine CCL tissues.  MMP-1 gene expression was 7-fold higher in ruptured 

human ACL tissue compared to canine ruptured CCL tissue and 10-fold higher in intact human 

ACL tissue (non-significant difference) when compared to intact canine CCL tissue (Figure 

3.18A). Analysis of MMP13 gene expression showed that there was a 3.6-fold increase in 

expression in ruptured human ACL tissue compared to ruptured canine CCL tissue and a 4.0-

fold upregulation in intact ACL in comparison to intact CCL tissue, however the reported 

difference was not statistically significant (Figure 3.18B). ADAMTS5 gene expression was 

increased 4-fold in ruptured human ACL tissue in comparison to intact canine CCL tissue and 

10-fold increased between intact human ACL compared to intact CCL (non-significant; Figure 

3.18C).  

Between species comparison of IGF1 gene expression showed intact ACL tissue had 

5.2-fold higher expression than intact CCL tissue (p=0.0429; Figure 3.18D) but there were no 

statistically significant differences between ruptured human and canine species ligaments 

although ruptured ACL was 6.1-fold higher than in ruptured CCL (Figure 3.18D).  
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Figure 3.18: Gene expression analysis of extracellular matrix remodelling factors. Gene expression 
of key factors involved in ligament matrix remodelling was analysed in ruptured ACL (n=3), intact ACL 
(n=4), ruptured CCL (n=3) and intact CCL (n=3).  The gene expression of proteases (A) MMP1, (B) 
MMP13, (C) ADAMTS5 and (D) growth factor IGF1 (p=0.0429) was assessed in ruptured ACL (n=3), 
intact ACL (n=4), ruptured CCL (n=3) and intact CCL (n=3) was normalised to expression of house-
ƪŜŜǇƛƴƎ ƎŜƴŜ ʲ-actin. Statistical analysis was performed using a Kolmogorov-Smirnov test followed by 
Kruskal-²ŀƭƭƛǎ I ǘŜǎǘ ŀƴŘ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘǎΦ
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3.4.5 Immunomodulation of inflammatory mediators in human ACLs 

The release of inflammatory mediators in response to injury is associated with the 

ǘƛǎǎǳŜΩǎ ǊŜǇŀƛǊ ǊŜǎǇƻƴǎŜ (Wang et al., 2018). In order to promote tissue regeneration at a site 

of damage, chemokine signals are produced to recruit MSCs that sequester the direct effect 

of pro-inflammatory cytokines on the damaged tissue as well as mediating the activity of 

cells of the innate and acquired immune system (Ren et al., 2008). The amount of 

inflammatory mediators within human and canine ligament tissues was measured using the 

Human DuoSet® ELISA Development System and for pro-inflammatory mediators 

(Interleukin-6 (IL-6) and Interleukin-мʲ όL[-мʲύύ ŀƴŘ ŀƴǘƛ-inflammatory mediators 

(Interleukin4 (IL-4) and Interleukin-10 (IL-10)) (following methodology as stated in section 

2.1.6.2. 

 

 Pro-inflammatory mediators 

The expression of pro-inflammatory mediators, IL-6 and IL-мʲΣ ǿŀǎ ƳŜŀǎǳǊŜŘ ǿƛǘƘƛƴ 

ruptured and intact ACL tissue (Figure 3.19). The amount of IL-6 in ruptured ACL was 89.2 ± 

23 pg/ml, 2.4-fold higher than in intact ACL tissue (37.5 ± 11.3 pg/ml; p=0.0423). The amount 

of IL-мʲ ƛƴ ƛƴǘŀŎǘ !/[ ǘƛǎǎǳŜ ǿŀǎ нфΦт ҕ рΦт ǇƎκƳƭΣ с-fold higher than ruptured ACL (4.7 ± 2.8 

pg/ml; p=0.0027; Figure 3.19).  

 

 Anti-inflammatory mediators 

Anti-inflammatory mediators, IL-4 and IL-10 were expressed within both ruptured 

and intact ligaments (Figure 3.20). Although no statistically significant difference in amount 

of IL4 or IL-10 was recorded between ruptured and intact ACLs,  IL-4 expression was 

increased  2.2-fold and IL-10 increased 1.8-fold  in intact ACL (IL-4 ς 13.0 ± 9.0 pg/ml; IL10 -

184.3 ± 50.7 pg/ml) in comparison to ruptured ACL (IL-4 - 6.0 ± 2.7 pg/ml; IL10 ς 101.4 ± 33.5 

pg/ml; Figure 3.20).  
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Figure 3.19: The amount of pro-inflammatory mediators within human ACL tissue. The amount of pro-inflammatory mediators; (A) IL-6 and (B) IL-мʲΤ ǇǊŜǎŜƴǘ ǿƛǘƘƛƴ ǊǳǇǘǳǊŜŘ 
and intact ACL tissue was analysed using Human DuoSet® ELISA Development Systems. Statistical analysis was performed using a Kolmogorov-Smirnov test and Mann-Whitney 
test.  
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Figure 3.20: The amount of anti-inflammatory mediators within human ACL tissue. The amount of pro-inflammatory mediators; (A) Il-10 and (B) Il-4; present within 
ruptured and intact ACL tissue was analysed using the Human DuoSet® ELISA Development Systems. Statistical analysis was performed using a Kolmogorov-Smirnov 
test and Mann-Whitney test.  
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3.4.6 Discussion 

This chapter characterised cruciate ligaments retrieved from both human and canine 

species, identifying tissue-specific (ruptured and intact) and species-specific (human and 

canine) differences through molecular, cellular and biochemical analysis of the ligaments.  

Stratification of ACL tissue collected from surgical intervention identified an 

association with the surgical procedure undertaken and patient age. A direct statistical 

correlation was observed between patient age and ACL reconstruction (Figure 3.2). Our 

results concluded that all ACL reconstructions were undertaken on patients aged <50 years 

old, with 64% of all ACL reconstructions undertaken on patients aged 18-30 years old (Figure 

3.2). Several studies have identified age as a risk factor for ACL rupture with younger patients 

being more susceptible to rupture due to a decrease in the ultimate load before failure, 

stiffness, energy store, collagen fibril density and alignment in older patients (Lohmander et 

al., 2007, LaBella et al., 2014, Beck et al., 2017). Surgical intervention on ACL rupture in 

patients over 50 years old was reported to be undertaken less frequently with conservative 

treatment methodologies including physiotherapy, preferred by many medical professionals  

(Paterno, 2017). However, it is predicted that with increased life expectancy and physical 

activity levels, an increased number of ACL reconstructions will be undertaken on patients 

aged between 40 and 60 years (Legnani et al., 2010). 

Ruptured ACL tissue was retrieved from donors undergoing TKR surgery. All donors 

undergoing TKR surgery were aged 51+ years old suggesting that TKR occurred in older 

patients (Figure 3.2). Although our study did not show a statistical correlation between age 

of patient and TKR surgery, previous studies have identified that the primary indication for 

TKR surgery is to treat the irreversible effect of age-related osteoarthritis on the knee joint 

(Millis et al., 1995, Sarzi-Puttini et al., 2005, Michael et al., 2010) with the prevalence of 

symptomatic osteoarthritis increasing from 16.3% within 55-64-year olds, to 32.8% for 75+ 

years old. This age range was most comparable to donors of intact ACL tissue (retrieved from 

NHSB&T).  

Previous studies document the effect of dog breed on the risk of CCL rupture (Duval 

et al., 1999, Harasen, 2003, Comerford et al., 2013, Smith et al., 2017). Our results 

determined that 44% of all canine donors were Labrador retriever/ Labrador crossbreeds ς a 

high risk breed for CCL based injuries (Figure 3.3) (Harasen, 2003, Comerford et al., 2005, 

Comerford et al., 2006, Comerford et al., 2013). A limitation of this study was the low sample 

numbers from each breed, preventing statistical analysis to determine if there was a 

correlation between breed and rupture (Figure 3.3). Comparison of greyhounds (a dog breed 

at a low risk of CCL rupture) to the high risk breed of Labrador retrievers showed that 
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Labrador retrievers had a decreased diameter of collagen fibrils, increased tibial plateau 

angle (TPA) and increased femoral anteversion angle (FAA) (Comerford et al., 2006). This 

study determined that older canines were more at risk of CCL rupture than younger canines 

as an increased number of ruptures were observed in aged canines (Figure 3.3). It has been 

determined that the risk of rupture is greater for dogs over the age of 4 years old with dogs 

aged 5 or over being 2.5 times more likely to have a ruptured CCL ligament than their younger 

counterparts όtŜŏƛƴ Ŝǘ ŀƭΦΣ нлмтύ.   

There was no statistically significant difference between the tissue weight of 

ruptured ACL and intact ACL (Figure 3.4). Comparison of the wet weight of male and female 

ACL tissue showed no significant difference, which is contradictory to previous studies (Figure 

3.4). A limitation of this study was the inability to access patient information such as body 

weight and height as in previous studies, the weight of ACL tissue has been normalised to 

bodyweight of patient (Dienst et al., 2007, Sutton and Bullock, 2013). It was expected that 

the female ACL weight would have been lower than male ACL (Sutton and Bullock, 2013). The 

decreased weight of female ACL has been proposed to be due to the surface area of the ACL 

midsubstance, with females having a predisposition to a thinner midsubstance compared to 

a male counterpart of the same height (Dienst et al., 2007). This correlates directly to the 

width of the intercondylar notch, which has been linked to biomechanical strength of the 

ACL, with a decreased width leading to an increased chance of rupture, suggesting why 

females would have an increased predisposition to rupture (Dienst et al., 2007, Sutton and 

Bullock, 2013). Comparison of the wet weight of the human ACL to canine CCL determined 

that the wet weight of the ACL was significantly heavier than that of the CCL for both ruptured 

and intact tissue types (Figure 3.4).   

Histological analysis and quantification of the amount of DNA present within human 

and canine cruciate ligaments determined that these ligaments are multi-cellular tissue, most 

likely including ligamentocytes and chondrocytes (Figure 3.9 - Figure 3.16). This finding was 

demonstrated by H&E staining, safranin O staining and DNA content analysis.  Histological 

staining determined a greater level of organisation within intact tissue (ACL and CCL) 

compared to ruptured tissue. Both intact ACL and CCL tissues were highly organised, uniform 

structures consisting of crimped fibres. Alternative literature has cited that ligament tissue 

has the tendency to maintain this structure to allow for crimping, to resist the effect of 

biomechanical loading the tissue is subjected to (Strocchi et al., 1992, Frank, 2004, Birch et 

al., 2013, Liu et al., 2014). Qualitative analysis of the interfascicular region present within 

both canine and human tissue determined that the interfascicular regions within canine 

tissue were increased in size and number in comparison to within human tissue. As 
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interfascicular regions are known to facilitate the sliding between different fascicules, it may 

be possible that dogs are subjected to a different loading pattern, through biomechanical 

force, to humans (Thorpe et al., 2015). 

Safranin O staining was positive at the enthesis site of the ruptured and intact ACL, 

suggesting the presence of sulphated glycosaminoglycans (sGAG) Figure 3.13 - Figure 3.16). 

The presence of sGAG at the enthesis sites, suggesting a zonal arrangement of cells is likely, 

with direct (fibrocartilage) insertion the most probable form.  Qualitatively, an increased 

level of safranin O staining was observed within ruptured tissue in comparison to intact 

tissue, particularly at the enthesis site, suggesting an increased number of cells displaying a 

chondrogenic-like phenotype.   

The presence of proteoglycans, including decorin, aggrecan and fibromodulin, within 

cruciate ligament tissue, is well studied (Birch et al., 2013, Kharaz et al., 2018). Within 

ligaments, proteoglycans are located between collagen fibrils (Rumian et al., 2007, Kharaz et 

al., 2018). Young et al. (2011) concluded that ruptured ACLs had a lower proteoglycan 

concentration than intact ACLS proposing that rupture decreases the presence of ECM 

related proteins (Young et al., 2011). Comparison of the total sGAG/DNA content undertaken 

by our study identified intact ACL tissue as having a lower total sGAG/DNA amount than 

ruptured tissue (although this was not significant; Figure 3.8). These findings are consistent 

with studies investigating ruptured and intact tendon tissues, which have shown ruptured 

tendons to have an increased level of proteoglycans. Lui et al., 2010, concluded that ruptured 

patellar tendons, harvested from Sprague-Dawley rats subjected to collagenase-induced 

injury, had an increased proteoglycan concentration in comparison to rats with intact 

tendons (Lui et al., 2010).  

A decreased amount of sGAG within tendons have been observed as ageing increases 

in rats, with sGAG content being decreased by 25% in older rats (21 months) in comparison 

to younger rats (3 months) (Marqueti et al., 2018). The increased level of proteoglycans may 

occur due to a decrease in organisation of the extracellular matrix (Lui et al., 2010). With 

rupture, inflammation and level of tissue swelling increase. As proteoglycans bond to water, 

an increased level of proteoglycans lead to an increased water content, as present in swollen 

tissues (Parkinson et al., 2011). Parkinson et al., 2011, reported a 5-fold increase in sGAGs 

present within proteoglycans which corresponded to a 16% increase in the wet weight of 

ligaments.  

Species-specific differences were observed in the expression of proteoglycans 

between human ACL and canine CCL tissues in our study (Figure 3.7 and Figure 3.8). Canine 

CCL tissue had a higher total sGAG content than human ACL tissue (normalised to wet weight; 
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Figure 3.7 and Figure 3.8). The increased amount of sGAG may be attributable to the 

increased rate of fibrillogenesis associated with the accelerated rate of ageing in dogs 

compared to humans. Increased proteoglycans may provide an evolutionary advantage, 

reducing slippage of fascicles and strain on ligament as increased fibril deformation occurs 

(Rumian et al., 2007). Interestingly, this increased proportion of sGAG was not observed 

through Safranin O staining at the enthesis site as would have been expected.  

This study assessed the expression of genes associated with the ligament ECM 

(COL3A1, TN-C, DCN and TNMD) and tissue remodelling (MMP1, MMP13, ADAMTS5 and 

IGF1).  

COL3A1 was significantly increased in ruptured ACL compared to intact ACL which is 

consistent with previous studies (Figure 3.17A) (O'Connell et al., 2015, Kaynak et al., 2017, 

Minkwitz et al., 2017).  COL3A1 expression may be increased in ruptured tissues due to its 

role in collagen fibrillogenesis (Kaynak et al., 2017).  

Human ACL tissue was found to have non-significantly increased expression of TNC 

in comparison to canine CCL tissue. TNC involved with the regulation of the response of tissue 

to mechanical load (Figure 3.17B) (September et al., 2007). Therefore, it is possible that the 

ACL is able to withstand a greater load than CCL. The human ACL can withstand a mean load 

of 2160 ±157N (Domnick et al., 2016). The resistance to load by canine CCL tissues is breed-

dependent ranging 33 ς 56N/kg (Wingfield et al., 2000, Comerford et al., 2006). There was 

no statistically significant difference in expression of TNC between ruptured and intact ACLs, 

which ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ƻǘƘŜǊ ǎǘǳŘƛŜǎΦ ! ǎǘǳŘȅ ǳƴŘŜǊǘŀƪŜƴ ōȅ [ǳƭƛƵǎƪŀ-Kuklik et al., (2019) 

detected no association between TNC and predisposition of an ACL to undergo rupture 

ό[ǳƭƛƵǎƪŀ-Kuklik et al., 2019) 

Analysis of DCN gene expression (encoding the core protein of the proteoglycan 

DECRORIN) showed no statistically significant differences in expression between ruptured 

and intact ACL (Figure 3.17D). However, a non-significant species-specific difference was 

reported with human ACL having increased expression compared to the canine CCL in both 

ruptured and intact ligaments (Figure 3.17D). DCN is a collagen-binding partner (DCN attach 

to a binding site on collagen type I and II) which promotes fibrillogenesis (Kavanagh and 

Ashhurst, 2001, Zhang et al., 2018).  

No change in expression was observed with TNMD between either tissue type or 

species (Figure 3.17C). TNMD has been shown to be present within developing ligaments 

only, and as adult ligaments were used for this study it was expected that TNMD expression 

would be low (Shukunami et al., 2018). The expression of TNMD was not statistically different 
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between ruptured and intact ACL or CCL suggesting that TNMD has no role within the repair 

process of cruciate ligaments in either species (Figure 3.17C).  

MMPs control degradation of collagen (type I, II, III, IV, X and XIV) and hold roles in 

the formation of long term diseases such as osteoarthritis (Fu et al., 2002, Hakki et al., 2009, 

Li et al., 2007, Minkwitz et al., 2017). MMP1 and MMP13 expression were analysed in our 

study. MMP1 and MMP13 expression were not significantly upregulated in either ruptured 

or intact ACL and CCL (Figure 3.18A and B). MMP1 is regulated by IL-6 and contributes to pair 

mechanisms of injured tissue due to its ability to break down collagen type I, II and III. As 

both the ACL and CCL predominantly consist of collagen type I and III, it would therefore be 

expected that an increased MMP1 expression would have been observed in ruptured ACL 

tissue, where the breakdown of collagen fibres would be expected (Fu et al., 2002). However, 

previous studies comparing ruptured tendon to intact have also found this with MMP1 (and 

MMP13) being increased in ruptured tissue (Minkwitz et al., 2017). The breakdown of 

collagen type II is primarily associated with MMP-13 upregulation, therefore, it would not 

have been expected to see an upregulation in the ACL/ CCL due to the lack of presence of 

collagen type II (Haslauer, 2013). The present study observed that MMP1 gene expression 

was higher in human ACL tissue than canine CCL tissue (Figure 3.18A). 

It would have been expected for ADAMTS5 to be increased within ruptured ACL due 

to increased extracellular matrix degradation, however, as this is not observed (Figure 

3.18C)it may be that ruptured ACL no longer has the ability to maintain its usual function 

(Wylie et al., 2012). In this study, ADAMTS5 was significantly increased in human ACL tissues 

compared to canine CCL tissues, suggesting humans have greater levels of cartilage 

degradation in comparison to canine, therefore, may be more susceptible to diseases such 

as osteoarthritis (Figure 3.18C). 

IGF1 gene expression was increased in human ACL tissue than in canine CCL tissue 

(non-significantly; Figure 3.18D). IGF1 promotes tissue repair by instigating the proliferation 

of fibroblast type cells, such as ligamentocytes, reducing cellular apoptosis and increasing 

synthesis of extracellular matrix components; COLLAGEN TYPE 1 (COL1A1), ELASTIN (ELA), 

TENOMODULIN (TEN) and FIBRONECTIN (FN) (Steinert et al., 2011). This may suggest that 

the ability for human tissue to repair post-rupture is increased in comparison to canine tissue. 

The involvement of IGF1 in tissue repair might suggest a difference between the expression 

in intact and ruptured ACL tissues. However, as two separate PCR assays were utilised to 

determine the relative gene expression, this result is not conclusive. In order to substantiate 

this result, future validation work should be undertaken. It is proposed that calibration curves 

be generated, using plasmid DNA, including the cloned target sequence used for both the 
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human and canine primers. From this data, it would be possible to determine the number of 

copies per sample which can be directly compared for both human and canine species.  

The immunomodulatory status of human cruciate ligaments was determined to 

identify whether ACL rupture affected the amount of inflammatory mediators present 

compared to intact ACL. We predicted that there would be an increase in production of pro-

inflammatory mediators and reduced production of in anti-inflammatory mediators in 

ruptured ACL in comparison to intact ACL.  

Analysis of human ACL tissue showed IL-6 production was upregulated, IL-мʲ 

production was downregulated and no significant change was observed in either IL-4 or IL-

10 (although a non-statistically significant trend for downregulation within a ruptured ACL 

was observed (Figure 3.19 and Figure 3.20).  

IL-6 is a key pro-inflammatory cytokine, which is upregulated at point of injury in a 

number of tissues for example blood serum, articular cartilage, bone, synovial fluid, porcine 

ACL (Stensballe et al., 2009, Bigoni et al., 2013, Haslauer et al., 2014, Okeny et al., 2015, Sousa 

et al., 2014, Bigoni et al., 2017). IL-6 promotes the differentiation of B cells through 

stimulation of T helper cells, therefore increasing antibody production in response to disease 

(Higuchi et al., 2006). Although there are currently no other studies comparing IL-6 levels 

within ruptured to intact ACLs, studies have evaluated the effect of IL-6 alternative tissues 

over different time periods or with different severity of injury. Okeny et al., (2015) retrieved 

blood serum from human trauma patients approximately 4 hours post injury of both minor 

(79 patients) and major (80 patientǎύ ƛƴƧǳǊȅ ǎŜǾŜǊƛǘȅ όǎŎƻǊƛƴƎ ōŀǎŜŘ ƻƴ ǘƘŜ Ψ¢ǊŀǳƳŀ LƴƧǳǊȅ 

{ŜǾŜǊƛǘȅ {ŎƻǊŜΩ ōŀǎŜŘ ƻƴ ŀƎŜΣ ǎȅǎǘƻƭƛŎ ōƭƻƻŘ ǇǊŜǎǎǳǊŜΣ ǊŜǎǇƛǊŀǘƛƻƴ ǊŀǘŜΣ ƴŜǳǊƻƭƻƎƛŎŀƭ ǎǘŀǘǳǎ 

and score for number of serious injuries). The amount of Il-6 was found to increase in patients 

having undergone major trauma in comparison to those of minor trauma. This finding was 

also witnessed by Sousa et al., (2015) who reported that the amount of Il-6 within blood 

serum retrieved from polytrauma patients, correlated to severity of injury with major injuries 

having increased levels of Il-6 in comparison to minor trauma patients with Il-6 levels being 

increased in patients with multi organ dysfunction syndrome (MODS) (Frink et al., 2009). 

Higuchi et al., (2006) observed that although IL-6 concentration did increase with injury. 

Papathanasiou et al., (2016) identified that IL-6 expression was lower in chondrocytes 

isolated from the articular cartilage of patients who had undergone surgery within 10 months 

in comparison to patients undergoing surgery over 10 months following injury 

(Papathanasiou et al., 2016).   

IL-мʲ ƛǎ ŀ ƳŜŘƛŀǘƻǊ ƻŦ ƛƴŦƭŀƳƳŀǘƛƻƴ  (Kaplan, 2017). Within our study, IL-мʲ 

expression was increased in intact ACL in comparison to ruptured ACL. Although this is the 
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first study to compare ruptured ACL and intact ACL tissue, Cuellar et al. (2010) compared the 

expression of IL-мʲ in patients that had undergone an ACL rupture to an asymptomatic 

control. However, this comparison was performed on synovial fluid as opposed to ACL tissue. 

It was determined that IL-мʲ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƛƴŎǊŜŀǎŜŘ ƛƴ ǘƘŜ ǎȅƴƻǾƛŀƭ ŦƭǳƛŘ ŦǊƻƳ !/[ ruptures 

in comparison to the control sample (Cuellar et al., 2010). 

The production of immunomodulatory factors has been shown to be influenced by 

the expression of ADAMTS5, a protease associated with the cleaving extracellular matrix 

molecules such as proteoglycans, including aggrecan, leading to matrix degradation (Zhu et 

al., 2007, Huang et al., 2008, Wylie et al., 2012, Dancevic and McCulloch, 2014). Inhibition of 

IL-6 and upregulation of IL-мʲ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƴŎǊŜŀǎŜ !5!a¢{р ŀŎǘƛǾƛǘȅ (Zhu et al., 2007, 

Dancevic and McCulloch, 2014). Interestingly, although this study observed inhibition of IL-6 

and upregulation of IL-мʲ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ƛƴǘŀŎǘ !/[Σ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ !5!a¢{р ǿŀǎ 

higher in intact ACL compared to ruptured ACL although this was not statistically significant.  

One of the limitations of the current study is the inability to know when injury first 

occurred to the ACL due the inability to assign a date of injury to the tissues retrieved from 

the TKR surgeries as disease state may have been progressed over a number of years.  

Kaplan et al., 2017 determined that IL-6 can stimulate the production of the anti-

inflammatory cytokine, IL-10 resulting in the formation of a negative feedback loop to 

suppress inflammation (Irie et al., 2003, Mendias et al., 2013, Kaplan, 2017). Inflammation is 

suppressed due to the downregulation of inflammatory cell surface antigens such as MHC 

Class II and Th1 cell surface markers, increasing the survival rate of B cells (Kaplan, 2017). 

Although not statistically significant, production of IL-10 was lower in ruptured in comparison 

to intact ACLs, suggesting the potential presence of negative feedback (Figure 3.20). A 

comparison of IL-10 expression has not been undertaken prior to this study to compare 

ruptured and intact ACL tissue, however, Bigoni et al., (2019) undertook a study to measure 

the amount of IL-10 within synovial fluid harvested from both control knees and knees with 

ACL rupture (Bigoni et al., 2019). Bigoni et al. 2019 reported that the amount of IL-10 was 

increased in the synovial fluid harvested from ruptured ACL in comparison to control synovial 

fluid. However, an upregulation of IL-10 after rupture has not been observed in all studies 

with both Mendias et al., 2013 and Kaplan et al., 2017 observing no difference. Mendias et 

al., (2013) measured the amount of IL-10 levels in blood plasma isolated from patients 

undergoing ACL reconstruction.  
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3.4.7 Conclusion 

The results of this study show that there are tissue-specific and species-specific 

differences in the molecular, cellular and biochemical properties of ruptured and intact ACL 

and CCL. Ruptured ACL and CCL were found to have increased sGAG/DNA content and 

significantly increased expression of COL3A1 (in humans, non-significant in canines) in 

comparison to intact ACL and intact CCL. This suggests that the extracellular matrix of 

ruptured ligaments is degraded in comparison to their intact counterpart with increased 

COL3A1 expression as a method of attempted tissue repair through fibrillogenesis. 

Upregulation of IL-6 expression and downregulation of IL-мʲ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǎƘƻǿƴ ƛƴ 

ruptured ACL in comparison to intact ACL suggesting that both IL-6 and IL-мʲ ƘŀǾŜ specific 

functions in response to injury.  

Species-specific differences were observed between human and canine tissues. 

Consistent with previous studies, it was shown that the wet weight of ligament was greater 

in humans than canines whereas the sGAG/DNA content was lower in humans. The increased 

sGAG/DNA content in canines suggests potential premature maturation in comparison to 

humans which would coincide with the accelerated life span.  Analysis of gene expression 

showed that there was a tendency for expression of both extracellular matrix and tissue 

remodelling associated genes to be decreased in canines in comparison to humans. The 

expression of IGF1 was shown to be significantly higher in humans than canines which due 

to the role of IGF1as a promotor of tissue repair through fibroblast proliferation may suggest 

that humans have an increased ability to repair post rupture.  
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4.1 Introduction 

Cruciate ligaments have poor vascularisation, limiting the ability of the tissue to heal 

when subjected to damage/ injury. Several studies have reported the presence of MSCs in 

human and canine cruciate ligaments (Steinert et al., 2011, Lee et al., 2015, Ogata et al., 

2018). This is indicative of an intrinsic role in the maintenance of tissue homeostasis through 

differentiation to ligamentocytes, and the regulation of extracellular matrix turnover 

(Steinert et al., 2011, Lee et al., 2015, Ogata et al., 2018). 

The human Anterior Cruciate Ligament (ACL) and canine Cranial Cruciate Ligament 

(CCL) are considered comparable, allowing for the use of the canine species as an 

experimental model for injuries and diseases affecting the human ACL, such as tear or sprain, 

and the development of comparative treatment regimes for both species under the theme 

ƻŦ ΨhƴŜ IŜŀƭǘƘΣ hƴŜ aŜŘƛŎƛƴŜΩ (Cook et al., 2010). The human ACL and canine CCL are both 

highly predisposed to rupture. Age, gender, level of fitness, strength of quadriceps muscles 

and undertaking high impact sports are all risk factors associated with rupture of the human 

ACL (Arendt and Dick, 1995, Csintalan et al., 2008, Dai et al., 2015, Dai et al., 2012, Myer et 

al., 2013, Herzberg et al., 2017). For injury to the CCL, age, gender, body weight and breed 

have been shown to influence risk of rupture όIŀǊŀǎŜƴΣ мффрΣ /ƻƳŜǊŦƻǊŘ Ŝǘ ŀƭΦΣ нллрΣ ¢ŀȅƭƻǊπ

Brown et al., 2015).  

It is believed that the ability of the MSC populations to maintain tissue homeostasis 

is correlated to predisposition of ligament rupture (Klimczak and Kozlowska, 2016) and the 

correlation between MSC biology and function has been explored previously within other 

tissues and species, including mouse Achilles tendon and rat ACL (Okamoto et al., 2010, Oe 

et al., 2011). However, a comparable study of the human ACL and canine CCL has not 

previously been undertaken, and the effect of rupture on MSCs derived from the cruciate 

ligaments has not been explored.  

The International Society for Cellular Therapy position statement (Dominici et al., 

2006) defines the minimal criteria of MSCs as being: 1) adherent to tissue culture plastic 2) 

positive expression of cell surface antigens, including CD44, CD90, CD105, CD106, CD146, 

STRO-1 and CXCR4 and negative expression of the cell surface antigens CD19 and CD45 3) 

differentiation to osteogenic, adipogenic and chondrogenic cell lineages. In addition, MSCs 

express key proteins associated with the stem cell phenotype, including the transcription 

factors OCT3/4, NANOG, SOX2, the chemokine receptor, CXCR4, and the ABC transporters, 

ABCG2 and ABCB1.    
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4.2 Hypothesis 

The hypothesis for Chapter 4 is: 

Measurement and analysis of MSC phenotype and function will determine species-specific 

differences in MSC populations isolated from intact and ruptured human ACL and canine CCL 

ligament tissues. 

 

The hypothesis will be tested with the aims described in section 4.3.  

 

4.3 Aims and Objectives 

The aim of this chapter is to determine species-specific differences between MSC populations 

isolated from human ACL and canine CCL tissues.  

 

MSC populations will be isolated from intact and ruptured human ACL and canine CCL tissues 

and characterised according to MSC phenotype and function. MSC analysis will include: 

1. Characterisation of MSC population kinetics and cell doubling 

2. Immunophenotyping for cell surface antigen expression 

3. Quantification of protein expression associated with stem cell phenotype including 

OCT3/4, NANOG, SOX2, CXCR4, ABCG2 and ABCB1 

4. Analysis of tri-lineage differentiation to chondrogenic, adipogenic and osteogenic 

lineages 

5. Characterisation of immunomodulatory secretome 
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4.4 Results  

4.4.1 Characterisation of MSC phenotype 

 Morphology of MSCs Derived from Human ACL and Canine CCL Tissues  

Attachment of MSCs to tissue culture plastic, fibroblastic-like morphology and 

formation of colony forming unit fibroblasts (CFUs) and are considered relevant criteria for 

assessment of MSC phenotype (Dominici et al 2006). 

MSCs derived from clinical tissue groups (ruptured ACL, intact ACL, ruptured CCL and 

intact CCL) were cultured on tissue culture plastic (T-25 and T-75). At passage 3, all cell types 

displayed a fibroblastic-like cellular morphology with a wide cell body and spindle-like 

protrusions (white arrows; Figure 4.1). Comparison of MSCs derived from ruptured ACL and 

intact ACL, to ruptured CCL and intact CCL, determined that there were little differences in 

cellular morphology. MSCs derived from ruptured ACL and intact ACL were cultured to 

passage 10, with limited signs of senescence (blue arrows; Figure 4.1).  However,  qualitative 

microscopy analysis of MSC populations derived from ruptured CCL and intact CCL showed 

limited ability to culture post passage 7, with cells showing morphology associated with 

senescence, including a widened flattened cell body with shortened protrusions (blue 

arrows; Figure 4.1). An increased amount of cellular debris was also observed (yellow arrow; 

Figure 4.1).  

The ability of cells to form CFUs is a vital component of MSC identification. MSCs 

derived from ruptured ACL, intact ACL, ruptured CCL and intact CCL all formed heterogenous 

colonies at passage 3 (red arrows; Figure 4.1). MSCs derived from ruptured ACL formed fewer 

colonies, in comparison to MSCs derived from intact ACL (as can be visualised by the red 

arrows in Figure 4.1). This was the case at passage 3, 7 and 10. However, for MSCs derived 

from canine tissues, there was an increased density of colonies formed within ruptured CCL 

cultures in comparison to intact CCL cultures at passage 3. At passage 7, due to the senescent 

nature of the cells, no CFUs were formed (Figure 4.1). Comparison of MSCs derived from 

human ACL to canine CCL showed that MSCs isolated from human ACL tended to form less 

dense colonies, in comparison to those isolated from canine CCL (white arrows; Figure 4.1).  
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Figure 4.1 Representative images of MSCs isolated from ruptured and intact tissues. MSCs were derived from ruptured and intact human ACL and canine CCL and cultured 
to passage 3, 7 and 10 (human ACL derived cells) and 3 and 7 (canine cells). Images were taken at x10 magnification of (A) MSC derived from ruptured ACL at passage 3 (B) 
MSC derived from intact ACL at passage 3  (C) MSC derived from ruptured CCL at passage 3 (D) MSC derived from intact CCL at passage 3  (E) MSC derived from ruptured ACL 
at passage 7 (F) MSC derived from intact ACL at passage 7 (G) MSC derived from ruptured CCL at passage 7  (H) MSC derived from intact CCL at passage 7 (I) MSC derived from 
ruptured ACL at passage 10 (J) MSC derived from ruptured ACL at passage 10. Cellular morphology was identified as fibroblastic (white arrows) and senescent (light blue 
arrow). Cell debris was shown by a yellow arrow, Colony formation units (CFU) were shown by a red arrow.  Scale bar = 100µm
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 Population kinetics 

Population kinetics assays were used to calculate the population doubling times 

(PDT) of MSC populations derived from human ACL and canine CCL ligament tissues, 

identifying species-specific (human and canine) and tissue-specific (intact and ruptured) 

differences, and the effect of ageing in in vitro culture. Population kinetic assays were 

performed on MSC populations at passage 3, 7 and 10 (human ACL) and passage 3 and 7 

(canine CCL). MSCs were seeded in 6 well culture dishes at a density of 2.5 x 104 cells per well 

(2.8 x 103 cells per cm2) with total cell numbers per well counted at days 3, 6 and 9.  

Analysis of MSCs at passage 3, showed a proliferative increase in the total number of 

MSCs between days 0 and 9 for all clinical tissue groups. MSC populations derived from 

human ligament tissues (ruptured and intact) had a higher rate of proliferation compared to 

MSC populations isolated from canine ligament tissues (ruptured and intact; Figure 4.2). 

Species-specific analysis showed that MSCs derived from ruptured human ACL tissues had a 

1.3-fold higher rate of proliferation with a greater number of cells at day 9, when compared 

to those derived from intact ACL tissue. MSCs derived from ruptured CCL tissue had a 1.4-

fold higher rate of proliferation and a fewer number of cells at day 9 when compared to those 

derived from intact CCL tissue (Figure 4.2). 

Comparison of PDT between MSC populations derived from the four clinical groups 

of cruciate ligament tissue, provided evidence that MSCs derived from ruptured ACL, was 

1.3-fold increased in comparison to the MSCs derived from ruptured CCL (p=0.0323; Figure 

4.2). 

Analysis of MSCs at passage 7, showed a proliferative increase in the total number of 

MSCs between days 0 and 9 for all clinical tissue groups. MSCs derived from human ACL had 

a higher proliferation rate in comparison to canine CCL for both ruptured and intact tissues.  

Species-specific analysis showed that MSCs derived from ruptured human ACL tissues had a 

1.1-fold higher rate of proliferation, with a greater number of cells at day 9 when compared 

to those derived from intact ACL tissue (Figure 4.2).  

MSCs derived from ruptured CCL tissue had a 1.2-fold higher rate of proliferation and 

a fewer number of cells at day 9 when compared to those derived from intact CCL tissue 

(Figure 4.2). No statistically significant difference was observed between PDT at passage 7.  

Analysis of passage 10 MSC populations derived from ruptured and intact ACL tissue 

showed a proliferative increase in the total number of MSCs between days 0 and 9. The 

number of ruptured ACL-derived MSCs showed no difference in proliferation compared to 

those derived from intact ACL tissue at day 9 (Figure 4.2).  
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Calculation of the PDT at passage 10 determined that there were no tissue specific 

differences between ruptured and intact tissue for human ACL (Figure 4.2).   
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Figure 4.2: Population kinetics for MSC populations. Passage 3, passage 7 and passage 10 MSCs 
derived from intact and ruptured human ACL and passage 3 and 7 from canine CCL tissues were seeded 
in 6 well culture dishes at a density of 2.5 x 104 cells per well (2.8 x 103 cells per cm2) with technical 
replicates of n = 3. (A, C and E): The total number of MSCs in each well was counted at days 3, 6 and 
9. (B, D, and F): The population doubling time (PDT) was calculated in days. (A) Total cell count at 
passage 3 (B) PDT at passage 3 (ruptured ACL, n=11; intact ACL, n=6, ruptured CCL, n=6; intact CCL, 
n=6) (C) total cell count at passage 7 (ruptured ACL, n=7; intact ACL, n=6, ruptured CCL, n=6; intact 
CCL, n=2)  (D) PDT at passage 7 (E) total cell count at passage 10 (F) PDT at passage 10 (ruptured ACL, 
n=8; intact ACL, n=6). Statistical significance was calculated one-way ANOVA followed by post-hoc 
Tukey test (p-values; a=0.0323).  
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The PDT was calculated at passages 3, 7 and 10 (human ACL derived MSCs) and at 

passages 3 and 7 (canine CCL derived MSCs) in order to determine the effect of in vitro cell 

ageing on cellular proliferation (Figure 4.2).  

For MSC populations derived from ruptured ACL, ruptured CCL and intact CCL, the 

PDT was shown to increase during passage (although not statistically significant). The PDT for 

MSC populations derived from ruptured ACL cells was 32% increased at passage 7 than at 

passage 3 (p=0.00120; Figure 4.3). There was no change between passage 7 and passage 10 

(Figure 4.2).  

Comparable data was recorded for MSC populations derived from intact ACL tissues, 

with the PDT at passage 3 being 27% increased in comparison to passage 7, although this was 

not statistically significant (Figure 4.3). The PDT of MSC populations derived from ruptured 

CCL tissues was 24% lower at passage 7 than at passage 3, although this was not statistically 

significant (Figure 4.3). Comparable data was reported for MSC populations derived from 

intact CCL cells (62% increased at passage 7 in comparison to passage 3), however only 2 out 

of 6 MSC populations were able to be expanded to passage 7, prohibiting statistical analysis 

(Figure 4.3).  
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Figure 4.3: Combined population doubling times for MSC populations. Passage 3, passage 7 and 
passage 10 MSCs derived from intact and ruptured human ACL and passage 3 and 7 from canine CCL 
tissues were seeded in 6 well culture dishes at a density of 2.5 x 104 cells per well (2.8 x 103 cells per 
cm2) with technical replicates of n = 3. The population doubling time was calculated and compared for 
passage from MSCs  derived from all four clinical groups of ligament tissue: (A) Ruptured ACL at 
passages 3 (n=11), 7 (n=9) and 10 (n=8) (B) intact ACL at passages 3 (n=6), 7 (n=6) and 10 (n=6) (C) 
Ruptured CCL at passages 3 (n=6) and 7 (n=6) (D) intact CCL at passages 3 (n=6) and 7 (n=2). Statistical 
analysis was performed using a one-way ANOVA followed by post-hoc Tukey test (A&B) and a Mann-
Whitney test (C&D) (p values: (a=0.0120). 
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 ŀƭŀƳŀǊ.ƭǳŜϰ ŀǎǎŀȅǎ ŀǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ƳŜǘŀōƻƭƛŎ ŀŎǘƛǾƛǘȅ ŀƴŘ ŎŜƭƭ ƘŜŀƭǘƘ  

¢ƘŜ ŀƭŀƳŀǊ.ƭǳŜϰ ŀǎǎŀȅ ƳŜŀǎǳǊŜǎ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ƳƻƭŜŎǳƭŜ ǊŜǎŀȊǳǊƛƴ ǘƻ 

resorufin, allowing for indirect quantification of metabolic activity and inference of cell 

population health (Rampersad, 2012). MSC populations derived from the four clinical groups 

of ligament tissue samples were expanded in culture, and the metabolic activity measured 

by the ŀƭŀƳŀǊ.ƭǳŜϰ ŀǎǎŀȅ ŀǘ ǇŀǎǎŀƎŜ оΣ т and 10 (human ACL-derived MSCs) and at 3 and 7 

(canine CCL-derived MSCS) (to determine the effect of in vitro cell ageing on the metabolic 

activity of ACL and CCL -derived MSCs).  

Comparison of MSC populations derived from ruptured and intact human ACL tissues 

showed that at passage 3, MSCs from ruptured ACL had a 1.2-fold higher absorbance of 

ŀƭŀƳŀǊ.ƭǳŜϰ ǘƘŀƴ a{/ǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ƛƴǘŀŎǘ !/[ ǘƛǎǎǳŜ όǇҐлΦлоуоΤ Figure 4.4). Interestingly, 

MSCs isolated from ruptured ACL displayed evidence of a binomial population at passage 3 

(Figure 4.4) through evidence of a population that shows an absorbance of below A570 = 1.2 

(n=3) and a second population of above A570 = 1.4 (n=7). This was not observed in the 

population of MSCs derived from intact ACL. At passage 7 and 10, comparison of MSC 

populations derived from ruptured and intact human ACL tissues showed no statistically 

ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ŀōǎƻǊōŀƴŎŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜϰ όFigure 4.4). Analysis of data for MSC 

populations derived from ruptured ACL tissues showed no significant difference in 

absorbance between passages 3, 7 and 10. The metabolic activity of MSC populations derived 

from intact ACL tissue differed during culture expansion. At passage 7, there was a 38% 

ƛƴŎǊŜŀǎŜ ƛƴ ŀōǎƻǊōŀƴŎŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜϰ ŦǊƻƳ ǇŀǎǎŀƎŜ оΦ !ǘ ǇŀǎǎŀƎŜ млΣ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ƻŦ 

ŀƭŀƳŀǊ.ƭǳŜϰ ŘŜŎǊŜŀǎŜŘ ōȅ т҈ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǇŀǎǎŀƎŜ т όFigure 4.4).  

Comparison of MSCs derived from ruptured and intact canine CCL tissues at passage 

о ǎƘƻǿŜŘ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ŀƭŀƳŀǊ.ƭǳŜϰ ŀōǎƻǊōŀƴŎŜΣ ŘŜǎǇƛǘŜ a 1.2-fold increase in 

absorbance recorded for MSC populations derived from intact CCL tissues compared to those 

derived from ruptured CCL (Figure 4.4). Analysis of MSC populations derived from ruptured 

canine CCL tissues showed no significant difference in ŀōǎƻǊōŀƴŎŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜϰ ǿƛǘƘ 

increasing passage. However, data generated for ruptured CCL at passage 7 showed greater 

variation compared to the value measured at passage 3.  The acquisition of data reporting 

ǘƘŜ ŀōǎƻǊōŀƴŎŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜϰ ŘǳǊƛƴƎ ǇŀǎǎŀƎŜ of MSC populations derived from intact CCL 

tissue was prohibited by poor expansion of MSCs to passage 7, as only one of six cell cultures 

were able to be cultured to passage 7 (Figure 4.4).    

Species-ǎǇŜŎƛŦƛŎ ŘƛŦŦŜǊŜƴŎŜǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ƛƴ ŀƭŀƳŀǊ.ƭǳŜϰ ŀōǎƻǊōŀƴŎŜ ŀǘ ǇŀǎǎŀƎŜ о 

as MSCs derived from ruptured CCL tissues had a 1.3-ŦƻƭŘ ƘƛƎƘŜǊ ŀōǎƻǊōŀƴŎŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜϰ 

compared to MSCs from ruptured ACL tissues at passage 3 (p=0.00399; Figure 4.4). At 
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passage 7, MSCs derived from intact ACL tissues had a 1.3-fold higher absorbance of 

alamarBlueϰ ŎƻƳǇŀǊŜŘ ǘƻ a{/ǎ ŦǊƻƳ ǊǳǇǘǳǊŜŘ //[ ǘƛǎǎǳŜǎ όǇҐлΦлмолΤ Figure 4.4). 

 

 
Figure 4.4: ŀƭŀƳŀǊ.ƭǳŜϰ ŀǎǎŀȅǎ ŀǎ a measure of metabolic activity. MSCs derived from intact and 
ruptured human ACL and canine CCL tissues were seeded in 6 well culture dishes as a density of 1x104 
ŎŜƭƭǎκǿŜƭƭύ ǿƛǘƘ ǘŜŎƘƴƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎ ƻŦ ƴ ҐоΦ a{/ǎ ǿŜǊŜ ŎǳƭǘǳǊŜŘ ǿƛǘƘ ŀƭŀƳŀǊ.ƭǳŜϰ ŦƻǊ о ƘƻǳǊǎ ŀƴŘ ǘƘŜ 
absorbance read at A570 for cells isolated at passage 3, 7 and 10. Ruptured ACL at passages 3 (n=10), 7 
(n=8) and 10 (n=11); intact ACL at passages 3 (n=5), 7 (n=5)  and 10 (n=6); Ruptured CCL at passages 3 
(n=5) and 7 (n=6); intact CCL at passages 3 (n=6) and 7 (n=1). Statistical analysis was performed using 
a one-way ANOVA followed by post-hoc Tukey test (ruptured ACL and intact ACL) or students t-test 
(ruptured CCL) (p values; a=0.0383, b=0.0399, c=0.0130). 

 

4.4.2 Analysis of ligament derived MSC phenotype 

 Gene expression analysis of genes associated with stem cell phenotype within 

ligament derived MSC populations  

MSC populations derived from ruptured and intact human ACL and canine CCL were 

phenotyped for expression of genes associated with stem cell phenotype, to identify species 

and tissue-specific differences. The expression of genes was measured using quantitative PCR 

(qPCR) normalised to the house-keepiƴƎ ƎŜƴŜ ʲ-actin, selected due to the little variation 

observed within differing tissue types, and included the transcription factors OCT3/4, 
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NANOG, SOX2, the chemokine receptor, CXCR4, and the ABC transporters, ABCG2 and 

ABCB1. 

At passage 3, MSCs derived from ruptured ACL tissues showed upregulation of 

expression of ABCB1 (1.9-fold), NANOG (1.2-fold), SOX2 (2.6-fold) and OCT3/4 (16.3-fold) in 

comparison to those derived from intact ACL tissues, however the differences reported were 

not statistically significant (Figure 4.5). Comparably, no significant differences in gene 

ŜȄǇǊŜǎǎƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ʲ-actin were observed between MSCs derived from ruptured and intact 

CCL. MSCs derived from ruptured ACL had a 36-fold upregulation in OCT3/4 expression 

ǊŜƭŀǘƛǾŜ ǘƻ ʲ-actin in comparison to ruptured CCL (p=0.0482; Figure 4.5). An upregulation in 

expression of ABCB1, ABCG2, CXCR4, NANOG and SOX2 was observed in MSCs derived from 

ruptured ACL in comparison to ruptured CCL, but was not statistically significant (Figure 4.5).  

At passage 7, MSC populations derived from intact ACL tissues showed a 

downregulation of expression of ABCB1 (1.5-fold), CXCR4 (165-fold), NANOG (7.4-fold), SOX2 

(4.9-fold) and OCT3/4 (3.3-fold) in comparison to those derived from ruptured ACL tissues, 

however the differences reported were not statistically significant. Expression of ABCG2 was 

2.7-fold upregulated in ruptured CCL in comparison to intact CCL but this was not statistically 

significant. Remaining stem-cell associated genes ABCB1, CXCR4, NANOG, OCT3/4 and SOX2 

were not upregulated between ruptured and intact CCL populations. Expression of ABCB1, 

ABCG2, CXCR4, NANOG, OCT3/4 and SOX2 was upregulated in MSCs derived from ruptured 

and intact ACL in comparison to ruptured and intact CCL, but these differences were not 

statistically significant (Figure 4.5).   

At passage 10, MSC populations derived from ruptured ACL and intact ACL tissues 

expressed genes associated with the stem cell phenotype. Within the population of MSCs 

derived from intact ACL it was shown that ABCG2 expression was 2.6-fold upregulated, 

ABCB1 was 16.3-fold upregulated, CXCR4 was 14.8-fold upregulated and NANOG was 223-

fold upregulated in comparison to MSCs derived from intact ACL, but this was not significant. 

OCT3/4 expression was significantly upregulated 27.8-fold in MSCs derived from intact ACL 

to ruptured ACL (p=0.0493; Figure 4.5).  
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Figure 4.5: Analysis of stem cell-associated gene expression in MSC populations derived from human ACL and canine CCL clinical tissue samples. MSC populations derived 
from human ACL and canine CCL tissues expressed genes associated with the stem cell phenotype, ABCB1, ABCG2, CXCR4, NANOG, OCT3/4 and SOX2. Gene expression was 
ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-actin. The effect of passage on tissues was determined at passage 3, 7 and 10. Statistical analysis was performed using a one-way ANOVA followed by post-
hoc Tukey test (at passage 3 and 7), and a Kolmogorov-Smirnov test followed by Kruskal-Wallis H test followed by Mann Whitney test (at passage 10) (p values- a=0.0482, 
b=0.0493). 
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MSC populations derived from ruptured ACL tissues were passaged to passage 3, 7 

and 10. For all genes associated with the stem cell phenotype (ABCB1, ABCG2, CXCR4, 

OCT3/4, NANOG and SOX2), there was upregulation of expression at passage 3  in comparison 

to passage 7 and 10. Expression of ABCB1 was significantly upregulated in expression by 

99.9% (p=0.0432) from passage 7 to passage 3, and upregulated 66.4% from passage 7 to 

passage 10 (non-significantly; Figure 4.6). SOX2 expression was significantly upregulated by 

87.0% (p=0.0381) at passage 3 in comparison to passage 7. Between passage 7 and passage 

10, a (non-significant) 70.5% decrease was observed in SOX2 expression (Figure 4.6). In 

comparison, MSC populations derived from intact ACL did not exhibit a statistically significant 

downregulation in gene expression for ABCB1, ABCG2, CXCR4, NANOG, OCT3/4 and SOX2 

during expansion in culture and variation within data sets was also decreased (Figure 4.6).  

MSCs derived from ruptured CCL were passaged to passage 3 and 7. Gene expression 

was upregulated at passage 3 than passage 7 for ABCB1 (90.7%; p=0.0056), CXCR4 (89.3%; 

p=0.0089), NANOG (86.6%; p=0.0007), OCT3/4 (90.0%; p=0.0400) and SOX2 (88.7%; 

p=0.0231). ABCG2 expression was not significantly upregulated at passage 3 in comparison 

to passage 7 (80.7%; Figure 4.7).  

Stem-cell associated gene expression was not significantly upregulated in MSC 

populations derived from intact CCL, though there was slightly upregulated expression of 

ABCB1, ABCG2, CXCR4, NANOG, OCT-3/4, SOX2 at passage 3  (Figure 4.7). 
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Figure 4.6: Analysis of stem cell-associated gene expression in MSC populations isolated from ruptured and intact ACL. MSC populations derived from human ruptured and 
intact ACL expressed genes associated with the stem cell phenotype, ABCB1, ABCG2, CXCR4, NANOG, OCT3/4 and SOX2Φ DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-actin. The 
effect of passage on tissues was determined at passage 3, 7 and 10. Values expressed as mean ± SD.  Statistical analysis was performed using a one-way ANOVA followed by 
post-hoc Tukey test (at passage 3 and 7), and a Kolmogorov-Smirnov test followed by Kruskal-Wallis H test followed by Mann Whitney test (at passage 10). 
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Figure 4.7: Analysis of stem cell-associated gene expression in MSC populations isolated from ruptured and intact CCL. MSC populations derived from canine ruptured 

and intact CCL expressed genes associated with the stem cell phenotype, ABCB1, ABCG2, CXCR4, NANOG, OCT3/4 and SOX2. DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-actin. The 
effect of passage on tissues was determined at passage 3 and 7. Values expressed as mean ± SD.  Statistical significance was determined using a stuŘŜƴǘΩǎ ǘ-test. 
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