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Abstract 
Articular cartilage damage and degeneration is a siginficant clinical problem which 

no technique has been able to adequately and reliably repair or regenerate. Recent 

research has investigated the use of cell-based therapies to treat focal cartilage 

lesions. In clinical practice proliferated autologous chondrocytes are used and 

clinical trials are investigating the use of mesenchymal stem cells. The aim of this 

thesis was to assess aspects of current cell-based therapy and to investigate the 

potential of perivascular stem cells for articular cartilage repair. 

The phenotype of expanded matrix-applied autologous chondrocytes utilised in 

current cell therapies was confirmed using immunocytochemistry and polymerase 

chain reaction (PCR) expression of hyaluronan and proteoglycan link protein 1 

(HAPLN1), transcription factor sox-9 (SOX9) and aggrecan (ACAN). Quantitative 

real-time PCR demonstrated that they were down-regulated for expression of 

COL2A1, SOX9 and ACAN but up-regulated for COL1A1 compared to unproliferated 

chondrocytes. Confocal laser-scanning microscopy (CLSM) demonstrated a 

significant decrease in cell viability and density when the membranes were subjected 

to levels of trauma similar to those that could be experienced during surgery. 

Hyperosmolar solutions did not confer a chondroprotective effect. 

Pericytes and adventitial cells, collectively termed perivascular stem cells (PSCs), 

from the infra-patellar fat pad were identified using immunohistochemistry and 

isolated using enzymatic digestion and fluorescence-activated cell sorting (FACS). 

Cell identity was ascertained using PCR, FACS and mesenchymal differentiation 

(osteogenesis, adipogenesis and chondrogenesis). Quantitative real-time PCR 

analysis of micromass cultures indicated that PSCs displayed increased chondrogenic 

potential compared to mesenchymal stem cells.  

An ovine model of perivascular stem cells was developed and a pilot study using 

three sheep was undertaken to confirm the viability of the model. Autologous ovine 

PSCs were isolated and re-implanted into articular cartilage defects. Green 
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fluorescent protein transfected cells were identified in the cartilage defect four weeks 

following re-implantation using CLSM.  

This thesis has examined aspects of matrix-applied autologous chondrocyte 

implantation for cell based cartilage repair and has identified a new source of 

prospectively identified and purified stem cells that have demonstrated increased 

chondrogenic potential compared to mesenchymal stem cells, which are commonly 

used in clinical research. The methods to identify and purify ovine perivascular stem 

cells were developed to investigate the use of autologous PSCs and to track the cells 

following implantation. 
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Lay Summary 
The lining of joints can be damaged or degenerate and is a siginficant clinical 

problem which no technique has been able to adequately and reliably repair or 

regenerate. Recent research has investigated the use of cell-based therapies to treat 

these cartilage lesions. In clinical practice cartilage cells grown from a biopsy of the 

patients own cartilage has been used and clinical trials are investigating the use of 

stem cells. The aim of this thesis was to assess aspects of current cell-based therapy 

and to investigate the potential of perivascular stem cells for joint cartilage repair. 

The identity of the cartilage cells utilised in current cell therapies was confirmed 

using protein and genetic expression of markers associated with functioning cartilage 

cells. The cells expressed these markers but were not functioning in the same way as 

freshly harvested cells from joint cartilage. Confocal laser-scanning microscopy 

(CLSM) demonstrated a significant decrease in cell viability and density when the 

membranes were subjected to levels of trauma similar to those that could be 

experienced during surgery.  

Pericytes and adventitial cells, are found adjacent to blood vessels and are 

collectively termed perivascular stem cells (PSCs). PSCs from the infra-patellar fat 

pad in the knee were identified using immunohistochemistry and isolated using 

enzymatic digestion and fluorescence-activated cell sorting (FACS). Cell identity 

was ascertained using genetic expression, surface protein analysis and by 

differentiating the cells into bone, fat and cartilage. The PSCs from the infra-patellar 

fat pad demonstrated greater expression of genetic markers for forming cartilage than 

non-purified stem cells. 

An sheep model of perivascular stem cells was developed and a pilot study using 

three sheep was undertaken to confirm that the model could be used effectively for 

joint cartilage repair. Sheep PSCs were isolated and re-implanted into joint cartilage 

defects. Green fluorescent protein transfected cells were identified in the cartilage 

defect four weeks following re-implantation using CLSM.  
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This thesis has examined aspects of cartilage cell implantation for cell based 

cartilage repair and has identified a new source of prospectively identified and 

purified stem cells that have demonstrated increased potential for forming cartilage 

compared to non-purified stem cells, which are commonly used in clinical research. 

The methods to identify and purify sheep perivascular stem cells were developed to 

investigate the use of PSCs and to track the cells following implantation. 
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Chapter 1: General Introduction 
1.1 Articular Cartilage 
1.1.1 Composition 
Articular cartilage is derived from the mesenchyme and is the connective tissue that 

lines the ends of bones within synovial joints. It has a glassy appearance due to its 

high water content and can also be referred to as hyaline cartilage, derived from 

‘hyalos’, the Greek work for glass. Functionally it has to provide low friction to 

prevent wear whilst being able to resist shear, compressive and tensile forces. It is an 

avascular, alymphatic and aneural tissue that derives its nourishment from the 

synovial fluid once the physes close1,2. 

The limb buds are formed from cartilaginous condensations within the mesnchyme 

during the 5th week of gestation. The limb buds grow from proximal to distal from an 

ectodermal thickening termed the apical ectodermal ridge (AER)3,4. The cells are 

highly proliferative and undifferentiated until they leave the AER. Cells that leave 

earlier in the limb bud formation will form proximal joints, such as the shoulder, and 

cells leaving at a later stage will from more distal joints such as the carpus. The 

developing epiphyseal cartilage is organised into three regions: the surface or 

superficial zone, the transitional or intermediate zone and the deep zone. Below this 

are the tide-mark and the calcified cartilage5,6. 

Cartilage has both cellular and extra-cellular components. Chondrocytes form the 

only cellular component and are responsible for the production and maintenance of 

the extra-cellular matrix7,8. They have been classically described as being in pairs but 

can also be found on their own, in clusters or in strings; their shape and distribution 

vary through the different layers of the articular cartilage9,10.  

The functional unit of the chondrocyte in situ was first introduced by Benninghoff 

(1925)9,11 but was confirmed by Poole et al (1987) using a combination of scanning 

and transmission electron microscopy12,13. They confirmed that chondrocytes were 

surrounded by a pericellular matrix and encapsulated in a pericellular capsule made 
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up of fine fibrils. Chondrocytes in mature cartilage have demonstrated signs of aging 

and senescence14,15 but are active cells with glycolytic rates similar to other cells16,17. 

The extra-cellular matrix makes up 95% of the cartilage volume with water 

comprising approximately 75% of the wet weight18,19. Two thirds of the dry weight 

comprises collagen fibres. Type II collagen is the predominant collagen but types III, 

VI, IX, X and XI all contribute to the mature matrix. Collagen II, IX and XI form a 

heteropolymer that makes up the majority of the inter-cellular matrix20-22. Collagen 

IV is concentrated in the pericellular matrix and forms part of the connection 

between paired chondrocytes23,24. Type III collagen is usually found in scar tissue but 

has also been identified in both normal25,26 and osteoarthritic cartilage27,28. Collagen 

X is found around the calcified zone and is important in anchoring the cartilage to the 

subchondral bone29,30.  

 
Figure 1-1– Interaction between the chondrocyte and the extra-cellular matrix constituents. 
Reproduced from Knudson, C. B. & Knudson, W. Cartilage proteoglycans. Semin. Cell Dev. 
Biol. 12, 69–78 (2001). 

The other main constituents of the matrix are glycosaminoglycans, the most 

prominent being chondroitin sulphate. Chondroitin sulphate was identified as the 

major proteoglycan following density gradient analysis31,32. It was subsequently 

termed aggrecan following cloning and sequencing of its core protein1,33. Hyaluronan 

is another glycosaminoglycan that interacts with aggrecan3,34 via a link protein5,35. 
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The interaction between chondrocytes and the extracellular matrix is presented 

schematically in Figure 1-1 re-produced from the Knudson and Knudson review on 

cartilage proteoglycans7,36. 

1.1.2 Structure 
Human articular cartilage is described as having a zonal architecture based on the 

work of Benninghoff9,37 (1925) and Collins (1949)11,38. Benninghoff described the 

orientation of arcades of collagen fibres and Collins related the direction of the 

collagen fibres to the chondrocytes. Articular cartilage is classically split into the 

superficial, middle (or transitional) and deep zones followed by the ‘tide-mark’ and 

the calcified cartilage.  

The superficial zone can also be described as the tangential zone based on the 

direction of the long axes of the densely packed collagen fibres. The chondrocytes 

are discoidal with their long axes parallel to the articular surface. Debate about a 

more superifical layer was started by MacConaill in 1951 when he described a bright 

line at the joint surface using phased contrast microscopy as the lamina 

splendens12,39. This was taken to be an anatomical structure but this idea was 

disputed by Aspden and Hukins (1979) who atributed the signal descirbed by 

MacConaill as an optical effect of phase microscopy14,40. Dunham et al (1988) used 

polarised light and interference microscopy to remove any ‘halo-effect’ and were still 

able to visualise the lamina splendens16,41,42. Recently, Fujioka et al (2013) used 

scanning and transmission electron microscopy in combination with histochemical 

and immunohistochemical stains and conclude that there were in fact three distinct 

layers to the ‘most superficial zone’ above the tangential zone of the articular 

cartilage18,42.  

In the second zone, known as the intermediate or transitional zone, the fibres are 

arranged obliquely, as they transition from parallel to the joint surface superifcially 

to being arranged more radially further away from the articular surface. The 

chondrocytes become more spheroidal and there is a higher proteoglycan content. 

These features allow the transition between the superficial surface, which is resistant 

to shear forces, and the deep zone that is resistant to compressive forces.  
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The deep or radial layer is the largest of the zones. The collagen fibres form an 

increasingly dense network that are arranged radially from the articular surface with 

chondrocytes arranged in columns. The final area is the tidemark, which separates 

the superifical uncalcified cartilage to from the deeper, calcified cartilage. 

1.1.3 Function 
The structure of articular caritlage is directly related its function.  The cartilage needs 

to be able to resist deformation due to load whilst allowing movement. As the 

cartilage is under dynamic loading there is a need to be able to resist both 

compressive and tensile forces. The articular surface needs a smooth surface capable 

of resisting wear whilst being able to receive nutrition from the synovial fluid. The 

deeper cartilage provides an interface with the subchondral bone. 

The forces applied across the knee and hip joint are estimated to be approximately 4-

5 times the body weight during normal activity20,22,43. The collagen network is 

responsible for resisting tensile forces23,44 and maintaining the postion of the 

proteoglycans. The proteoglycans are responsible for regulating the water content, 

which is the main constituent responsible for resisting compression25,45. The water 

content is controlled by the osmotic pressure generated by proteoglycans. Using 

confined pressure testing of bovine articular cartilage Khalsa et al (1997) 

demonstrated that between 5 and 26% of the compressive strains were not explained 

by the osmotic pressure exerted by proteoglycans27,46. These data were corroborated 

by Römgens et al (2013) who demonstrated that the collagen fibres contributed to the 

compressive stiffness of cartilage29,47, although this was in intervertebral disks rather 

than articular cartilage it did confirm that collagen fibres did play a role in resisiting 

compression. Freeman et al (1979) compared the effects of loading in cadaveric 

human hips with and without articular cartilage, they found that the specimens 

denuded of cartilage were signfiicantly deformed due to fractures within the 

subchondral bone31,48. This demonstrated that the ability of articular cartilage to 

resist load protected the subchondral bone. 

Friction is defined as the resistance of one surface as it moves over another. Synovial 

joints represent an extremely efficient system with low friction coefficients despite 
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large compressive and shear forces comapred to artificial surfaces. The articular 

cartilage as well as the synovial fluid play a significant role in achieving this 

effciency. 

Katta et al (2008) reviewed the biotribology of articular cartilage and discussed the 

mechanisms of biphasic lubrication as well as boundary lubrication33,49. The idea of 

biphasic lubrication was proposed by McCutchen in 1962 when he commented that 

as cartilage was porous and deformed under compresion that the interstitial fluid 

‘weeped’ out34,50. This was expanded by Mow et al (1980) to describe a biphasic 

model to explain the deformation of articular cartilage in compression35,51. The 

surface roughness of articular cartilage is difficult to quantify as measurement in vivo 

remains elusive and ex vivo data has limitations as the results would not necessarily 

represent what occurs in motion in vivo. Chan et al (2010) used partial enzymatic 

digestion of cartilage to determine the contribution of superficial zone protein (SZP), 

hyaluronan (HA) and surface-active phospholipids to the boundary-lubrication in 

articular cartilage and concluded that SZP was the main contributor to the 

biotribology of articular cartilage36,52. 

Synovial fluid has three main functions: lubrication, shock absorption and provision 

of nutrition to articular cartilage. Synovial fluid works as a boundary lubricant37,53 

and is a plasma dialysate that contains hyaluronic acid and lubricin.  Hyaluronic acid 

is one of the main constituents of the synovial fluid and its concentration has a direct 

effect on the viscosity of the synovial fluid38,54. Lubricin is a secondary lubricant that 

is thought to be more involved in boundary-lubrication between the opposing 

articular cartilage surfaces39,55,56.  

Articular cartilage is permeable allowing the diffusion of nutrients from the synovial 

fluid40,57 although there is also evidence that nutrition is derived from the 

subchondral bone through the calcificed tide-mark41,42,58. Ekhom (1955) was able to 

show that radio active dyes injected into tibial and femoral epiphyses were later 

found within the articular cartilages. Malinin et al (2000) looked at autologous 

osteochondral transfer in baboons and found that a layer of methylmethacrylate, to 

isolate the graft from the subchondral bone, lead to avascular degeneration compared 
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to grafts in contact with the subchondral bone42,59. The limitation with the Malinin 

data was that it was not just the cartilage that was isolated, the degenerative change 

may have occurred due to subchondral bone collapse secondary to avascularity. 

1.2 Articular cartilage pathology 
Focal articular cartilage pathology can occur due to acute trauma43,60 or secondary to 

avascular necrosis of the subchondral bone leading to osteochondritis dissecans44,61. 

More generalised pathology can be caused by early post traumatic degeneration 

secondary to one of the previously mentioned problems or as a consequence of 

infection, inflammation or development of established osteoarthritis.  

Guettler et al (2004) determined that osteochondral defects in fresh-frozen human 

cadaveric knees with a diameter of 10mm or more were subjected to increased rim 

stress concentrations under concentric loading45,62. They concluded that due to 

increased rim stresses defects of this size will deteriorate. This study was a relatively 

simple biomechanical model that was extrapolated to represent what may happen in 

vivo. The authors themselves acknowledged that their model did not take into 

account the complex loading with shear and rotational forces that would actually 

occur to a defect within the human knee. Despite being an ex vivo cadaveric model 

using a relatively simplistic model of knee function the authors concluded that their 

data could be used as a reference to guide whether or not lesions would require 

surgical treatment. There are no other published data from human cartilage with 

which to compare these data. 

1.2.1 Response to injury 
Whilst chondrocytes in healthy mature cartilage show the ability to replicate in 

repsonse to injury46,63 they display little if any ability to repair cartilage damage after 

injury. The cell-based repair to injury seen in most tissues is mediated by the 

vascular supply47,64, which does not occur in cartilage as it is avascular. 

Articular cartilage damage can be classified as either superficial or deep depending 

upon whether or not the subchondral bone is breached. In superficial lesions there is 

no ability for inflammatory cells to migrate nor a blood supply to create a fibrin clot 
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to act as a scaffold to bridge the injury48,65. As deep injuries penetrate the 

subchondral bone the repair response is much more in keeping with other tissue 

injuries such as bone healing after fracture. The rich vascularity of the underlying 

bone fills the defect with blood, which becomes an organised fibrin clot. The clot 

becomes vascularised and progressively fills with a fibrous tissue. The tissue remains 

fibrous and does not remodel to resemble hyaline cartilage.  

1.2.2 Natural history 
The main issue when attempting to describe the natural history of chondral lesions is 

differentiating between symptomatic and asymptomatic lesions as this has a direct 

bearing on what does or does not require treatment. As articular cartilage is aneural 

the precise reason why chondral lesions are painful remains uncertain but may be 

related to an inflammatory repsonse within the knee joint. Another factor to be 

considered is the realtionship between the  cartilage and the sub-chondral bone. 

Gomoll et al (2010) reviewed the necessity to consider the sub-chondral bone in 

cartilage repair49,66. It is also unclear why macroscopically similar lesions may or 

may not be symptomatic. 

Whilst a proportion of cartilage lesions may remain asymptomatic, Heir et al (2010) 

demonstrated using a retrospective case control study, that patients undergoing 

cartilage repair surgery had similar levels of pain and functional impairment to 

patients awaiting knee arthroplasty. Their symptoms were significantly worse than a 

control group of patients awaiting anterior cruciate ligament reconstruction 

(ACL)50,67. 

Despite the quantity of research into articular cartilage, the natural history of focal 

cartilage defects in younger patients has not been well described. Shelbourne et al 

(2003) compared functional outcome scores of patients undergoing ACL 

reconstruction, with and without chondral lesions (Outerbridge grade 3 or 4). At a 

mean follow up of 8.7±4.1 years they found that the defect group had a significantly 

lower Modified Cincinnati knee score but noted that even the group with chondral 

lesions had a mean score of 92.8±8.4 (0-100, 100 being optimal function)51,68. Whilst 
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these data demonstrated that patients with chondral lesions may have a good level of 

function it did not address the natural history of the symptomatic chondral lesion.  

Widuchowski et al (2011) followed up thirty-seven patients with Grade 4 

Outerbridge lesions found at arthroscopy at a mean of 15 years and concluded that 

“Severe isolated single chondral damage left with no treatment has a limited 

influence on clinical outcomes and the development of osteoarthritis”52,69. The 

limitation with this conclusion was the selection bias of the untreated group because 

they had, by definition, unsymptomatic lesions. 

MRI follow up studies have varied on the reported change in chondral lesions. 

Davies-Tuck et al (2008) found that the mean cartilage defects scores deteriorated in 

66-68%, improved in 13-18% and were unchanged in 16-19%53,70. Ding et al (2006) 

also assessed knee cartilage defects scores and reported that 33% deteriorated, 37% 

improved and 30% remain unchanged54,71. Ding et al (2006) had a younger cohort 

with a mean age of 45 years compared to 63 years old in the Davies-Tuck series. 

These data suggested that chondral lesions were more likely to deteriorate in older 

patients but that some patients can improve. The MRI scores were not correlated 

with functional scores. 

1.2.3 Consequences 
Currently the treatment of end-stage cartilage damage remains arthroplasty, most 

commonly for the hip and knee joints although replacement of ankle, shoulder, 

elbow and the carpus are increasingly common. The 2013 National Joint Registry 

reported that 76,448 primary total hip replacements (THR) and 10,040 revision THR 

with an increased ‘revision burden’ of 11%. There were also 84,833 primary knee 

replacements and 6,009 revision knee replacements with a ‘revision burden’ of 6.5%. 

Whilst the majority of hip and knee arthroplasties were associated with good 

outcomes, arthroplasty remains a significant procedure with risks of incomplete 

resolution of symptoms, infection, aseptic loosening and thrombo-embolic 

events55,56,72. An increasingly older population and increased rates of arthroplasty 

lead to an increased economic burden on society, particularly with increasing 

revision rates57,73.  
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Whilst the primary aim of cartilage surgery is to provide symptom relief and return 

to activities in patients with focal pathology, the ability to effectively repair or 

prevent degeneration of more generalised disease would likely lead to a decrease in 

the amount of arthroplasty required. Even if cartilage repair surgery were able to 

delay the need for arthroplasty sufficiently to avoid revision secondary to aseptic 

loosening this could have significant benefits to patients and society. 

1.3 Treatment of articular cartilage pathology 
This review of current treatments for cartilage pathology has been restricted to focal 

cartilage lesions rather than generalised joint pathology as this was the focus of the 

current research. The least invasive treatment is arthroscopic debridement to remove 

loose cartilage. The remaining defects can be treated with marrow stimulation, which 

can be augmented with patches, scaffolds or growth factors. Osteochondral grafting 

can either use autograft from the minimally weight-bearing areas of the same joint or 

autograft when larger grafts are required. Cell therapies using autologous 

chondrocytes expanded ex vivo can either be injected under a patch (ACI) or can be 

applied using a collagen membrane. Stem cells have generated great interest and 

have been used in human clinical trials. Other proposed methods include the use of 

particulated articular cartilage58,64 and blood products such as autologous conditioned 

serum59,74 and platelet-rich plasma60,75. 

1.3.1 Chondral resection / shaving  
Chondral shaving is minimally invasive as it can be performed arthroscopically. The 

rationale behind its use is to remove any unstable, loose articular cartilage that might 

have been causing mechanical symptoms due to displacement within the joint cavity. 

The intervention does not alter the natural history of the defect and cannot truly be 

considered a cartilage repair technique.  

1.3.2 Marrow stimulating techniques 
The basis of marrow stimulation is to create channels between the subchondral bone 

and the cartilage defect. Originally this was done with Pridie drilling61,76 or with 

abrasion chondroplasty62,75 but microfracture was popularised in the 1980s because 
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of the potential problems associated with drilling, such as destabilisation of the 

subchondral plate and heat necrosis.  

Microfracture is an inexpensive technique that can be performed as a single stage 

procedure. Microfracture was popularised by Steadman et al (2003) who 

subsequently reported follow up for treatment of full-thickness articular cartilage 

defects at a mean of 11.3 years (range 7-17)63,77. Patients reported improved 

outcomes with a satisfaction rate of 80%. This series only reported on relatively 

small defects (mean 0.3cm2; range 0.2-1.0cm2). A systematic review by Mithoefer et 

al (2009) included 28 studies covering 3,122 patients with a mean defect of 

3.0±0.8cm2 (range 0.1-20cm2)64,78. Five studies included follow up greater than 5 

years, the failure / revision rate at less than 24 months was 2.5% and after 24 months 

ranged from 2-31%.  

One microfracture augmentation uses the ChondroGide membrane made by Geislich, 

which is made from porcine collagens I and III. Termed Autologous Matrix Induced 

Chondrogenesis (AMIC). A randomised control trial showed no difference between 

microfracture and AMIC based on Cincinnati and ICRS knee scores, either sutured 

or glued65,79. 

1.3.3 Chondrocyte therapy 
The first human clinical trial using autologous chondrocyte implantation (ACI) was 

reported by Brittberg et al (1994)59,66. The original technique used a periosteal cover 

(ACI-P), a second generation version used a collagen cover (ACI-C) to reduce re-

operation rates secondary to graft hypertrophy67,80-82. The third generation technique 

currently used by Genzyme Biosurgery is matrix-applied autologous chondrocyte 

implantation (MACI) where the cells are seeded onto the membrane in the laboratory 

prior to insertion68,83. Another commercial technique is called ChondroCelect 

(TiGenix), which differs in that the membrane is provided with a cell suspension. 

The membrane is cut to shape and then the cells are applied just prior to 

insertion69,84. A systematic review of second and third generation techniques found 

weak evidence of improved outcomes in favour of ACI-C and MACI against ACI-P, 

due to the selection criteria only seven studies were included47,70. Due to the nature 
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of the repair with ACI-P and the relatively slow rehabilitation there were concerns 

about return to activity, the use of MACI allowed accelerated weight-bearing with no 

differnece in outcome measures at two years compared to a more conservative 

rehabilitation regime. 

A Cochrane review performed in 2011 found conflicting evidence comparing ACI to 

microfracture and mosaicplasty and concluded that there was insufficient evidence to 

draw conclusions on the use of ACI. Since then Bentley et al (2012) have published 

their 10-year data comparing ACI to mosaicplasty and found that the ACI patients 

had significantly better function and lower revision rates (17% vs. 55%)71,85. The 

results of the SUMMIT trial (to demonstrate the Superiority of MACI implant to 

Microfracture Treatment) published in 2014 demonstrated significantly better 

clinical outcomes at two years with MACI compared to microfracture72,86-89. The 

five-year follow up of ChondroCelect suggested that there was no difference 

compared to microfracture despite earlier functional gains. There was also no 

difference in the overall failure rate but they noted that microfracture failures 

occurred earlier73,90. As previous studies have demonstrated an increased failure rate 

after two years with microfracture64,91 it will be interesting to see if the difference 

between microfracture and MACI becomes larger or narrower with longer-term 

follow up of the SUMMIT trial patients as a tertiary outcome was to assess the 

patients at 48 months. 

1.3.4 Mesenchymal stem cell therapy 
Filardo et al (2013) recently reviewed pre-clinical and clinical studies into the use of 

stem cells for articular cartilage repair74,92. They included 72 pre-clinical studies and 

18 clinical trials. The 18 clinical trials were a heterogeneous mixture utilising 

different study protocols, cell sources, delivery methods, cartilage pathologies and 

outcome measures. None of the trials were randomised; there were five comparative 

studies, six case series and seven case reports. The most common cells were bone 

marrow-derived MSCs (n=11), bone marrow aspirate concentrate (n=5) and adipose-

derived MSCs (n=2), one from the infra-patellar fat pad and the other from lipo-

aspirate of subcutaneous abdominal fat. Twelve used surgical implantation, using a 

variety of techniques (scaffolds, glues, patches), and six used intra-articular injection. 
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A search on the U.S National Institute of Health clinical trials register using the 

search terms ‘cartilage’ and ‘stem cells’ in Novmeber 2014 returned 41 registered 

trials. Thirty of these involved the treatment of intra-articular lesions of the hip, knee 

or ankle. Seventeen of these used bone marrow; the other sources included adipose 

tissue (n=4), umbilical cord blood (n=4) and peripheral blood stem cells (n=1). Four 

did not specify the source. Twenty of the trials used injections, nine used surgical 

implantation and one was not specified. There were eighteen case series, one cohort 

and eleven randomised controlled trials; the controls for the randomised control trials 

(RCTs) included hyaluronic acid injection (n=4), chondrocytes (n=3), microfracture 

(n=3), platelet rich plasma (n=1) and saline (n=1). 

Despite the promise of pre-clinical data the number of different strategies being 

employed in under-powered studies using different controls and different outcome 

measures makes comparison to current clinical techniques problematic. 

1.3.5 Miscellaneous treatments 
Techniques that have been described that do not fall into the categories above include 

particulated articular cartilage and blood derived products such as platelet-rich 

plasma and autologous conditioned serum.  

Two methods of particulated articular cartilage have been reported; Cartilage 

Autograft Implantation System (CAIS)75,93 and DeNovo NT76,94. CAIS utilises 

autologous cartilage and DeNovo NT uses allogeneic juvenile cartilage. Cole et al 

(2011) reported two-year outcome of an RCT comparing CAIS to microfracture75,95. 

Whilst they demonstrated safety and superior outcomes of CAIS compared to 

microfracture the true significance remains uncertain due to a lack of a pre study 

power calculation and the repeated use of Students t-test that increased the risk of 

type I errors. A case series with allogeneic juvenile cartilage has been presented by 

DeNovo NT but there were no comparative data77,96. 

Platelet rich plasma (PRP) has been used for numerous applications in 

orthopaedics78,97. More recently PRP has been used to treat articular cartilage 

damage although there is currently limited evidence for its use79,98. There are 
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minimal data on Autologous Conditioned Serum although one RCT found that it 

improved symptoms at two years compared to hyaluronic acid or saline59,84,99. 

1.4 Stem cell research and articular cartilage repair 
Stem cells are defined as cells capable of self-renewal whilst retaining the ability to 

differentiate into multiple cell types. Whilst Friedenstein et al (1968) are credited as 

being the first to describe the in vitro use of culture derived stromal cells80-82,100 the 

term mesenchymal stem cell (MSC) was first used by Caplan in 199183,84,99,101. He 

described the potential of embryonic and adult cells to differentiate down multiple 

lineages but most specifically their ability to form cartilage and bone. 

Despite being researched for many decades the in vivo origin remained unclear as the 

cells were derived in culture and were selected on their ability to adhere to tissue 

culture plastic. Crisan et al (2008) demonstrated that MSCs could be derived from 

perivascular stem cells (PSCs)84,101. Their work had theorised that the common 

element to all sources of adult stem cells were blood vessels. They isolated PSCs 

based upon specific surface antigens. These PSCs did not initially express MSC 

markers but did so after a period in culture. Their work has since been confirmed 

separately by Zhao et al (2014) who used a rat incisor model to demonstrate that the 

MSCs found in the repair of the rat incisor were derived from pericytes within the 

neurovascular bundle47,102. 

Following the description and action of the PSCs being ancestors of MSCs and that 

they played a part in repair rather than homeostasis, Caplan et al (2011) described the 

potential action of MSCs as ‘An Injury Drugstore’84,85. The theory being that during 

times of injury and regeneration, MSCs are released from their perivascular location 

and migrate to the site of injury where they release trophic mediators and effectively 

work as an in vivo ‘drugstore’. This idea is important for stem cell treatments in 

clinical practice as the precise nature of their mechanism remains unclear and 

whether or not they work by engraftment and differentiation or by facilitating local 

repair and regeneration using trophic mediators is unknown. 
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1.4.1 Current use in clinical practice 
The use of MSCs was reviewed in 1.3.4. The review highlighted significant issues 

with the current state of evidence into the use of MSCs in clinical practice. There is 

no agreement on many of the aspects of treatment in the pre-clinical literature and 

therefore no consensus about the appropriate strategy for clinical trials. Another 

confounder is whether microfracture, MACI or sham surgery is the most appropriate 

control to compare their efficacy against.  

Numerous cell sources have been described including embryonic tissue, umbilical 

cord blood, adult tissue and induced pluripotent stem cells (iPS). The different 

tissues used include bone marrow, adipose tissue, synovium, periosteum, placenta 

and peripheral blood. The most commonly used is bone marrow but adipose tissue 

has been suggested as a source due to its rich vascularity and the number of cells that 

can be obtained. The literature is conflicted as to which is a better source of cells86-

89,103. Differences have also been found dependent upon the location of the adipose 

tissue (subcutaneous and infra-patellar90,98) or bone marrow (femoral and 

pelvic91,104). 

There is also no agreement in the literature about the number of procedures that 

should be used. Single stage procedures are available but have to either rely upon 

allogeneic cells or methods that can process autologous tissue quickly within the 

operating theatre. Allogeneic cells will commonly be commercial and derived from 

foetal / placental or umbilical cord. These sources can raise ethical issues and the 

problems associated with allogeneic material. Bone Marrow Aspirate Concentration 

(BMAC) does not isolate stem cells but as the name suggests concentrates the bone 

marrow, including committed cells such as endothelial cells and haematopoietic stem 

cells. 

Two stage procedures allow the harvest of autologous cells but require two separate 

operations. This leads to an increased time to the definitive operation and increased 

costs. The advantages are that the patient's own cells are used, if there are low 

numbers they can be proliferated in culture prior to re-insertion.  
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Another issue of inserting multi-potent cells is that they are multi-potent. Injection 

into a synovial joint or implantation into a full or partial articular cartilage defect 

does not necessarily mean the cells will differentiate into chondrocytes, particularly 

if they are inserted as a cell concentrate including endothelial and haematopoietic 

cells. Marquass et al (2011) demonstrated that surgical implantation of cultured 

MSCs that had not undergone pre-differentiation in chondrogenic media did worse 

than those that had been pre-differentiated and that they did no better than untreated 

controls47,92. This suggested that the insertion of undifferentiated MSCs during a 

single stage procedure does not lead to optimal results. A period in culture may be 

required for expansion and differentiation. Cell culture has its own disadvantages 

related to dependence on animal produced serum and growth factors. The optimal 

media to promote chondrogenesis has not been defined and the extent of problems 

related to the use of xenogeneic compounds is unclear93,103. Cell culture does carry a 

risk of infection of cultures in the laboratory and requires increased scrutiny from 

regulatory bodies such as the European Medicines Agency (EMA) and the Food and 

Drug Administration (FDA).  

There are also numerous methods used to insert stem cells for treatment, broadly 

they can be split into intra-articular injection and surgical insertion. Localisation of 

injected stem cells has been demonstrated in animal models of meniscal 

injury94,105,106 and articular cartilage damage95,107,108. Hung et al determined that 

MSCs did attach to cartilage discs in vitro within thirty hours96,109. Despite a cell 

concentration of 1x106 cells/ml only an average of 11.5±5.6 cells/mm2 attached. The 

mean volume of the knee was estimated to be approximately 100ml15,97 meaning a 

total of 100x106 cells would need to be injected to reach a concentration of 1x106 to 

achieve this low attachment rate. The fate of the unattached cells is also uncertain. 

Surgical implantation has the advantage of local delivery but requires an operation, 

often via an arthrotomy. Various implantation methods have been suggested 

including insertion of cells under a patch (periosteum or collagen), pre-applied to a 

matrix or scaffold, cells encapsulated within a gel or insertion of ex vivo tissue 

engineered cartilage. 
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1.4.2 Prospective isolation of stem cells 
Mesenchymal stem cells derived from culture consist of a heterogeneous cell 

population98,110. Culturing MSCs is relatively easy and cheap but recently efforts 

have been made to identify and isolate stem cells prospectively84,99,111,112. Whilst the 

primary reason for this study was to investigate stem cell properties and behaviour it 

may also have applications in regenerative medicine. 

Stem cells can either be derived in culture or selected from the stromal vascular 

fraction using either fluorescence- or magnetic- activated cell sorting (FACS and 

MACS). The advantage of using FACS compared to MACS is the ability to isolate 

cells based upon more than one surface marker100,113. FACS can therefore be used to 

choose cells based upon dual expression (e.g. CD146 and CD105) or to exclude cells 

based upon expression of undesired markers (e.g. the differentiation between 

endothelial and adventitial cells; CD31+CD34+ and CD31-CD34+ respectively). 

1.4.3 Perivascular stem cells 
Perivascular stem cells, consisting of pericytes and adventitial cells, have been 

identified as natural ancestors of MSCs66,84,99,101. Pericytes are located around smaller 

vessels such as capillaries and adventitial cells are located adjacent to the smooth . 

 
Figure 1-2 – Relationship of pericytes and adventitial progenitors to blood vessels. Re-produced 
from Corselli M, Chen C-W, Crisan M, Lazzari L, Péault, B. Perivascular ancestors of adult 
multi-potent stem cells. Arterioscler. Thromb Vasc Biol. 30, 1104–1109 (2010). 
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muscle of larger vessels. Their relationship to endothelial cells is shown in Figure 

1-2 reproduced from Corselli et al (2010)71,101 

Pericytes and adventitial cells have been isolated as pure populations using FACS. 

Endothelial, myoendothlial and haematopoietic cells are excluded based on 

expression of CD31 (or CD144), CD56 and CD45 respectively. Pericytes and 

adventitial cells are then distinguished by their expression of CD34 and CD146, 

pericytes being CD146+CD34- and adventitial cells being CD146-CD34+. 

The chondrogenic potential of bovine retinal pericytes was described by Farrington-

Rock et al (2004)67,102 and was confirmed with human cells by Crisan et al 

(2008)68,84. Pericytes have demonstrated greater immaturity (higher expression of 

markers including NANOG, OCT4 and SOX2) and engraftment potential compared to 

MSCs72,103 and due to being FACS sorted will be a more homogeneous 

population69,73,98.  

Perivascular stem cells (PSCs) have been shown to be natural ancestors of 

mesenchymal stem cells104,114 and have been shown the to be the cells involved in in 

vivo homeostasis and repair47,115. Bouacida et al demonstrated that pericyte 

progenitors had greater stemness based on increased expression of OCT4 and SOX2 

compared to culture-derived103,116. When the pericyte progenitors were implanted in 

a nude mouse model they demonstrated an increased number of cell lining trabecules 

and integration with the extracellular compared to the MSCs indicationg greater 

engraftment potential. The potential of prospectively isolated PSCs in regenerative 

medicine has started to be investigated for osteogenesis105,106,117 as well as 

cardiovascular and skeletal muscle regeneration107,108,118. James et al (2012) 

demonstrated that the use of fluorescence-activated cell sorting to purify PSCs led to 

increased osteogenic potential compared to using patient matched stromal vascular 

fraction109,119. 
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1.5 Rationale for the current research and 
hypotheses 

1.5.1 Unmet research need 
Despite having obtained approval from the EMA and demonstrating good two-year 

results, there is currently a paucity of independent data on the identity and fate of the 

cells used for MACI. Longer-term follow up data is still awaited. 

Adipose tissue has been proposed as a source of stem cells, commonly this is 

subcutaneous abdominal fat harvested using liposuction. Some investigators have 

used the infra-patellar fat pad using an arthrotomy. It would be useful for orthopaedic 

surgeons to have the ability to harvest tissue using minimally invasive techniques. 

Despite numerous studies showing that PSCs have chondrogenic potential there are 

currently no data quantifying this. There are also no data comparing PSCs to culture-

derived MSCs. 

The International Cartilage Repair Society (ICRS) recommends the use of large 

animal models for pivotal cartilage repair studies; the canine is currently the only 

large animal model available for PSCs. This is considered an unacceptable model in 

the United Kingdom due to their status as companion animals. An alternative needed 

to be developed if an autologous model of PSCs is to be used in the future. 

1.5.2 Hypotheses 
This thesis aimed to assess aspects of the current method of MACI as well as to 

investigate the potential of perivascular stem cells for articular cartilage repair. 

The following hypotheses were tested: 

1, That “the cells inserted commercially onto MACI membranes are viable 

chondrocytes”. 

2, That “the infra-patellar fat pad can be harvested using a minimally invasive 

technique to provide a clinically relevant source of stem cells and that perivascular 

stem cells in particular could be prospectively identified and isolated”. 
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3, That “prospectively isolated perivascular stem cells will demonstrate increased 

chondrogenic potential compared to culture-derived MSCs” 

4, That “repair of articular cartilage defects in a large animal using autologous PSCs 

is feasible.” 
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Chapter 2: Assessment of matrix-applied 
autologous chondrocyte implantation 
2.1 Introduction 
The clinical use of autologous chondrocytes for articular cartilage repair was 

introduced in Section 1.3.3. The cells used for ACI and MACI are autologous 

harvested chondrocytes that are proliferated ex vivo prior to re-implantation. Ex vivo 

expansion is necessary due to the disparity between the low-density of chondrocytes 

in articular cartilage and the number that are used for re-implantation.  

Chondrocytes from mature articular cartilage have demonstrated telomere erosion 

and senescence15,120, the telomere shortening has been increased further with culture 

proliferation110,121. Telomere shortening is thought to represent part to the 

pathogenesis of osteoarthritis111,112,122. Benya et al (1978) demonstrated that rabbit 

articular chondrocytes de-differentiated in culture and by passage five did not 

express collagen II but that they were capable of re-differentiation113,123. These 

factors mean that the cells used for re-implantation may be prone to age related 

changes and therefore may form articular cartilage more susceptible to degenerate 

change. 

The first patient series of autologous chondrocyte implantation reported by Brittberg 

et al (1994) used autologous chondrocytes inserted under a periosteal flap (ACI-

P)66,124. Bentley et al (2012) demonstrated improved results for ACI-P compared to 

mosaicplasty71,125. To reduce the incidence of hypertrophy, thought to be secondary 

to the periosteal flap, the periosteum was substituted with a collagen membrane 

(ACI-C)67,126 and was termed second generation ACI. This reduced symptomatic 

hypertrophy requiring surgery from 25.7% to 5%. To allow arthroscopic insertion, 

reduce surgical times and to treat uncontained defects a third generation technique of 

seeding the cells onto collagen membranes was developed (MACI, 

Genzyme)68,127,128. Whilst this has recently demonstrated good results at two years 

compared to microfracture72,127,129 long term data are still awaited. Another third 

generation technique is ChondroCelect which has also demonstrated good results 

compared to microfracture at two years but no difference at five years69,73,127,129. It 



Chondrogenic potential of perivascular stem cells  

Assessment of matrix-applied autologous chondrocyte implantation   21 

was decided to investigate MACI as this was being used by one of the candidate’s 

superviors and so material could be obtained. 

Genzyme use a porcine collagen I/III, a similar membrane is available without cells 

as ChondroGide® (Geilstlich Pharma AG, Wolhusen, Switzerland)114,130,131. The 

membrane has a bilayer structure with a compact smooth surface that is impermeable 

to cells to prevent cells diffusing into the synovial fluid. The other layer has a loose 

porous nature that favours cell invasion and attachment. Fuss et al (2000) reviewed 

the appearance of human articular chondrocytes on ChondroGide membranes using 

light and transmission electron microscopy and noted that the chondrocytes appeared 

more rounded than when grown on tissue plastic115,132. Despite no functional 

outcome measures they concluded that this represented re-differentiation of the 

chondrocytes.  

Considering the above, a concern with the use of cultured chondrocytes is the 

identity of the cells that are implanted. Albrecht et al (2011) specifically compared a 

variety of autologous matrix-asssociated implantation techniques and found that the 

genetic expression of the cells varied widely and that all of them showed down-

regulation compared to chondrocytes from fresh articular cartilage116,133. Genzyme 

use low passage cells but Ma et al (2013) demonstrated down-regulation of col2a1 

and sox-9 in human articular chondrocytes by passage 2117,132.  

Chondrocytes in native cartilage are prone to the effects of surgery; Hunziker et al 

(2003) demonstrated a decrease in cell density on the cartilage edge following 

excision of articular cartilage68,118. These data suggested that there may be an area of 

decreased cellularity at the defect edge following surgical excision of pathological 

cartilage. Huntley et al (2005) described a similar zone of cell death after harvest of 

osteochondral plugs for mosaicplasty119,126,128. Chondrocytes are prone to the effects 

of trauma but the only data on the viability cell on MACI membranes was presented 

by Gigante et al (2007)72,120. Gigante et al (2007) used a colorimetric assay of MTT 

(dimethylthiazol-diphenyltetrazol bromide) and estimated the density of live cells 

seeded onto a collagen membrane to be 5-110x103 cells/cm2 despite an initial seeding 

density of 1x106cells/cm2. There was considerable variability in the number of cells 
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on the membrane, the live cells were not individually identified and the proportion of 

dead cells could not be evaluated. 

Confocal laser scanning microscopy (CLSM) has been used for a wide variety of 

purposes in vitro, ex vivo and in vivo. It has been used extensively in orthopaedic 

research to image articular cartilage, bone, muscle, tendon, ligament and menisci due 

to its ability to create high-resolution 3D images of the microstructure without 

having to section the tissue121,134.  

Jones et al (2008) used a laser scanning confocal arthroscope (LSCA) at 8, 10 and 12 

weeks following MACI implantation in sheep to assess the quality of the repair122,135. 

Increased cellularity was seen in the area where the MACI had been performed 

compared to the adjacent native cartilage, higher magnification imaging of the cells 

was not presented nor any comment made on the morphology of the cells. This 

suggested that viable cells were successfully implanted and retained in the defect. 

LSCA has also been used for the assessment of osteoarthritis in arthritic knees120,123 

but the technique and equipment remain unlicensed for use in clinical practice. 

Confocal microscopy was invented by Marvin Minsky and patented in 1957124,127. It 

eliminated out of focus light by using pinholes. A single point of illumination was 

created by use of an aperture in contrast to wide-field microscopy where the entire 

specimen is exposed to light at the same time. To ensure that only in-focus light is 

collected another aperture is used prior to the light detector. These principles are 

demonstrated in Figure 2-1. The blue line demonstrates the light path from the focal 

plane, which is collected at the detector and the dotted line the light path from 

outside the focal plane, which is blocked by the aperture and therefore not recorded 

at the light detector. 
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Figure 2-1 – Principle of using pinholes during confocal microscopy to only allow the detection 
of in focus light. The positions of the pinholes are indicated by lines and labelled as apertures. 

Cremer and Cremer proposed a laser-scanning microscope to allow the acquisition of 

high-resolution images over a depth of focus125,126. Combining these two principles 

created confocal laser-scanning microscopy (CLSM). The images created were 

termed ‘optical sections’ as the tissue was not physically sectioned. Three-

dimensional images can then be created using imaging software.  

Amin et al (2009) used CLSM to image live and dead chondrocytes within articular 

cartilage126,136. Voxel intensity thresh-holding was used to identify and count live and 

dead cells using automated computer software. This allowed the density and viability 

of the chondrocytes to be investigated within the cartilage. These methods were also 

used to quantify the reduction in chondrocyte death subject to mechanical trauma 

using hyperosmolar solutions and calcium free media in vitro127,128,137. The 

hyperosmolar solutions caused a decrease in cell volume, reducing the risk of 

mechanical damage, and the depletion of extra-cellular calcium was thought to act by 

preventing the increase of intracellular calcium which can lead to the release of 

caspases and chondrocyte death. 

The principle behind MACI is the insertion of viable autologous chondrocytes into 

the defect to produce matrix and repair the defect. The cells are delivered on a 

membrane, which then has to be handled, cut to shape and fixed into the defect. Once 

secured in situ, the membrane is secured in place with firm digital pressure and the 

security checked by cycling the knee through flexion and extension. Despite the basis 

of MACI being the insertion of viable cells to repair the defect there are minimal data 

on identity and viability of the implanted cells.  
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2.2 Hypotheses 
The primary hypothesis was that the cells surgically implanted on commercially 

prepared MACI membranes were viable chondrocytes. 

In testing the primary hypothesis it was discovered that a significant proportion of 

the chondrocytes on the MACI membranes were not viable by the time of insertion. 

A secondary hypothesis was then formed that hyperosmolar solutions would confer a 

chondroprotective effect against trauma as they do in articular cartilage127,138,139. 

2.3 Materials and Methods 
The primary hypothesis of whether chondrocytes are inserted on MACI membranes 

was tested by ascertaining their identity using immunocytochemistry, genotyping and 

visualisation of the in situ morphology of cells on the membranes. To determine if 

live cells were likely to be implanted, the membranes were subjected to trauma 

similar to that of surgical implantation. The cells were then fluorescently labelled and 

imaged to quantify the number of live and dead cells. 

Cells were detached from unused MACI membranes using TriZol and then cultured 

in growth media (8.1.2.1). The localisation of proteins related to cartilage matrix 

production was determined using immunocytochemistry. The cells were 

permeabilsed and incubated with primary unconjugated antibodies raised against 

COL2A1, ACAN, keratan sulphate (KS) and SOX9. These were subsequently 

stained using species specific secondary antibodies conjugated with a fluorophore so 

that they could be visualised using an Olympus BX61 fluorescence microscope. 

Controls were incubated with antibody diluent with no primary antibodies (8.4.5 and 

8.6.5). 

RNA was extracted from the cultured cells (8.5.1) and the genetic expression of 

markers commonly used to assess chondrogenesis was assessed using reverse-

transcription PCR (8.5.2 and 8.5.3). The genetic expression was compared to that 

from RNA extracted from freshly harvested chondrocytes from human articular 

cartilage (8.1.3.3). The markers of a chondrocytic genotype were collagen II alpha 1 

(COL2A1), aggrecan (ACAN), transcription factor sox-9 (SOX9), hyaluronan and 
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proteoglycan link protein 1 (HAPLN1) and superficial zone protein (SZP); beta actin 

(ACTB) was used as the reference gene. 

Cell morphology was visualised by staining the cytoplasm of the cells on the MACI 

membranes wth CMFDA (8.4.1) and then imaging them using confocal laser 

scanning microscopy (8.6.1.1).  

To determine whether viable cells were likely to be implanted live and dead cells 

were fluorescently labelled with CMFDA and propidium iodide to identify the 

cytoplasm of live cells and the nuclei of dead cells resepctively (8.4.1). These 

structures were then imaged and recorded using a confocal laser scanning 

microscope(8.6.1.1). The images were then assessed using an automated protocol 

based on voxel intensity threshholding (8.6.6.1). Cell densities and viabilities were 

then be calculated. 

The secondary hypothesis of whether hyperosmolar solutions was tested suing the 

methodology described by Amin et al (2008 and 2011)127,129,140. They demonstrated 

that hyperosmolar solutions of 480mOsm and 600mOsm conferred a 

chondroprotective effect in articular cartilage . Based on these data 480mOsm and 

600mOsm as well as an additional solution at 800mOsm were investigated. MACI 

membranes were immersed in hyperosmolar solutions, three cuts made at 90° using 

surgical scissors (8.1.2.3). The cells were then labelled and imaged as per the 

methods used to asssess the effects of trauma. The left edge, right edge and the apex 

of each cut were recorded and the width of the zone of cell death adjacent to the cut 

measured in three places and averaged. 

2.4 Results 
2.4.1 Cell identity 
2.4.1.1  In situ imaging 
Chondrocytes were visualised on the membrane with the Zeiss Akioskop LSM510 

using x10 and x63 objectives (Figure 2-2). Images acquired using the x10 objectives 

were approximately 1mm2 and were used for cell counting. The higher magnification 

images acquired with the x63 objective allowed visualisation of cell size and 
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morphology. Despite the collagen membrane not being fluorescently labelled it had a 

degree of natural auto-fluorescence, which was visualised by increasing the gain and 

amplification as well as widening the band-pass filter. The over exposure and 

increased amplification required to visualise this meant that the image was not as 

clear as the other images (Figure 2-2, right-hand image). 

   
Figure 2-2 - Imaging of the cytoplasm of live cells (green) and the nuclei of dead cells (red) on 
MACI membranes and the auto-fluorescence of the collagen fibres (blue arrow). Images were 
acquired using x10 (left and right) and x63 (middle) objectives.  Scale bars: left and right = 
200µm, middle = 30µm. 

Each image was acquired as a set of optical slices (x-y frames) throughout the z-axis. 

Figure 2-3 shows optical sections from different depths; the left-hand image was 

from the surface and the right-hand image was adjacent to the membrane. These  

  Figure 2-3 – Individual optical sections of cells on a handled membrane, each optical section has  
x-y (bottom right), x-z (top right), x-y (bottom left) and position panels (top left). The left image 
was superficial (away from the membrane) and demonstrated mostly CMFDA labelled cells 
(green). The right image was adjacent to the membrane and demonstrated mostly PI labelled 
nuclei of dead cells (red). Scale bars unavailable, acquired using the x63 objective so the scale 
was similar to the middle image in Figure 2-2. 
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images suggested that the nuclei from dead cells were more likely to be adjacent to 

the membrane and the live cells stained with CMFDA were distant to the membrane, 

near the surface that would be adjacent to the defect following insertion. 

Larger regions of interest were imaged using a Nikon A1R confocal microscope by 

collecting individual images (x-y approximately 1mm2) and alignment software to 

create a composite image. The distribution of cells over larger areas can be seen in 

Figure 2-4. The left-hand image was from a delivery grade piece of membrane. The 

distribution of the live cells showed distinct regions where the cells were denser, this 

gave an appearance of contours of different cell densities across the membrane. The 

right-hand image was deliberately mishandled during surgery and cut down the right 

side. A band of cell death can be seen down the right of the image (red arrow) as well 

as areas of increased cell death, most likely due to handling. These data were 

consistent with the findings on the smaller images obtained using the Axioskop 

CLSM. 

 

 
Figure 2-4 – Imaging of cells on a MACI membrane using a Nikon A1R. Images are shown from 
delivery grade membrane (left) and after being deliberately mishandled during surgery (right). 
The cut edge of the membrane is indicated with a red arrow. Variation was seen in areas 
consisting of either live cell cytoplasm (green) or dead cell nuclei (red). Scale bars; left = 1mm, 
right = 2mm). 
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Cell morphology was analysed using 3D reconstruction from optical slices acquired 

at higher magnification thorughtout the z-axis. Figure 2-5 demonstrated that the 

majority of cells imaged on MACI membranes did not have a rounded morphology. 

Whilst some of the cells had a rounded appearance the majority had an elongated 

fibroblast-like appearance, this was confirmed in the 3D reconstrction in Figure 2-5 

(right hand image). 

 

 

Figure 2-5 – Images acquired at higher magnification to analyse cell morphology. An extended 
focus view acquired using the Zeiss LSM 510 (left) demonstrated elongated cells (CMFDA 
labelled cytolasm in green, scale bar = 30µm). This was confirmed using a 3D reconstruction 
from the Nikon A1R confocal microscope. (right-hand image, scale unavailable). 

2.4.1.2  Explanted cells 
2.4.1.2.1 Cell expansion in culture 

Passage 4 cultured cells were imaged using a Zeiss Observer microscope. All cells 

cultured in monolayer demonstrated a flattened fibroblast-like shape (Figure 2-6).  
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Figure 2-6 – Cultured cells following removal from MACI membrane. The cells were imaged 
following their fourth passage following removal from the membrane. Cells appear flattend with 
elongated cell processes (arrow). Scale bars: left = 200µm, right = 50µm. 

2.4.1.2.2 Immunocytochemistry 

Cultured cells at passage 4 were fixed and stained with antibodies raised against 

collagen II (Novus Biologics, NBP1-77795), aggrecan (Novus Biologics NB600-

504), keratan sulphate (AbD Serotec, 5549-8006) and sox-9 (R&D Systems, 

AF3075). Goat anti-mouse AF488, goat anti-rabbit AF488 and donkey anti-goat 

AF555 secondary antibodies were used, nuclei were stained with DAPI. Controls 

were stained with the omission of the primary antibody to determine specificity. The 

lower magnification images demonstrated that all cells stained positively (Figure 

2-7).  

Despite cells not having the standard rounded appearance of chondrocytes in vivo 

they demonstrated expression of collagen II, aggrecan, keratan sulphate and sox-9, 

all markers of a chondrocytic phenotype. As the cells were briefly permeabilised the 

signal is likely to include intra- and extra-cellular staining. The controls were 

acquired using exactly the same protocol apart from omitting the primary antibodies. 

This demonstrated the specificity of the primary antibodies. 
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Antibody staining Control Antibody staining Control 

    

    

    

    
Figure 2-7 - Immunocytochemistry of cultured cells from a MACI membrane demonstrating 
reactivity with antibodies for chondorgenic proteins. Secondary antibody staining is displayed 
in green or red and nuclear staining in blue. Primary antibodies are indicated in each image.  
Left and centre-left image scale bars = 200µm, right and centre-right image scale bars = 40µm. 

2.4.1.2.3 Genetic expression 

Cells trypsinised from a MACI membrane were proliferated until passage 2. RNA 

was extracted, with a concentration of 90ng/µl (1980ng total) and a 260:280nm ratio 

of 1.974. This was reverse-transcribed to cDNA and analysed using PCR. The genes 

of interest were collagen II (COL2A1), transcription factor sox-9 (SOX9), aggrecan 

(ACAN), HAPLN1 and superficial zone protein (SZP); water instead of cDNA was 

used as a negative control. β-Actin (ACTB) and a low molecular weight (MW) ladder 

were used as references.  

The gel electrophoresis of the reverse transcription PCR products is shown in Figure 

2-8. The low MW ladder on the left did not separate into clear bands, despite this it 

demonstrated the range between 50 and 700bp showing that the products of the target 

genes were in the correct range. COL2A1, SZP and the negative control were all 
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negative. There was expression of SOX9, ACAN, HAPLN1 and the reference gene 

ACTB.  

 

 
Figure 2-8 - Gene expression of chondrocytes from a MACI membrane (top) and from articular 
cartilage (bottom) demonstrating the expression of chondrogenic markers. Bands were not seen 
for SZP, the negative controls or for COL2A1 in the MACI sample. The left column was a low 
molecular weight ladder that demonstrated bands between 50 and 700 base pairs. 

The positions of the product sizes correlated with the predicted product sizes 

demonstrating the correct targets were being visualised. The positive control from 

articular cartilage demonstrated a band for COL2A1 indicating that the lack of a band 

for COL2A1 in the MACI was a truly negative result. 

These data suggested that despite the majority of cells not sharing the rounded 

morphology of in situ articular chondrocytes they were expressing markers 

associated with a chondrocytic phenotype, albeit not COL2A1. Effects of surgery on 

cell density and viability 

2.4.2 Effects of surgery on cell density and viability 
Membranes were obtained from five separate patients and three images were 

recorded for each of the experimental conditions (n=15). For measuring the the width 
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of the ‘zone of cell death’ on the cut membranes three measurements were made per 

image and averaged for each of the images. The delivery grade membrane showed a 

relatively homogeneous distribution of live and dead chondrocytes (Figure 2-9). 

There were relatively few propidium iodide labelled nuclei, representing dead cells, 

and those that were present were not localised to a particular area. A 3D 

reconstruction of the cells demonstrating the profile in the x-z axis showed that the 

cells on the membrane were in a relatively flat profile (Figure 2-9, bottom row). 

When membranes are prepared during surgery they need to be handled to allow them 

to be cut to shape and to insert them into the defect. The effect of this handling is 

shown in the right-hand image of Figure 2-9. There was an increase in the number of 

dead cells seen and the upper left corner had a localised area of cell death with a 

decrease in the number of cells labelled with CMFDA (red arrow). The effect of  

  

 
Figure 2-9 - Images from delivery grade membrane (top left and bottom) and after the 
membrane had been handled during surgery (top right). Cell cytolasm in green and dead cell 
nuceli in red. An areas of increased cell death is indicated by the red arrow. Scale bars = 200µm, 
not available for 3D reconstruction. 
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handling was also demonstrated in the higher magnification images in Figure 2-2 and 

Figure 2-5. 

 

 

Figure 2-10 – The effects of cutting MACI membranes using scissors. A distinct band of cell 
death (majority dead cell nuclei in red) was seen in the extended focus image on the left between 
lines 2 and 3. A majority of live cell nuclei were seen in green between lines 1 and 2. Deformity 
of the membrane was seen in the 3D reconstruction on the right (red arrow). Scale bar = 200µm, 
not available for 3D reconstruction. 

To ensure the membrane fits the cartilage defect precisely, it is cut to shape using 

scissors during surgery. The effects of cutting are demonstrated in Figure 2-10. There 

was a zone of cell death around the perimeter that was measured three times in each 

of the images with a cut edge; the mean width of the cut area was 275µm (197-

364µm; mean and range). The 3D reconstruction of the cut edge demonstrated that 

the cells were not flat, suggesting that the trauma of cutting deformed the membrane 

that the cells were attached to. 

During surgery, fibrin glue is used to attach MACI membranes within the cartilage 

defect, the membranes are then secured in place using firm pressure, usually from the 

thumb. To duplicate this, sections of membranes were removed and digital pressure 

applied. There was greater variability in cell viability under thumbed conditions 

compared to the delivery or handled images. Some areas demonstrated minimal 

difference to a piece that had not been thumbed whilst others had distinct areas of 

increased cell death. 
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Figure 2-11 – Images obtained of cells on a membrane that had been handled during surgery 
and had digital pressure applied (cytoplasm of live cells in green and nuclei of dead cells in red).  
Lower magnification images were used for cell counting (left-hand image). The higher 
magnification demonstrates some rounded cells (green arrows), but the rest were mostly 
elongated cells (right-hand image). Scale bars; left = 200µm, right = 30µm. 

The effect of crushing a piece of handled membrane with forceps is shown in Figure 

2-12, a decrease in the number of cells as well as an increase in the proportion of 

dead cells can be seen in the left-hand image. The 3D reconstruction demonstrated 

that the membranes were deformed by crushing. Areas adjacent to this were 

visualised as controls and no difference was found to the handled membrane (images 

not shown).  

 

 

Figure 2-12 - The effect of crushing the membrane with forceps (cytoplasm of live cells in green 
and nuclei of dead cells in red). An extended focus view (left) and a 3D reconstruction 
demonstrated the deformity to the membrane compared to the reconstruction of the delivery 
grade membrane seen in Figure 2-9. Scale bar = 200µm, not available for 3D reconstruction. 
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To reduce the risk of type I error due to repeated measures, cell viabilities and 

densities were compared using multi-variate analysis of variation (MANOVA). All 

assumptions were met for the use of MANOVA for statistical analysis. Using Pillai’s 

trace, there was a significant effect of mechanical trauma on the cell density and 

viability (p<0.001). Levene’s test demonstrated homogeneity of variance for both 

dependent variables (cell density p=0.316, cell viability p=0.519). Subsequent 

univariate ANOVAs revealed significant effects on both cell density (p<0.001) and 

cell viability (p<0.001). Tukey’s post hoc analysis confirmed significant differences 

between the groups (Table 2-1 for viability and Table 2-2 for density). 

Cell viabilities for each group are displayed in Table 2-1. Comparisons between 

delivery grade and handled membranes are shown as well as between the handled 

membrane and all the other groups. The data demonstrated that there was a 

statistically significant decrease from 75.1% to 67.4% in the cell viability after the 

membrane has been handled (p=0.002). As the membrane has to be handled during 

surgery, this level of handling was used as the baseline for comparison to the other 

test conditions. There was a statistically significant decrease from 67.4% to 56.3% 

after thumb pressure had been applied to the membrane (p<0.001). The cell viability 

in the area where the handled membrane was cut decreased to 13.7% (p<0.001), the 

area adjacent to this was also significantly decreased at 61.3% (p=0.023). Where the  

Group 1 Percentage live cells 

(%, range) 

Group 2 Percentage live cells 

(%, range) 

p-value 

Delivery 75.1 (72.4-77.8) Handled 67.4 (64.1-69.7) 0.002 

Handled 67.4 (64.1-69.7) Thumbed 56.3 (51.5-61.6) <0.001 

  Adjacent 61.3 (58.7-63.6) 0.023 

  Cut 13.7 (10.2-18.2) <0.001 

  Crushed 28.8 (24.7-31.2) <0.001 

Table 2-1 - The percentage of viable cells on MACI membranes for all experimental conditions. 
Differences between the conditions in groups 1 and 2 were analysed using Tukey’s post hoc 
analysis and presented as the mean (range). Three images were measured for five separate 
patients for each condition (n=15). 
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membranes had been crushed the viability dropped to 28.8% (p<0.001). The cell 

viabilities are displayed in Figure 2-13. 

 

Figure 2-13 - Comparison of cell viability by experimental group. Five images were analysed for 
each group and presented as mean with standard error bars. MANOVA with Tukey’s post hoc 
analysis *= p<0.05, **= p<0.01, *** = p<0.001. 

Cell densities for each group are displayed in Table 2-2. Comparisons between 

delivery grade and handled membranes are shown as well as between the handled 

membrane and all the other groups. The cell density (live and dead) was 

approximately 6.60x105 cells/cm2 (range 5.74-7.11x105) for those membranes that 

had not received significant trauma (delivery, handled, thumbed, adjacent zone).  

Group 1 Density (cells x105/cm2,  

range) 

Group 2 Density (cells x105/cm2,  

range) 

p-value 

Delivery 6.34 (6.02-6.21) Handled 6.85 (6.70-7.11) 0.324 

Handled 6.85 (6.70-7.11) Thumbed 6.42 (5.74-6.39) 0.500 

  Adjacent 6.81 (6.42-7.26) 1.000 

  Cut 5.83 (4.91-6.48) 0.004 

  Crushed 1.66 (1.32-2.03) <0.001 

Table 2-2 - Density of cells per cm2 presented as mean (range). Differences between the 
conditions in groups 1 and 2 were analysed using Tukey’s post hoc analysis. Three images were 
measured for five separate patients for each condition (n=15). 
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There was no significant difference in cell density after the membranes had been 

handled (p=0.324). There were significant decreases in cell density compared to the 

handled membranes when the membranes were subjected to cutting (p=0.004) or 

crushing (p<0.001) but not when thumbed into place (p=0.5).  

The data presented in this section demonstrated that cells on MACI membranes 

would be likely to be significantly affected by surgical handling and insertion. 

2.4.3 Chondro-protective effect of hyperosmolar solutions 
As a signifcant amount of cell death was found with mechanical trauma in 2.4.2 the 

candiate decided to investigate whether or not the protective effect found by Amin et 

al (2008 and 2011) 127,129,141. The osmolarities were taken from this previous research 

(480 and 600mOsm) so that the data could be directly compared. An additional 

higher osmolarity (800mOsm) was also investigated to see if this would have any 

additional benefit. 

2.4.3.1  Effect of hyperosmolar solutions 
To determine if the cells on MACI membranes could be protected against the effect 

of surgical handling and insertion the effect of hyperosmolar solutions was 

investigated. MACI membranes were incubated in PBS (altered to 480, 600 and 

800mOsm by adding sucrose) for 10min at room temperature. The cells were then 

stained and imaged as per the methods section. Figure 2-14 demonstrated that there 

was an increase in cell death on the membrane that had been incubated at 800mOsm 

as there were no live cells detected, this effect did not occur at 480 or 600mOsm 

(n=3). To determine if hyperosmolar solutions could confer a protective effect in 

response to mechanical injury, as they do in articular cartilage, 480 and 600mOsm 

were analysed further. 
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Figure 2-14 – Effect of hyperosmolar solutions on the viability of cells on MACI membranes. 
Membranes incubated at 480 (left), 600 (middle) and 800mOsm (right). The cells exposed to 
PBS at 800mOsm demonstrated increased cell death (nuceli of non-viable cells in red) with no 
CMFDA labelled cells being seen (green). Scale bars = 200µm. 

2.4.3.2  Chondro-protective effect of hyperosmolar solutions 
To determine if hyperosmolar solutions at 480 and 600 mOsm could confer a 

chondroprotective effect MACI membranes from two patients were divided into two 

and incubated in either 480 or 600mOsm PBS for 10min at room temperature. The 

membranes were then cut with surgical scissors identical to those used when 

performing a MACI. The cells were stained, fixed and stored in either 480 or 

600mOsm PBS. Cells were imaged as per section 8.4.1. Images were acquired at the 

apex of the cut as well as either side of the cut (Figure 2-15). 

There was no significant difference in the width of the zone of dead cells in the 

specimens incubated at 480mOsm compared those incubated at 600mOsm. There 

was a significant difference in the width of the zone of dead cells when the right edge 

of the cut was compared to the left side of the cut. 
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Figure 2-15 – The effect of cutting MACI membranes at 480 and 600mOsm. The black area was 
the area between the cut edges (cytoplasm of live cells in green and nuclei of dead cells in red).  
The left and right images are from the left and right edges of the scissors.  The middle image 
was taken at the apex of the cut. Scale bars = 200µm. 

 

Group Width of dead cell (µm, mean ± sem) p-value (t-test) 

Osmolarity 
480mOsm 232±19.6 

p=0.344 
600mOsm 210±13.6 

Side of cut 
Left 157±7.8 

p<0.001 
Right 285±12.8 

Table 2-3 – Width of cell death adjacent to scissor cuts. The data were analysed by the 
osmolarity of the solution they were incubated in as well as the side of the cut the measurement 
was taken from. 

Adjacent images were taken of a cut and tiled together to show the difference 

between the left and right edges over a larger area (Figure 2-16). this image 

demonstrated that the effect was seen along the entire length of the cut edges. 
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Figure 2-16 – Image of a cut into a MACI membrane. The black area in the middle represented 
the space between the cut edges; the edge of the membrane was to the left and the apex of the 
cut to the right. Increased cell death is seen adjacent to the cut (nuclei of non-viable cells in red) 
with more live cells being visualised further away from the cut (cytoplasm of viable cells in 
green). Scale bar = 300µm. 

2.5 Discussion 
The clinical outcomes of MACI have been promising but require longer follow up to 

determine if and when it is the most appropriate technique to use for cartilage repair. 

The data presented within this chapter has identified a number of potential issues 

related to the use of MACI membranes. 

One of the key issues in the chapter introduction was that of cell identity and 

function. The cells imaged at high magnification did not have the rounded 

morphology of chondrocytes in articular cartilage (Figure 2-5). Chondrocytes in 

articular caritlage are generally spherical and their morphology has been related to 

their function130,131,142 suggesting that the cells visualised on  the MACI membranes 

were not functioning as articular chondrocytes. Fuss et al (2000) and Zheng et al 

(2007) both imaged chondrocytes that had been applied to ChondroGide and MACI 

membranes respectively and found that individual cells imaged with an electron 

microscope had a rounded morphology115,132,143. These data do not agree with the 

findings within this chapter, the electron microscopy imaging was of individual cells 

that did have a rounded appearance. The confocal microscopy in this chapter imaged 

approximately 20-30 cells on one image and whilst some cells were more rounded 

than others the majority were not. The limitation of the electron microscopy images 



Chondrogenic potential of perivascular stem cells  

Assessment of matrix-applied autologous chondrocyte implantation   41 

was the possible selection bias associated with imaging one cell compared to the 

confocal images that imaged a group of cells. A limitation of electron microscopy is 

that it requires fixation and drying and as such cannot image live tissues or cells.  

Despite the cells not having the classic chondrocyte morphology the functional 

testing in this chapter demonstrated that they retained chondrogenic potential. 

Reverse transcription PCR demonstrated that there was expression of HAPLN1, 

SOX9 and ACAN (Figure 2-8). HAPLN1 was developed as a marker to differentiate 

chondrocytes from synoviocytes133,144-146 and is used by Genzyme as part of their 

quality control assessment. There was no band demonstrating expression of 

COL2A1, this was not in keeping with the data presented by Zheng et al (2007)132,147 

who found that cells cultured for four days from MACI membranes did express 

COL2A1. Chondrocytes have been noted to stop expressing COL2A1 after passage 

five in monolayer culture, the RNA used in 2.4.1.2.3 was from cells after four 

passages after removal from MACI membranes. The cells are likely to have 

undergone as least two to three passages before insertion onto the membrane this 

may have been a factor in these negative results. The immunocytochemistry data in 

Figure 2-7 suggested that the cells were expressing COL2A1, SOX9, keratan 

sulphate (KS) and ACAN, negative controls demonstrated specificity of the primary 

antibodies used. The expression of ACAN and SOX9 was in keeping with the PCR 

data but the expression of COL2A1 was not. A possible explanation was the relative 

level of COL2A1 genetic expression was too low to be identified with the amount of 

RNA that was used although the amount was appropriate based upon the other 

markers, specifically the reference gene. 

The evolution of ACI techniques to MACI was to allow the treatment of uncontained 

defects and to allow arthroscopic insertion68,148. Another possible reason may have 

been the commercial drive for an innovative, patentable technique. Chondrocytes 

within articular cartilage have been shown to be susceptible to mechanical trauma 

despite being surrounded by their extracellular matrix105,119,126,128. The data presented 

in this chapter was the first to report the effects of mechanical trauma on cells 

attached to MACI membranes. The data were directly from surgery or used 

techniques to mimic the effects of surgery. 
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The percentage of viable cells was 75.1% when the membrane was delivered to the 

surgeon (Table 2-1); this was higher than the minimum 70% that was guaranteed by 

Genzyme. There were a greater proportion of dead cells when the membranes were 

subjected to the conditions they would undergo during surgery with the final viability 

averaging 56.3% (Table 2-1). As the mean cell density on the membranes that would 

be implanted (thumbed group) was 6.42x105/cm2 (Table 2-2) there would be an 

average of 3.61x105/cm2 live cells implanted.  

This number drops further when the zone of cell death around the membrane is 

considered. For a membrane of 4.9cm2 (the mean size in the series by Saris et al72,149) 

a band of cell death 221µm wide (the mean of all the cut edges measured in 2.4.3.2) 

equates to 33% of the surface area of the membrane. When the density and viability 

of cells in the middle and round the edge are calculated only 2.7x105 live cell/cm2 

would be implanted. The relevance of this difference remains uncertain as the 

optimal density of cells for cartilage repair has not been determined.  

An incidental finding was that there was less cell death on the left side of the scissor 

cuts compared to the right (Table 2-3). As this was an incidental finding found on 

data analysis additional factors such as the surgeons dominant hand and the type of 

scissors (right-handed Metzenbaum) were not taken into consideration or 

investigated. The reason for the difference was unclear; it may have to do with the 

cutting action having a degree of crush, which is unevenly distributed across the 

membrane. As these cuts were only made by the candidate it could also be related to 

individual technique, data from multiple investigators would be required to 

determine if it was related to the operative technique. If the difference in the width of 

cell death is applied to a 4.9cm2 membrane (assumed to be perfectly circular for 

these analyses), the number of viable cells when the right side of the scissors is 

towards the membrane to be inserted is 1.21x106, when the left side is towards the 

insert the number is 1.44x106, an increase in cell viability of 19%. 

Lateral integration has been a problem for some cartilage repair techniques and the 

reasons are considered multi-factorial134,150. One factor is chondrocyte viability at 

both the graft and host cartilage edges. Hunziker et al (2003) demonstrated that there 
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was a decrease in the cell viability at the host cartilage edge when it was resected to a 

stable rim135,151, the data in this chapter demonstrated that there will also be a zone of 

cell death on the graft. This suggests that there would be minimal viable cells where 

lateral integration is supposed to occur. 

When the effect of ‘heavy handling’ was modelled there was a significant decrease in 

both the cell viability and density. The method used to represent heavy handling was 

crude but it effectively demonstrated what can happen if accidents or inadvertent 

grasping occur. It is likely that there will be a spectrum of cell death between the 

delivery grade membrane and the crushed specimen during surgery.  

These data demonstrated that the number of cells seeded onto the membrane was in 

the range expected by Genzyme (0.66x106, Table 2-2; Genzyme 0.5-1.0x106). This 

was greater than the density of 5-110x103/cm2 that was reported by Gigante et al 

(2007) who used a colourimetric assay to quantify cell viability120,152. The density of 

cells decreased significantly when the membranes were subjected to trauma such as 

heavy grasping or cutting. This suggested that whilst the cells are sensitive to 

mechanical trauma it takes a considerable force to displace them from the membrane. 

The images demonstrated that the cells were not always in monolayer on the MACI 

membrane and that the dead cells seemed more likely to be closer to the membrane 

(Figure 2-3). The reasons for this were unclear. This may be important if the density 

of cells were increased to improve the chances of a larger number of viable cells 

being implanted. The higher magnification images showed that the cells were 

densely packed onto the membranes at a density of 6.6x105cells/cm2. If the number 

of cells seeded onto the membrane were increased they would need to be layered on 

top of each other. As the cells are on the membrane for less than 48hrs from cell 

seeding to insertion the likelihood of significant cell proliferation on the membrane 

would seem unlikely. 

The secondary hypothesis was that hyperosmolar solutions would confer a similar 

chondroprotective effect as they do in articular cartilage127,153. Increasing the 

osmolarity from 480 to 600mOsm did not confer a chondroprotective effect (Table 
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2-3). Whilst the scissors have a cutting edge it may be that there was a degree of 

crushing that occured at the time of cutting. This would be consistent with the 

deformity that can be seen on the 3D reconstruction of the cut edge (Figure 2-10). 

The chondrocytes on the membrane also lack an extracellular matrix, which would 

normally provide chondrocytes with a degree of protection. The morphology of the 

cells was also different to chondrocytes in articular cartilage, having a flattened 

morphology may make them more susceptible to mechanical trauma. A combination 

of these factors possibly means that no matter how much they may shrink with a 

hyperosmolar solution they would still be in a zone of trauma so great to render any 

possible protective effects ineffective. A possible way to avoid the cell death from 

cutting would be to use a different ACI product, such as Tigenix's ChondroCelect, 

where the membrane is cut to shape and the cells are then added which would 

remove any cell death from cutting. 

Obtaining images of sufficient definition and clarity to allow cell counting and 

assessment of morphology meant that relatively small areas were assessed 

(900x900µm). The limitation of this was that the images obtained may not fully 

represent the entire membrane. The Nikon A1R microscope was able to image a 

larger area but these images took in excess of four hours to acquire and the resulting 

images were so large with the amount of storage required that the entire image could 

not be analysed due to the computing power required.  

The setting up of the automated counting protocol required a degree of subjectivity 

that can produce inter-experiment variation unless the settings were maintained. 

These settings were maintained throughout the analyses and so this was not 

considered a factor in these results. Whilst handling and crushing were subject to 

variation this would also be the case in the clinical setting. The results demonstrated 

a spectrum of damage that reflected the possible damage that could occur during 

surgery. Another potential limitation of these data was the relatively short time the 

cells were incubated prior to analysis. Previous studies have demonstrated that 

insults can result in time-dependent loss of cell viability126,154. It was possible that 

cell viability would decease further after insertion. 
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This chapter has demonstrated that whilst live chondrocytes were likely to be 

inserted during a MACI procedure it has identified some potential limitations to the 

technique. The first was that whilst the cells were chondrocytes they may have been 

dysfunctional (based upon morphology and genetic expression). The application of 

cells to the matrix meant that they were susceptible to trauma that caused cell death. 

In contrast, cells inserted under a collagen membrane or applied to a membrane after 

cutting would not be subjected to this trauma. 
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Chapter 3: The infra-patellar fat pad as a source 
of perivascular stem cells 
3.1 Chapter Introduction 
The infra-patellar fat pad (IFP) is an intra-articular, extra-synovial structure within 

the knee joint. It is eponymously referred to as Hoffa’s fat pad after Albert Hoffa’s 

description of the pathology affecting the IFP was published in 1904136,155. It is 

located posterior to the patella tendon and has synovial membrane running on the 

posterior aspect. It is bordered superiorly by the patella and inferiorly by the tibia, 

medially and laterally in blends into the joint capsule84,99,137. It has an anastamotic 

blood supply arising from the superior and inferior geniculate arteries138,139,156. 

The sagittal MRI scans presented by Jacobson et al (1997) demonstrated that the IFP 

was intimately related to the articular cartilage of the knee140,157. The IFP can be 

easily accessed141,158 and resected142,159 arthroscopically. Carvalho et al (2012) 

compared the stromal vascular fraction of infra-patellar and subcutaneous fat (SCF) 

from osteoarthritic patients and found they were similar apart from the SCF having a 

greater proportion of CD31+ endothelial cells.  Cells from the IFP demonstrated an 

increased number of colony forming units, an estimate of viable cells, but similar 

adipogenic and osteogenic potential based on histochemical staining84,143. 

The IFP has been shown to be a viable source of culture-derived mesenchymal stem 

cells (MSCs)99,144-146. Dragoo et al (2003) found that they could harvest a greater 

proportion of cells from the IFP compared to other studies using either bone-marrow 

or subcutaneous lipoaspirate147,160. Lopa et al (2014) demonstrated that MSCs from 

the IFP were more committed to a chondrogenic lineage than those from 

subcutaneous fat from the same patient. The work by Lopa et al (2014) was 

supported by the large animal in vitro and in vivo data presented in Millazzo’s thesis 

(2011) comparing ovine MSCs from the IFP to those from subcutaneous fat148,149.  

The use of the IFP is an attractive option for orthopaedic surgeons from a pracitcal 

point of view. If a patient is undergoing an arthroscopy and an articular cartilage 

defect is found unexpectedly then IFP can be harvested at the same time with no 



Perivascular stem cells and articular cartilage repair 

The infra-patellar fat pad as a source of perivascular stem cells   47 

additional surgery or morbidity. For patients with defects indicated on MRI scans the 

ability to harvest tissue arthroscopically as an elective procdure takes minimal time 

and allows for diagnostic arthroscoy as well as the harvest of articualr cartialge if 

that were also to be sued for the repair.  

Pericytes and adventitial cells have been harvested from subcutaneous lipoaspirate 

and have been investigated for their use in osteogenesis105,161. Khan et al (2008) 

demonstrated that the pericyte marker 3G5  was present in tissue sections of 

IFP149,162. They also demonstrated that a small proportion of cultured MSCs 

expressed 3G5 and had enhanced chondrogenesis when cultured in FGF-2. 

Unterhauser et al (2004) demonstrated a tenfold increase in the number of cells 

expressing α-smooth muscle actin (a non-specific perivascular stem cell marker) in 

IFPs involved in arthrofibrosis after anterior cruciate ligament reconstruction 

compared to controls88,150. These data suggested that PSCs were present and may 

play a role in arthrofibrosis within the knee joint. There are no reports of PSCs being 

prospectively identified and isolated from the IFP. 

The idea of prospectively identifying and isolating sub-populations of stem cells 

based on surface markers is not limited to pericytes and adventitial cells. Baustain et 

al (2015)149,151 used Sca-1 and Ogata et al (2015)84,152 used LNGFR and THY-1. 

Dickinson et al (The University of Bristol) assessed the ability of bone marrow 

derived single cell clones to form cartilage (unpublished data shared between 

laboratory groups as part of a collaboration). Gene array analysis demonstrated that 

the clones that were better at forming cartilage all expressed tyrosine-protein kinase 

transmembrane receptor ROR2 (subsequently referred to as ROR2). Analysis of 

ROR2+ cells demonstrated that the majority of these cells were CD45+ and that an 

even smaller proportion expressed CD146+ (C. West, The University of Edinburgh, 

unpublished data). ROR2 is a cell surface marker that has an important role in 

cartilage formation in limb bud formation in utero153,163. As ROR2 had been 

identified as a marker of increased chondrogeic potential with a subset  expressing 

CD146 it was decided to see if they could also be found within the infra-patellar fat 

pad. 
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3.2 Hypotheses 
The primary hypotheses was that perivascular stem cells were present within the 

infrapatellar fat pad. 

Once the presence of perivascular stem cells was confirmed a secondary hypothesis 

was formed that these cells could be harvested from patients undergoing arthroscopic 

anterior cruciate ligament (ACL) reconstruction or knee arthroplasty. The basis of 

this hypothesis was to test the ability to harvest cells arthroscopically and thorugh an 

open arthrotomy. This would confirm if cells could be harvested to treat focal defects 

in younger patients and more generalised disease in older patients.  

The further hypothesis based on the work from Professor Hollander’s laoratory was 

that ROR2 positive cells could also be prospectively identified, isolated and cultured 

from the IFP.  

3.3 Materials and Methods 
To determine if perivascular stem cells were present in the infra-patellar fat pad 

tissue was obtained from two patients undergoing knee arthroplasty (8.1.3.1). The 

tissue was fixed, sectioned (8.1.5.1) and stained using haematoxylin and eosin and 

Picrosirius red to identify the microstructure of the tissue and to identify the presence 

and distribution of the vasculature (8.4.2). 

Pericytes and adventitial cells have previously been identified in tissue sections using 

fluorescent staining84,99. This methodolgy was used to identify reactivity to anti-

CD146 antibodies in small calibre vessels to identify pericytes as well as reactivity to 

anti-CD34 antibodies to idenitfy adventitial cell that were distinguished from 

endothelial cells using anti-CD31 anitbodies (8.4.3). 

After ascertaining that tissue sections demonstrated similar staining patterns to those 

found by Crisan et al (2008) and Corselli et al (2012) further tissue samples were 

obatined from patients undergoing ACL reconstruction and knee arthroplasty for 

fluorescence-activated cell sorting analysis (8.3.2 and 8.3.3.1). Following analysis 
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patient samples were collected and perivascular stem cells isolated using FACS. 

Culture-derived MSCs were obtained and cultured to act as controls (8.2). 

The identity of the cultured PSCs and MSCs was ascertained using FACS analysis of 

surface protein expressionas well as immunocytochemistry (8.4.5) and reverse 

transcription PCR gene expresion of pericytes (8.5.3). Functional testing of the cell 

was ascertained by mesenchymal differentiation down the osteogenic, adipogenic, 

myogenic and chondrogenic lineages (8.2.7). Mesenchymal differentiation was 

checked using functional histochemical stains (8.4.6), immunocytochemistry (8.4.5) 

and reverse transcription PCR gene expresion (8.5.3). 

3.4 Results 
3.4.1  Histology 
3.4.1.1  Haematoxylin and eosin 
Specimens of the IFP and synovial tissue obtained from a patient undergoing total 

knee replacement were fixed, embedded in paraffin and stained with haematoxylin 

and eosin. IFP sections were orientated so that the sections included both fat and 

synovium. Figure 3-1 shows that the synovial membrane at the right edge of the 

image constituted a small portion of the thickness of the tissue.  

 
Figure 3-1 – The infra-patellar fat pad with its synovial border (black arrows). The figure is a 
composite of multiple images tiled together to allow a larger cross section to be visualised with 
the synovial membrane on the right (black arrows). Vessels running through the adipose tissue 
are indicated with red arrows. Scale bar = 300µm. 
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In the adipose portion of the tissue, the adipocytes appeared pale as the lipid they 

contained was dissolved during tissue processing154. The remaining cell membranes 

gave a mesh like appearance. Small capillaries ran between these cell membranes 

with larger vessels, with walls containing smooth muscle, interspersed throughout 

the adipocytes. The synovial membrane was situated at the right hand side of the 

tissue in Figure 3-1 (black arrows). The synovium was villous and contained 

numerous synoviocytes at its surface with a rich supply of blood vessels. The 

differences between the histology of the IFP and osteoarthritic synovium from an 

arthritic knee are shown in Figure 3-2. 

  

  
Figure 3-2 – Differences between the infra-patellar fat pad (left column) and osteoarthritic 
synovium (right column). The black arrow indicates underlying hypertophic synovium from the 
osteoarthritic synovium. Scale bars: left hand images = 300µm, right hand images = 80µm. 

Adipocytes were seen under the synovial membrane of the IFP (top left), in the 

osteoarthritic synovium there were fewer adipocytes but there was a thick layer of 

connective tissue (bottom row). The higher magnification image of the IFP shows 

villous synovial membrane rich in blood vessels (top right). The two tissues showed 

similarities of a synovial membrane but the underlying tisues were distinctly 
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different with the osteoarthritic synovium containing a much greater network of 

collagen fibres with minimal adipose tissue. 

3.4.1.2  Picrosirius Red 
Tissue sections from the same piece of tissue were stained with Picrosirius Red, a 

histochemical stain that stained collagen fibres red with bright field microscopy 

(Figure 3-3). Collagen fibres were seen in the IFP around blood vessels. In the 

osteoarthritic synovium the majority of the tissue consisted of collagen fibres. Whilst 

both tissue types contained similar cells their structure and collagen content appeared 

significantly different. 

  
Figure 3-3 – Picrosirius red staining (red) of the infra-patellar fat pad (left) and osteoarthritic 
synovium (right). The staining is localised to around blood vessels in the IFP (black arrow, left 
image) and is more diffuse in the osteoarthritic synovium (black arrows, right image). Scale 
bars = 400µm. 

3.4.2 Immunohistochemistry 
Immunohistochemistry was used to identify the location of the cell surface markers 

related to the cells investigated within this chapter. 

3.4.2.1  Optimisation of Individual Antibodies 
Specimens of IFP from patients undergoing knee replacements were fixed, embedded 

in paraffin and sectioned. Sections were initially stained using a single primary 

antibody. Negative controls omitted the primary antibody but were otherwise stained 

and imaged under identical conditions. DAPI was used to identify nuclei in all 

sections. 
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3.4.2.1.1 Perivascular markers 

The perivascular markers CD146 and CD34 have been used to differentiate between 

pericytes and adventitial cells when sorting cells using flow cytometry155. Platelet 

derived growth factor-β (PDGFRβ), NG2 and α-smooth muscle actin (αSMA) were 

additional markers used to identify PSCs84,99. Tissue sections from the IFP 

demonstrated positive perivascular staining for CD146, CD34, PDGFRβ, NG2 and 

αSMA. CD146 was present in small and medium sized vessels, the staining was 

abluminal to a layer of cell nuclei that were likely to represent the endothelial cell 

layer. CD34 staining was found in two areas, the endothelial layer (arrow A) adjacent 

to the lumen and adventitial areas of the blood vessels (arrows B, Figure 3-4).  

Additional perivascular markers are shown in Figure 3-5. NG2, which is a 

proteoglycan that has been associated with pericytes156, had a similar pattern to 

CD34 staining both the endothelial (arrow A) and adventitial layers (arrow B). 

Platelet-derived growth factor beta is associated with vasculogenesis, specifically the 

the vascular smooth muscle cells and pericytes157, and has been shown to be 

exclusively expressed by pericytes in a rodent model158. In Figure 3-5 the PDGFRβ 

expression was found in the same area as the adventitial staining of the anti-CD34 

antibody in Figure 3-4. Alpha smooth muscle actin (αSMA), a marker of smooth 

muscle cells which is also expressed by pericytes159, had a similar pattern of 

expression as the CD146 staining in Figure 3-4. 

3.4.2.1.2 Endothelial markers 

Section 3.4.2.1.1 demonstrated that the antibodies associated with perivascular cells 

stained a variety of areas. Some of the staining appeared to be adjacent to the lumen 

and others were closely related to but not part of this endothelial layer. To determine 

the relationship between perivascular and endothelial cells it was necessary to be 

able to accurately identify the endothleial layer. Endothelial markers used in 

immunohistochemistry to differnetiate between perivascular and endothleial cells 

include anti-CD144 and anti-vWF antibodies84 as well as anti-CD31 antibodies99. 

These endothelial markers are demonstrated in Figure 3-6. All three markers were 

specific to the endothelial layer of blood vessels of all sizes within the IFP. 
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Figure 3-4 - Expression of CD146 and CD34 perivascular stem cell markers in the infra-patellar 
fat pad (red). Antibody staining (left) and controls (right). The CD34 staining was located 
abluminal at the endothleial layer (arrow A) and in the adventitia (arrows B). CD146 staining 
was seen in the smooth muscle layer of larger vessels (arrow C) as well as in small vessels likely 
to represent the location of pericytes (arrow D). Scale bars = 50µm and 200µm.
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Figure 3-5 - Additional perivascular markers NG2, PDGFRβ and αSMA. The first and third columns are the antibody stained samples with their control to 
the right. anti-NG2 staining was located in the endothelial (arrow A) and adventitial areas (arrow B). anti-PDGFRβ staining was ocatd in the adventitia 
(arrow C) and αSMA was abluminal in a similarr pattenr to the anti CD146 staining in Figure 3-4 (arrow D). Scale bars = 200µm (left and left-middle) and 
50µm (right-middle and right). 
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Figure 3-6 – Endothelial cell markers in the infra-patellar fat pad. The first and third columns are the antibody stained samples with their control to the 
right. Antibosy staining is indicated in red and was only seen in the endothelium (red arrows). Scale bars = 200µm (left and left-middle) and 50µm (right-
middle and right). 
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Figure 3-7 – Antibodies to mesenchymal stem cell markers (red) in the infra-patellar fat pad. The first and third columns are the antibody stains with their 
controls to the right. The anti-CD44 antibody had nonspecific (arrow A) as well as perivascualr staining (B arrows). A simiilar pattern was seen with the anti-
CD73 antibody (middle left image and arrow C). The anti-CD105 antibody had similar staining to the anti-CD34 antbdoy in Figure 3-4 (D and E arrows). 
Scale bars = 200µm (left and left-middle) and 50µm (right-middle and right). 
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3.4.2.1.3 Mesenchymal stem cell markers 

Four antigens commonly used to identify mesenchymal stem cells were investigated; 

anti-CD44, -CD73, -CD90 and -CD105 antibodies were used. The staining of the 

MSCs markers was inconsistent throughout the tissue sections. The anti-CD90 

antibody demonstrated no positive staining and the sections are not shown. The anti-

CD44 antibody staining was located around small vessels (Figure 3-7, arrows B) but 

was also found in the interstitial tissues (Figure 3-7, arrow A). A similar pattern was 

seen with the anti-CD73 antibody staining (Figure 3-7, arrow C). The anti-CD105 

staining was not localised in ther low magnification image (Figure 3-7, arrow D) but 

also stained arounf small blood vessels (Figure 3-7, arrow E). 

3.4.2.2  Co-localisation of surface antigens 
Dual stains were carried out on paraffin-embedded sections of IFP with its synovial 

border as well as sections of inflammatory synovium. The relationships between 

endothelial and perivascular cells in the IFP are displayed in Figure 3-8 and Figure 

3-9. 

CD146 staining (green arrows) was confirmed to be abluminal to the endothelial 

layer (red arrows) in both small and large vessels, there was no obvious co-

expression. The bottom left image shows the cross section of a small blood and a 

vessel along its length. These confirmed the perivascular location of the CD146 

staining. 

The CD34 staining in red was seen adjacent to the vessel lumens as well as in the 

adventitial areas. The endothelial layer co-expressed CD31 and CD34 (short red and 

green arrows, Figure 3-9) and this can be seen in the bottom left image. In the control 

specimens there was some non-specific staining but this was distant from the vessels 

(bottom right image).  
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Figure 3-8 - Relationship between the perivascular marker CD146 (green arrows) and the 
endothelial marker CD31 (red arrows). Antibody staining on the left and controls on the right. 
DAPI staining is in blue. Scale bars: top row = 200µm, bottom row = 50µm. 

Pericytes and adventitial cells were distinguished from one another based on their 

expression of CD146 and CD34. The relationship between these two markers was 

demonstrated in Figure 3-10. CD34 staining was clearly seen in the endothelial and 

adventitial areas with CD146 staining in between (sequential red, green and red 

arrows). There was no co-expression of the two markers (double positive cells) as 

was seen between CD31 and CD34 in Figure 3-9. 
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Figure 3-9 - Relationship between the perivascular marker CD34 (red arrows) and the 
endothelial marker CD31 (green arrow). Antibody staining on the left and controls on the right. 
DAPI staining is in blue. Scale bars: top row = 200µm, bottom row = 50µm. 

Osteoarthritic synovium was stained for perivascular and endothelial markers to 

determine if there was a difference in the distribution in this related tissue (Figure 

3-11). CD31 clearly stained the endothelial layer adjacent to the lumen, this 

endothelial layer was abluminal in relation to the CD146 staining. CD146 was seen 

around some, but not all of the vessels in the top left image. CD34 consistently 

stained the endothelial and adventitial layers. There was some background signal in 

the control samples but the level of true staining can clearly be seen when compared 

to the controls. 
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Figure 3-10 – Relationship between the two perivascular markers CD146 and CD34. The 
antibodies stained distinct perivascular layers as indicated by the sequential arrows for CD34 
(red), CD146 (green) and then CD34 again (red) Antibody staining on the left and controls on 
the right. DAPI staining is in blue. Scale bars: top row = 200µm, bottom row = 50µm. 

The same relationship was seen between CD34 and CD146 in the inflammatory 

synovium compared to the IFP (Figure 3-12). Blood vessels were identified by their 

perivascular and endothelial staining. There was also greater expression of CD34 

staining away from the blood vessels, this may suggest an increase in adventitial 

cells with osteoarthritic synovium. 

To investigate the in situ relationship between perivascular and mesenchymal 

markers, sections were stained with either CD146 or CD34 and one of CD44, CD73 

and CD105. The sections using CD146 are demonstrated in Figure 3-13. The CD146 

staining was consistently in the same abluminal position throughout all the sections. 

CD44 and CD73 staining appeared to be in the adventitia and no positive CD105 

staining was seen compared to the negative controls. 
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Figure 3-11 - Relationship between perivascular and endothelial cells markers in osteoarthritic 
synovium. CD146 was found to be seaprate and abluminal to CD31 (green arrows) as where 
CD34 co-stained the endothelial layer and also the connective tissue distant to the vessels. 
Antibody staining on the left and controls on the right. DAPI staining is in blue. Scale bars = 
100µm. 

The sections stained with CD34 are demonstrated in Figure 3-14, all sections 

demonstrated CD34 staining in the endothelial and adventitial areas. CD44 staining 

appeared to be abluminal, as where CD73 and CD105 staining was adventitial. The 

control section for the anti-CD44 antibody had non-specific staining but not in the 

same location as in the antibody image. There was no realtionship between the 

staining pattern for the three mesenchymal markers between Figure 3-13 and Figure 

3-14. The validity of this staining was therefore uncertain, it was not possible to tell 

whether this was because of the antibody as no positive controls were undertaken or 

whether it was due to a lack of the antigen in the tissues. The antigens could also 

have been masked by the preparation of the sections. 
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Figure 3-12 - Relationship between the two perivascular markers CD146 (red) and CD34 
(green) in osteoarthritic synovium demonstrating the same relationship as in Figure 3-10. 
Antibody staining on the left and controls on the right. DAPI staining is in blue. Scale bars: top 
row = 200µm, bottom row = 100µm. 

   

   
Figure 3-13 - Relationship between anti-CD146 staining (green) and antibodies raised against 
CD44, CD73 and CD105 (red). Antibody staining is on the top row and controls are on the 
bottom row. DAPI staining is in blue. Scale bars = 200µm. 
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Figure 3-14 - Relationship between the perivascular marker CD34 and the mesenchymal stem 
cell markers CD44, CD73 and CD105. Antibody staining is on the top row and controls are on 
the bottom row. DAPI staining is in blue. Scale bars = 200µm. 

  

  

Figure 3-15 – Realtionship between anti-CD31 (purple), -CD34 (green) and -CD146 (red) 
antibody staining in the infra-patellar fat pad (top row) and osteoarthritic synovium (bottom 
row). Both the IFP and the osteoarthritic synovium showed similar distributions. Scale bars = 
200µm. 
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3.4.2.3  Expression of multiple surface antigens 
The CD34 antibody stained two distinct regions, the endothelial layer and the 

adventitia. CD31 staining was restricted to the endothelial layer only. Sections were 

therefore stained with CD31, CD34 and CD146 antibodies. Images taken at a lower 

magnification are shown in Figure 3-15. 

  

  

  

Figure 3-16 – Higher magnification of the infra-patellar fat pad (top and middle rows) and 
osteoarthritic synovium (bottom row) with antibodies to CD31 (purple), CD34 (green) and 
CD146 (red), antibody staining left coulmn and controls right column. Scale bars = 50µm. 
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Images using a higher magnification demonstrated that CD146 stained a separate cell 

population than either CD31 or CD34 (red arrow, Figure 3-16). CD31 and CD34 

were co-expressed on the endothelial layer (purple arrow) but only CD34 was 

expressed in the adventitia (green arrows). The same pattern was seen in both tissue 

types (Figure 3-16). 

3.4.2.4  Validity and reproducibility of immunohistochemical 
staining and imaging 

The tissue sections throughout section 3.4.2 were all stained usinf the Leica BOND 

robot as detailed in 8.4.4.1. Initally the antibodies were tested on their own to 

determine their specificity. Once these had been optimised as single antibodies they 

were combined as dual stains in 3.4.2.2. The pattern of staining for the perivascular 

markers CD146 and CD34 and the endothelial marker CD31 demonstrated an 

identical pattern etween the single and dual stains indicating that the staining and 

imaging was consistent between experiments conducted at different times. This was 

also true when the three stains were combined on the same tissue sections, further 

demonstrating the validity and reproducibility of the methodology. 

The staining for the mesenchymal stem cell markers was inconsistent between the 

single and dual stains despite the same prorocols being used. Due to these 

inconsistencies it was commented on in section 3.4.2.2 that these stains could not be 

valid. 

3.4.3 Cell Harvest 
3.4.3.1  Perivascular stem cells 
3.4.3.1.1 FACS analysis of the IFP 

Samples were obtained and analysed using flow cytometry as per section 8.3. One 

sample was from a patient undergoing a total knee replacement (TKR) and the other 

was having an arthroscopic debridement of the fat pad. The samples were digested 

and stained with antibodies raised against CD31, CD34, CD45 and CD146; DAPI 

was used to exclude dead cells. 
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Figure 3-17 - FACS analysis of cells from the infra-patellar fat pad of a patient undergoing 
TKR. Events likely to represent single cells were gated based on forward and side scatter 
profiles (top left and middle). DAPI excluded dead cells (top right) followed by selection of 
CD31-CD45- events (bottom left). The gates used to identify pericytes and adventitial cells 
(bottom middle) were based on a control  for anti-CD34 and –CD146 staining (bottom right). 

The analysis of the IFP from a patient undergoing a TKR is shown in Figure 3-17, 

the tissue was harvested as a single piece. The bottom middle plot shows the staining 

for CD146 and CD34, the bottom right plot was the negative control that was used to 

set the levels for true positive staining to identify pericytes and adventitial cells in the 

previous plot. There were a greater proportion of adventitial cells to pericytes. It was 

likely that there were a greater number of adventitial cells than were gated because 

the gate was set at a higher fluorescence to ensure no auto-fluorescent false positive 

cells were included. 
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Figure 3-18 - FACS analysis of cells from the infra-patellar fat pad of a patient undergoing 
arthroscopic debridement of the fat pad. Events likely to represent single cells were gated based 
on forward and side scatter profiles (top left and middle). DAPI excluded dead cells (top right) 
follwoed by selection of CD31-CD45- events (bottom left). The gates used to identify pericytes 
and adventitial cells (bottom middle) were based on a control  for anti-CD34 and –CD146 
staining (bottom right). 

The same gating strategy was used for the arthroscopically debrided fat pad in Figure 

3-18 and demonstrated a similar pattern of staining to the cells from the fat pad from 

a knee replacement in Figure 3-17. The immunohistochemistry in Figure 3-11 and 

Figure 3-15 demonstrated that a number of cells expressed both CD31 and CD34. 

Figure 3-19 used the same selection process to obtain single live cells as in Figure 

3-17 and Figure 3-18, CD31 was then plotted against CD34 demonstrating three cell 

populations: CD31-CD34-, CD31-CD34+ and CD31+CD34+. The CD31+CD34+ 

group represented the endothelial cells and the CD31-CD34+ the adventitial cells. 

This confirmed the importance of using an endothelial marker if endothelial cells 

were to be excluded during flow sorting. This is important if a pure sample of 

perivascular stem cells is to be collected.  
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Figure 3-19 – Flow cytometry plot demonstrating the staining for anti-CD31 and anti-CD34 
antibodies in single live cells from the infra-patellar fat pad. The right-hand plot is the control 
with no anti-CD31 antibody staining. These plots demonstrated that there were two distinct 
CD34+ populations that can be distinguished with the use of an anti-CD31 antibody. 

3.4.3.1.2 FACS sorting of perivascular stem cells 

PSCs were isolated from 23 patients using flow cytometry, 13 from patients 

undergoing TKR and 10 undergoing arthroscopic anterior cruciate ligament (ACL) 

reconstruction. The patient demographics are detailed in Table 3-1. 

 TKR patients ACL Patients All Patients 

Age (years) 68.1±3.1 31.9±3.3 52.4±4.4 

 

Body Mass Index (BMI) 36.0±2.0 27.4±1.8 31.9±1.6 

 

Gender Male 4 8 12 

Female 9 2 11 

 

Laterality Right  10 7 17 

Left 3 3 6 

Table 3-1 – Demographics of the patients sampled, displayed as separate cohorts and combined. 

The ACL patients were significantly younger and had a lower BMI than patients in 

the TKR group (p <0.001 and p=0.005 respectively, independent t-test). There was a 

significant difference in gender but not the side operated on (p=0.035 and p=0.537 

resepctively, Chi squared). 

Cells were sorted as per the analyses in 3.4.3.1.1 using ‘full minus one’ (FMO) 

controls and unstained samples to set the voltages and the threshold to ensure the 

gating strategy was accurate to collect pericytes and adventitial cells. A small 
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proportion of the sorted cells were re-sorted to check the purity of the collected cells. 

An example of this is demonstrated in Figure 3-20. The re-sorting of the pericytes 

demonstrated that approximately one third of the events were more likely to be 

debris than cells (64% events were cells, top middle image), this debris was most 

likely from cells that had perished during the flow sorting (events left of the cells 

gate in the top middle plot, Figure 3-20). This did not occur with the adventitial cells 

(bottom middle plot, Figure 3-20). 

 
Figure 3-20 - Analysis of freshly sorted perivascular stem cells. The left hand image shows the 
gating of the initial pericyte (CD146+CD34-) and adventitial cell (CD146-CD34+) selection. The 
isolated pericytes (top row) and adventitial cells (bottom row) were re-analysed immediately 
after FACS isolation. These images demonstrated that whilst a number of sorted pericytes had 
become smaller debris this did not occur with the adventitial cells. 

The mass of each specimen was measured prior to digestion in collagenase. The 

number of cells collected for each sort was recorded from the FACS Diva software. 

Using these two figures the number of cells sorted per gram of tissue was calculated 

(number of cells / wet tissue mass). The process for cell sorting started by selecting 

likely cells, single cells and then dead cell exclusion. After this the percentage of 

cells that were selected as either pericytes or adventitial cells was calculated using 

the percentage of CD31-CD45- cells multiplied by either the percentage of pericytes 
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(CD146+CD34-) or the percentage of adventitial cells (CD146-CD34+). These data 

are presented as the mean ± SEM in Table 3-2. 

Whilst there was a numerical difference in the mass of tissue harvested by the two 

methods this did not reach statistical significance (p=0.066). The number of pericytes 

and adventitial cells were greater in the samples collected from patients undergoing 

TKR, though this only reached statistical significance for the adventitial cells and 

when the cells were combined. To ensure that these differences were not related to 

the mass of tissue collected the number of cells sorted per gram was also analysed. 

These data demonstrated the same as the results for the total number of cells (Figure 

3-21). 

 TKR patients ACL Patients All Patients 

Tissue mass harvested (g) 8.0±0.7 11.0±1.4 9.3±0.8 

 

Total number of 

sorted cells 

collected 

Pericytes 7.5±3.7x104 0.8±0.3x104 4.6±2.2x104 

Adventitial Cells 23.5±4.1x104 65.0±3.0x104 16.2±3.2x104 

Total PSCs 31.0±6.1x104 7.3±3.6x104 20.7±4.6x104 

 

Number of cells / 

gram tissue 

Pericytes 13.3±7.7x103 0.8±0.3x103 7.9±4.4x103 

Adventitial Cells 31.4±5.6x103 6.9±3.3x103 20.8±4.3x103 

Total PSCs 44.8±11.6x103 7.8±3.7x103 28.7±7.7x103 

 

Percentage of 

live cells 

Pericytes 4.0±1.2 3.5±0.6 3.8±0.7 

Adventitial Cells 18.4±4.0 25.0±4.7 21.2±3.0 

Total PSCs 22.5±3.8 28.5±4.8 25.1±3.0 

Table 3-2 - Numbers and percentages cell sorted using flow cytometry. The number of cells are 
presented as the total number collected as well as per gram of harvested tissue to allow 
comparison. 
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Figure 3-21 – Figure A demonstrates the total number of cells tissue isolated from the infra-
patellar fat pad (mean±SEM). In figure B the number of cells per gram of tissue isolated has 
been calculated. p-values and significances are displayed.  

Using the flow cytometry data, the percentage of live single cells that were pericytes, 

adventitial cells and the total number of PSCs were calculated. There were no 

statistical differences in the percentages of cells that were pericytes or adventitial 

cells between the two harvesting techniques (Figure 3-22). 

 

Figure 3-22 – To determine the percentage of the stromal vascular fraction that were 
perivascular stem cells the number of harvested cells was divided by the number of events after 
sinlge live cells had been selected and tehn multiplied by 100. Data are displayed as the mean 
percentage ± SEM. 

As there was a significant difference in the age of the patients between the two 

groups. Pearson’s correlation analysis was run on each of the different cell types for: 

(1) the total number of cells; (2) the number of cells per gram; (3) the percentage of 
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live cells. No correlation was found for any of the groups with all of the r-values 

falling between -0.4 and 0.4, with none reaching statistical significance.  

3.4.3.2  Culture derived mesenchymal stem cells 
Adipose derived MSCs were obtained from the IFP by culturing the SVF. Bone 

marrow was obtained from the distal femur during total knee replacements. The 

samples were then placed directly into culture as per section 8.2. Three samples of 

adipose derived MSCs were collected from patients undergoing either ACL or TKR 

as well as three bone marrow samples. 

3.4.3.3  ROR2 positive cells 
Unpublished work by Professor Hollander’s group at the University of Bristol 

undertaken in conjunction with Professor Péault had suggested there was a sub-set of 

MSCs with increased chondrogenic potential that expressed ROR2 (personal 

communication). Their group obtained their cells from bone marrow during routine 

hip arthroplasty.  

To identify if ROR2+ cells could be prospectively identified and sorted from the IFP 

a mouse anti-human ROR2 antibody was added to the antibody panel as per the 

materials and methods section. ROR2+ cells were selected after gating for single live 

cells. Figure 3-23 shows a typical cell selection gate, the left hand plot shows the 

ROR2+ cells. There was not a homogenous group of cells demonstrating similar size 

and fluorescence. 

 

Figure 3-23 – FACS plots demonstrating anti-ROR2 antibody staining on live single cells from 
the infra-patellar fat pad. The right-hand plot was from a FACS sort that included the anti-
ROR2 antibody and the left plot was the negative control used to set the gate for true-positive 
staining. 
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3.4.4 Cell Identity 
Following a period of cell proliferation in culture the pericytes, adventitial cells, 

mixed PSCs and MSCs were analysed to ascertain their in vitro identity. 

3.4.4.1  Multi-colour FACS analysis 
3.4.4.1.1 Perivascular stem cells 

Figure 3-24 demonstrates multicolour FACS analysis of cultured pericytes, 

adventitial cells and mixed perivascular stem cells. Single cells were gated and 

histograms of each antibody were compared to the relevant isotype control (Figure 

3-24). Endothelial, haematopoietic and myoendothelial markers were all negative 

(anti-CD144, -CD45 and -CD56 respectively, data not shown). Each of the cell types 

was positive for the MSC markers CD44, CD90 and CD105. CD34 expression is not 

typically expressed by cultured cells and was negative in all of the tested groups. 

CD146 is normally expressed by pericytes and late passage adventitial cells (Péault 

group, unpublished data) but was negative in all of the groups. The compensation 

beads used to set up the experiment had been strongly positive demonstrating that the 

anti-CD146 antibody was working and that the FACS set up was correct. 

 
Figure 3-24 – Comparison of MSC and PSC markers in cultured pericytes (top row), adventitial 
cells (middle row) and mixed perivascular stem cells (bottom row). The cells were labelled with 
multiple antibodies, displayed form left to right are antibodies to CD44, CD90, CD105, CD146 
and CD34. Antibody staining is in red and isotypes are in blue. 
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To determine if the lack of CD146 expression was a true negative five separate 

patient samples of cultured pericytes obtained in 3.4.3.1.2 were stained with three 

different anti-CD146 antibodies (Figure 3-25). All five samples were negative for 

each of the three antibodies tested. The details of the antibodies used are displayed in 

Table 3-3. 

Row in Figure 3-25 Clone Fluorophore Company Product Number 

Top row OJ79c FITC AbD Serotec  MCA2141F 

Middle row 541-10B2 AF647 Miltenyi Biotec  130-092-851 

Bottom row P1H12 Brilliant Violet BD Biosciences 563186 

Table 3-3 – Anti-CD146 antibodies used to analyse cultured pericytes in Figure 3-25. 

 
Figure 3-25 – Expression of CD146 in cultured pericytes from the infra-patellar fat pad. The 
antibodies detailed in Table 3-3 were used to stain five separate patient samples, each column 
was from the same cells stained with the three antibodies (each on a separate row). Antibody 
staining is in red and isotypes are in blue. No diference was seen between antibody and control 
staining for any of the samples or antibodies 

3.4.4.1.2 Culture-derived MSCs 

Culture derived MSCs from IFP and bone marrow were trypsinised from monolayer 

culture and stained for multiple surface antigens. Antibody staning for CD34, CD45, 

CD56 and CD144 were negative for both samples (data not shown). They were both 

strongly positive for antibodies raised against the mesenchymal stem cell markers 
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CD44, CD90 and CD105.  A small proportion of cells had reacted with the anti-

CD146 antibody (Figure 3-26). 

 
Figure 3-26 – FACS analysis of culture derived MSCs from IFP (top row) and bone marrow 
(bottom row) stained with antbodies against CD44, CD90, CD105 and CD146 (left to right). 
Antibody staining is in red and isotype controls are in blue. 

As all cells were stained with all of the antibodies it was possible to determine co-

expression of the MSC markers (Figure 3-27). In the left hand plot there were two 

groups of cells of distinct sizes demonstrating the heterogeneity of these cells, there 

was no difference in the cell surface expression when these two populations were 

examined separately (data not shown). The middle and right plots show that over 

95% of cells in culture by passage 2 expressed all three of the MSC markers.  

 
Figure 3-27 – Co-expression of surface antigens in cultured-derived MSCs from bone marrow. 
The left plot demonstrates two cell populations within the cell selection gate and the antibody 
plots demonstrate co-expression of MSC markers CD44 and CD105 (middle) as well as CD90 
and CD105 (right). 



Perivascular stem cells and articular cartilage repair 

The infra-patellar fat pad as a source of perivascular stem cells   76 

3.4.4.1.3 ROR+ cells 

Cells sorted by expression of ROR2 were proliferated and analysed after two 

passages. As Professor Hollander’s unpublished data (personal communication) 

indicated that ROR2 expression was increased at higher confluency the cells were 

trypsinised as they approached 100% confluency and were analysed immediately. 

Figure 3-28 shows the cell selection of the cultured cells. The histogram overlaid the 

emission at the FITC wavelength for four analyses: 1, Unstained control; 2, FMO 

control; 3, All antibodies (MSC and PSC markers in the same tube); 4, Individual 

antibody for ROR2-FITC. An FMO was used as no isotype was available. No 

difference was discernable between the antibody stained samples and the negative 

controls (Figure 3-28).  

 
Figure 3-28 – Cells cultured following isolation based on reactivity to anti-ROR2 antibodies 
were checked for their reactivity to the same anti-ROR2 antibody. Cell selection is shown in the 
left plot and fluorescence for each of the different cell preparations in the rightplot. No antibody 
control – green; all antibodies – orange; FMO for ROR2-FITC – blue; single ROR2-FITC 
antibody – red. 

Further analysis of the cells demonstrated that they expressed the MSC markers of 

CD44, CD90 and CD105. There was also a group of CD146 positive cells. The 

bottom left plot suggests that there was a group of cells that expressed CD34, there 

was no shift of the histogram and this probably represents an inability to compensate 

for the bright signal from the CD105-PECf594 emission. Interestingly there was a 

definite positive shift in CD45 expression indicating that these cells were in fact 

haematopoietic stem cells (Figure 3-29). 
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Figure 3-29 – Expression of MSC and PSC markers on cells sorted for their reactivity with an 
anti-ROR2 antibody. The antbodies used were: top row: CD44, CD90, CD105, CD146; bottom 
row: CD34, CD45, CD144, CD56. Antibody staining is in red and isotype controls are in blue. 

During cell sorting of two samples the ROR2 antibody became unavailable and so 

one of the samples was processed with and one without the ROR2 antibody. The 

ROR2+ cell selection shown for both of these sorts in Figure 3-30, the right hand 

plot is the FMO that was used to set the gate for selecting ROR2+ cells. To allow 

more cells to be used for cell sorting the minimal number of cells were used to obtain 

this plot. Based on this the level of flourescence cells were selcted as either ROR2+ 

or ROR2-. The left plot shows the sort in the sample stained with antibody and  the 

middle the sort tube without antibody. These plots showed a smiliar percentage of 

ROR2+ cells despite their being no antibody used to stain the sort tube in the middle  

 
Figure 3-30 – The selection of cells reactive to anti-ROR2 antibodies is demonstrated by the gate 
in the left-hand plot which is based on the negative control in the right-hand plot. The middle 
plot represents a sort based on the same gate but with no anti-ROR2 antibody staining of the 
sample.  



Perivascular stem cells and articular cartilage repair 

The infra-patellar fat pad as a source of perivascular stem cells   78 

plot. These data indicated that the ROR2+ cells selected were likely to  represent 

auto-fluorescent cells rather than true ROR2 positive staining. 

Retrospective analysis of the sort data using FlowJo demonstrated that the ROR2 

cells consisted of endothelial and haematopoietic cells; 80% were CD31+, 20% were 

CD34+, 90% were CD45+ and none were CD146+ (Figure 3-31).  

 
Figure 3-31 – Cells that had been isolated purely by their reactivity the anti-ROR2 antibody 
were retrospectivly analysed as they had been co-stained with CD31, CD34, CD45 and CD146  
antibodies. The ROR2+ cells demonstrated expression of CD31, CD34 and CD45. Antibody 
staining is in red and FMO controls are in blue. 

3.4.4.2  Immunocytochemistry 
Pericytes were cultured on coverslips, fixed and stained separately using 

unconjugated anti-CD146, anti-NG2 and anti-PDGFRβ antibodies. The negative  

   

   
Figure 3-32 - Immunocytochemistry of cultured pericytes with primary antibodies for CD146, 
NG2 and PDGFRβ and an AF488 conjugated secondary abtibody in green with nuclei staining 
using DAPI (blue). Postive staining was seen in all cells witht eh primary antibody (top row) but 
not in the controls on the bottom row. Scale bars = 50µm. 
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controls omitted the  primary antibodies.  All of the cells sorted on the basis of 

CD146 expression were positive for each of the pericyte markers (Figure 3-32). 

3.4.4.3  Polymerase chain reaction gene expression 
RNA was extracted from cultured pericytes as per the methods section. RNA was 

reverse transcribed to cDNA and PCR run on an agarose gel. The surface markers 

that are used to sort pericytes (CD31, CD45, CD34 and CD146) as well as additional 

pericyte markers (NG2 and PDGFRβ) were run with the reference gene β-actin 

(ACTB) as well as a negative control using RNase free water instead of cDNA. A 

1kb ladder was run on the right side of the gel. 

Figure 3-33 displays the results of genotyping pericytes from both an ACL (left) and 

a TKR patient (right). There were no bands for CD31, CD34 or CD45. There were 

bands for CD146 in both samples but this expression appeared more intense for the 

ACL sample (the CD146 band was brighter relative to ACTB) compared to the TKR 

sample. The pericyte markers NG2 and PDGFRβ were positive for both samples.  

  

Figure 3-33 – Reverse transcription PCR genotyping of pericytes from an ACL patient (left) and 
a knee arthroplasty patient (right). Bands were seen at the correct molecular weight with no 
signal in the negative controls. The brightest intensity band on the DNA ladders on the right was 
at 1,000bp 

3.4.5 Mesenchymal Differentiation Potential 
The cell populations of pericytes, adventitial cells and mixed PSCs collected 

arthroscopically and through an arthrotomy used for the cell identity experiments 

were differentiated for 21 days in osteogenic, adipogenic and chondrogenic media. 

Myogenic differentiation was run until multi-nucleate cells were observed. Controls 

were run using adipose derived MSCs from both sources as well as bone marrow 

derived MSCs from TKR patients. Samples were run in growth media as controls for 

imaging. RNA was extracted at the end of the differentiation course.  
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PCR was run for all samples for each individual gene tested. Each of the gels was run 

with a DNA ladder in the first well and a negative control with water instead of 

cDNA in the last well. The order of the samples was; 1, ACL pericytes; 2, ACL 

adventitial cells; 3, ACL mixed PSCs; 4, TKR pericytes; 5, TKR adventitial cells; 6, 

TKR mixed PSCs; 7, ACL MSCs; 8, TKR MSCs; 9, bone-marrow derived MSCs. 

3.4.5.1  Osteogenic Differentiation 
3.4.5.1.1 Imaging 

All images were taken at 21 days after washing and fixation. Images were acquired 

using the Zeiss Observer Microscope. Images from ACL and TKR patient samples 

are shown in Figure 3-34 and Figure 3-35 respectively.  The growth media controls 

demonstrated confluent cells in monolayer. The differentiation media images with no 

staining demonstrated osteogenesis, this was confirmed by positive staining with 

Alizarin Red. The staining did not appear to be as strong in the images from the 

MSCs from IFP and bone marrow (Figure 3-36). There was minimal difference in 

the unstained images between the differentiation and growth media images. There 

was also minimal staining for Alizarin red, particularly in comparison to the PSCs in 

Figure 3-34 and Figure 3-35. 
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Figure 3-34 - Osteogenic differentiation of pericytes (top row), adventitial cells (middle row) and mixed PSCs (bottom row) harvested arthroscopically.  Cells 
were imaged unstained (left and middle left) and with Alizarin Red (middle right and right). Matrix deposition (black arrow) and Alizarin red staining 
indicating calcium deposition (white arrow) are seen. GM = Growth media; DM = differentiation media. Scale bars = 400µm. 
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Figure 3-35 - Osteogenic differentiation of pericytes (top row), adventitial cells (middle row) and mixed PSCs (bottom row) harvested from patients 
undergoing knee arthroplasty.  Cells were imaged unstained (left and middle left) and with Alizarin Red (middle right and right). Matrix deposition (black 
arrow) and Alizarin red staining indicating calcium (white arrow) are seen. GM = Growth media; DM = differentiation media. Scale bars = 400µm. 
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Figure 3-36 - Osteogenic differentiation of culture-derived MSCs. Adipose-derived harvested arthroscopically (top row) and from TKR patients (middle row) 
as well as bone marrow (bottom row). Cell were imaged unstained (left and middle left) and with Alizarin Red (middle right and right). No matrix or calcium 
deposition as seen as in Figure 3-34 and Figure 3-35. GM = Growth media; DM = differentiation media. Scale bars = 400µm. 
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3.4.5.1.2 PCR gene expression 

Three genes were investigated to confirm osteogenesis; 1, RUNX2, a key 

transcription factor associated with osteoblast differentiation; 2, ALPL (alkaline 

phosphatase liver/bone/kidney) indicated production of alkaline phosphatase a 

constituent of bone matrix; 3, BGLAP (bone gamma-carboxyglutamic acid-

containing protein), commonly known as osteocalcin and is solely secreted by 

osteoblasts. Positive bands were found for all of the samples for all genes. The 

product bands were appropriate sizes compared to the DNA ladders (Figure 3-37). 

The reference gene β-actin was expressed for all cell types and all negative controls 

were negative. 

  

  
Figure 3-37 – Gene expression of markers of osteogenic differentiation. Wells from left to right: 
DNA ladder, ACL pericytes, ACL adventitial cells, ACL mixed PSCs, TKR pericytes, TKR 
adventitial cells, TKR mixed PSCs, ACL MSCs, TKR MSCs, bone-marrow derived MSCs, 
water. The expected product mmolecular weights were: RUNX2 – 317bp, ALPL – 199bp, 
BGLAP – 315bp, ACTB  - 205bp. The brightest part signal on the DNA ladder was 700bp. 

3.4.5.2  Adipogenic Differentiation 
3.4.5.2.1 Imaging 

Bright field images demonstrating the difference between growth and differentiation 

media at 21 days before the cells were fixed are demonstrated in Figure 3-38, Figure 

3-39 and Figure 3-40. Intracellular vesicles were seen within the cellular network in  
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Figure 3-38 - Adipogenic differentiation of  arthroscopically harvested pericytes (top row), adventitial cells (middle row) and mixed PSCs (bottom row). 
Vescicles were present on the unstained images (white arrow) which stained with Oil Red O indicating lipid (red arrrow). Scale bars: unstained (left and 
middle left) = 150µm, Oil Red O (middle right and right) = 50µm. GM = Growth media; DM = differentiation media. 
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Figure 3-39 - Adipogenic differentiation of perivascular stem cells harvested from knee replacement patients. Pericytes (top row), adventitial cells (middle 
row) and mixed PSCs (bottom row). Vescicles were present on the unstained images (white arrow) which stained with Oil Red O indicating lipid (red 
arrrow). Scale bars: unstained (left and middle left) = 150µm, Oil Red O (middle right and right) = 50µm. GM = Growth media; DM = differentiation media. 
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Figure 3-40 - Adipogenic differentiation of culture-derived mesenchymal stem cells. Adipose-derived harvested arthroscopically (top row) and from TKR 
patients (middle row) as well as bone marrow (bottom row). Vescicles were present which stained with Oil Red O indicating lipid (red arrrow). Scale bars: 
unstained (left and middle left) = 150µm, Oil Red O (middle right and right) = 50µm. GM = Growth media; DM = differentiation media.
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the samples treated with differentiation media, these were not present in the growth 

media samples. All groups demonstrated intracellular fat vesicles that were positive 

for Oil Red O (Figure 3-38, Figure 3-39 and Figure 3-40). 

3.4.5.2.2 PCR gene expression 

The genes activated by peroxisome proliferator-activated receptor gamma (PPARG) 

generate lipid uptake and adipogenesis by fat cells. All groups from the IFP 

demonstrated positive bands for PPARG. The bone marrow sample had a fainter 

band for PPARG and a similar band for ACTB, as the expression of the reference 

gene was similar this suggested lower expression of PPARG in the bone marrow 

sample (ninth sample wells in Figure 3-41). 

  
Figure 3-41 – Gene expression of PPARG for adipogenic differentiation. Wells from left to right: 
DNA ladder, ACL pericytes, ACL adventitial cells, ACL mixed PSCs, TKR pericytes, TKR 
adventitial cells, TKR mixed PSCs, ACL MSCs, TKR MSCs, bone-marrow derived MSCs, 
water. 

3.4.5.3  Chondrogenic Differentiation 
Chondrogenic differentiation will be covered in more detail in Chapter 4. An 

example of chondrogenic differentiation is included in here for completeness. 

Genetic expression of chondrogenic markers from an ACL patient were 

demonstrated using PCR. 

3.4.5.3.1 PCR gene expression 

Standard PCR of chondrogenic markers were run on a single sample. As only one 

sample was analysed all genes were run on the same gel (Figure 3-42). The DNA 

ladder and the reference gene ACTB had visible bands in the left hand image (Figure 

3-42). When the exposure time for imaging was increased to where the other well 

runs can be seen the ladder and ACTB were over exposed (right image). The over 

exposed image demonstrated that there were faint bands for SOX9 and ACAN but not 
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for the other genes. There appeared to be a band for COL2A1 but as the product size 

was supposed to be similar to SOX9 this indicated that the signal was likely to 

represent primer-dimer formation. 

  
Figure 3-42 – PCR for chondrogenic markers from pericytes after 21 days in pellet culture. The 
images are from the same electrophoresis gel but with the exposure increased on the image on 
the right. 

3.4.5.4  Myogenic Differentiation 
Cells were cultured in proliferation media until 70-80% confluent and subsequently 

in fusion media. Samples were cultured in fusion media for 3-4 weeks and RNA 

extracted once multi-nucleated cells appeared.  

3.4.5.4.1 Imaging 

Phase contrast images of the cells at the end of differentiation appeared to 

demonstrate multi-nucleated cells (Figure 3-43). 

  
Figure 3-43 – Phase contrast images of cells cultured in myogenic fusion media for 21 days. The 
left image at lower magnification demonstrates the organisation at high confluence. Scale bars: 
left = 200µm, right = 100µm. 

Cells were labelled with antibodies raised against fast actin and desmin. These were 

chosen as they have been used in previous studies as markers of myogenic 
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differentiation160. Negative controls omitted the primary antibody but were otherwise 

processed identically. 

  

  

Figure 3-44 – Cells cultured in myogenic fusion media were stained with antibodies for desmin 
and fast actin and then a secondary FITC fluorophore (green) with DAPI to label the cell nuclei 
(blue) (left column). Controls omitting the primary antibodies are shown in the right column. 
Scale bars: top row = 200µm, bottom row = 100µm. 

Staining was positive for desmin and fast actin compared to the negative controls. 

The controls demonstrated that the fluorescent signal was specific to the primary 

antibodies used. The signal was bright within the nuclei making the staining there a 

light blue compared with the controls. Desmin stained more of the intracellular 

region than the fast actin (Figure 3-44). 

3.4.5.4.2 PCR gene expression 

Myogenic differentiation (MYOD1) and myosin heavy chain (MYH1) genes were 

analysed for all samples. All samples were negative for both genes. The β-actin 

(ACTB) controls were positive confirming that the cDNA was appropriate and the 

experiment run correctly.  
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Figure 3-45 – Gene expression of the myogenic markers MYOD1 and MYH1.  Wells from left to 
right: DNA ladder, ACL pericytes, ACL adventitial cells, ACL mixed PSCs, TKR pericytes, 
TKR adventitial cells, TKR mixed PSCs, ACL MSCs, TKR MSCs, bone-marrow derived MSCs, 
water. 

3.5 Discussion 
The data presented within this chapter has successfully identified perivascular stem 

cells within the infra-patellar fat pad. These cells were isolated using flow cytometry, 

cultured and their identity described. All of the stem cells identified within this 

chapter were capable of chondrogenic, adipogenic and osteogenic differentiation. 

Histology of the IFP confirmed that the majority of the tissue consisted of adipocytes 

interspersed with blood vessels (Figure 3-1) similar to the images presented 

previously149. The synovial covering of the IFP was also imaged and revealed 

increased cellularity with a higher density of  smaller blood vessels compared to the 

areas of the IFP dominated by adipocytes which had a greater number of larger 

calibre vessels (Figure 3-1). Picrosirius red staining of osteoarthritic synovium 

demonstrated an increase in the collagen content compared to the synovium 

overlying the IFP from the same patient (Figure 3-3). Despite osteoarthritis being 

considered a whole joint disease161 the synovium over the IFP appeared signifcantly 

different to the osteoarthritic synovium found elsewhere in the joint in that there was 

a lot of hypertrophy with increased collagen deposition. The osteoarthritic synovium 

had a greater density of collagen fibres and increased CD34 staining. This may be of 
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significance for future research when harvesting tissue to obtain cells in patients with 

osteoarthritis. 

The thickness of the synovium covering the IFP was less than 300µm (Figure 3-2). 

Synovium has been suggested as a source of stem cells162 which may have better 

chondrogenic potential compared to bone marrow or periosteum88. Both of these 

studies used biopsies and neither included histology or immunohistochemistry to 

confirm the in vivo location of the stem cells they had harvested. The 

immunohistochemistry of the synovium (Figure 3-15 and Figure 3-16) demonstrated 

that it was likely that the cells harvested from synovial tissue were likely to represent 

perivascular stem cells that led to MSCs when cultured.  

Immunohistochemistry confirmed the perivascular location of CD146 and CD34 

expression within the IFP (Figure 3-4). α-SMA staining shared a similar distribution 

to CD146 in both small and larger calibre vessels (Figure 3-5). Khan et al (2008) also 

demonstrated perivascular staining in larger vessels but did not ascertain staining in 

smaller vessels149. The NG2 expression was similar to the CD34 as it was located 

around the endothelial and adventitial layers (Figure 3-5). Crisan et al (2008) showed 

images where CD146 and NG2 seemed to be co-expressed around a small calibre 

vessel84. Morita et al (2014) found NG2 and PDGFRβ to be expressed by 

pericytes163. Corselli et al (2012) did not use NG2 in their work on adventitial cells 

so a comparison cannot be made99. 

The use of multiple antibodies demonstrated that whilst closely related, CD146 and 

CD34 stained distinct but separate perivascular regions (Figure 3-10). The addition 

of CD31 showed that CD34 stained both the endothelium and the adventitia (Figure 

3-16). This staining was the same as was found by Crisan et al (2008) and Corselli et 

al (2012) in their work on PSCs84,99. The relationship between CD31 and CD34 on 

endothelial cells was confirmed during flow cytometry analysis (Figure 3-19). 

Unfortunately, efforts to determine the in vivo relationship between MSC and PSC 

markers using immunohistochemistry were unsuccessful. The individual stains 

appeared to give specific and consistent results (Figure 3-7) but when multiple stains 
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were used the staining patterns were not consistent with the single stains (Figure 

3-14). This may have been due to a problem with the automated Tyramide system, 

Crisan et al (2008) were able to demonstrate perivascular staining of the MSC 

markers CD44, CD73, CD90 and CD105 using a manual staining protocol84. 

Although why the Tyramide system would work with the perivascular and 

endothelial markers in dual and triple stains but not the MSC markers was uncertain.  

Having accurately identified pericytes and adventitial cells in tissue sections 

specimens of IFP were processed and PSCs obtained using the same methods to 

obtain them from other tissues84,155. Immediate analysis following cell sorting 

demonstrated the purity of the collected cells (Figure 3-20). It also demonstrated that 

a proportion of the pericytes turned into debris during cell sorting, this was 

demonstrated by a greater number of smaller fragments being seen on the forward 

side scatter plot. It was impossible to quantify this as a percentage of sorted pericytes 

as the disruption of one cell would lead to multiple, smaller pieces of cell debris, 

each of which would represent a single event on flow cytometry. This effect was not 

seen in the adventitial cells suggesting that they were more robust through cell 

sorting process. 

The data from the cell sorts showed that large numbers of perivascular stem cells 

could be consistently obtained from the IFP both arthroscopically or through an open 

arthrotomy (Table 3-2) from two patient groups with significantly different ages 

(Table 3-1). Cells were harvested in significantly higher numbers from the TKR 

samples than the ACL samples. This was also the case when the number of cells 

harvested per gram of tissue was calculated. When the proportion of pericytes and 

adventitial cells were analysed as a percentage of the available cells there was no 

difference between the two groups. These data suggested that a greater number of 

cells were harvested from the TKR samples. A possible reason for this was the 

processing of the samples. The samples came as either whole pieces (TKR) or as 

arthroscopic shavings (ACL), it may be that the processing of the TKR samples led 

to more efficient enzymatic digestion of the tissue. This could be due to the size and 

surface area of the tissue or be realted to differences between the extracellular matrix 

of the two tissue types.  
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The identity of the cultured cells was initially analysed using multi-colour flow 

cytometry. This confirmed that there was no contamination of the samples with 

endothelial, haematopoietic or myoendothelial cells. The majority of the cells in all 

of the groups analysed expressed the stem cell markers CD44, CD90 and CD105 

which was consistent with the data presented by Crisan et al (2008)84 and Corselli et 

al (2012)99. There was minimal expression of CD34, which was expected as this 

marker is known not to be expressed in cultured cells, even those selected on the 

basis of CD34 expression. Pericytes from the IFP did not express CD146 on their cell 

surfaces as there was no positive signal found on flow cytometry where the staining 

methods used means that only cell surface signal was detected. Due to this 

unexpected finding pericytes were analysed further using immunocytochemistry and 

PCR. For the immunocytochemistry the cells were permeabilised meaning that 

intracellular antigens would be labelled. The pericytes that were analysed showed 

clear positive staining for CD146 and the pericyte markers NG2 and PDGFRβ. PCR 

analysis of the pericytes confirmed that they were expressing these pericyte markers. 

The reason why the CD146 expression from pericytes from the IFP was not detected 

on flow cytometry is uncertain and has not been described before as all previously 

cultured pericytes have been CD146+. 

The attempt to prospectively obtain ROR2+ cells from the IFP was unsuccessful as 

the cells collected did not maintain expression of ROR2 (Figure 3-28). The small 

number of the cells that were collected (approximately 140 per sort) meant that they 

were susceptible to contamination from auto-fluorescent cells. The subsequent 

analysis of the cells gated as positive for ROR2 showed that this population 

contained endothelial and haematopoietic cells. The endothelial cells would have 

failed to proliferate and would not survive the multiple passages to obtain useful 

numbers of cells. The haematopoietic cells did proliferate as the analysis of these 

cultured cells confirmed that they remained CD45+ in culture. There were two 

possible explanations for the inability to define a ROR2+ population. Either the 

antibody did not successfully label the cells or they were not present in the tissue. As 

no positive control was available it was impossible to ascertain which of these was 

the case from the available data. 
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The methods used to analyse the identity of the PSCs and MSCs were unable to 

differentiate between the groups in culture. The aim of collecting stem cells in this 

work was functional differentiation, in particular chondrogenic differentiation.  To 

confirm the nature of these cells they underwent mesenchymal differentiation to 

bone, fat and cartilage. The most important feature of these cells identities was how 

they performed this differentiation.  

Histochemical stains and RT-PCR do not produce quantifiable data so comparing the 

osteogenic potential of the different cell groups using these methods was not 

conclusive. The PSCs did have more staining with the Alizarin red and the cells 

appeared to have changed more in comparison to their growth media controls than 

the MSCs (Figure 3-34, Figure 3-35 and Figure 3-36). When looking at the RT-PCR, 

the expression of ACTB appeared relatively uniform suggesting equal amounts of 

cDNA were used and runx2 expression appeared greatest in the pericytes from an 

ACL patient (Figure 3-37). These data are in keeping with previous in vitro and in 

vivo data comparing PSCs to unsorted stromal vascular fraction105. All cells 

demonstrated adipogenic differentiation with intracellular vesicle and Oil Red O 

staining (Figure 3-38, Figure 3-39 and Figure 3-40). The only group that appeared 

different were the bone marrow MSCs that demonstrated less vesicles and almost no 

PCR signal for PPARG. 

The methods and cells used within this chapter did not lead to myogenesis despite 

using similar protocols to previous studies162,164. There was positive staining for 

desmin and fast actin. Whilst these were chosen to represent myogenesis as they 

have been used in previous studies actin can be found in all eukaryotic cells and its 

intracellular staining was focused around the cell nuclei. The cells did stain 

positively for desmin but there was no signal for the genetic markers associated with 

muscle differentiation indicating that myogenic differnetitaion had not occurred. 

Pellet culture demonstrated that the cells were able to form cartilage pellets induced 

by centrifugation and chemical induction. The cells expressed SOX9 and ACAN but 

not COL2A1. The chondrogenic potential and a comparison between PSCs will be 

presented in the following chapter. 
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Chapter 4: Chondrogenic potential of 
perivascular stem cells compared to 
mesenchymal stem cells 
4.1 Introduction 
The ability of a cell to form cartilage is one of the three lineages required to state that 

a stem cell has mesenchymal potential165. The factors required to induce 

chondrogeneis of MSCs was discussed by Caplan (1991) when he first described the 

term mesenchymal stem cell83. Caplan discussed that chondrogenesis was affected by 

cell density, oxygen levels and a variety of physical and chemical factors. Since then 

researchers have investigated multiple variables to identify the optimal in vitro 

chondrogenic assay. These variables have included: MSC sub-populations, co-

culture of MSCs with chondrocytes, tissue of origin, chemical induction agents, 

physical forces and culture models. 

It has been recognised that the method of deriving MSCs by their adherence to tissue 

plastic leads to heterogeneous cell populations98. Russell et al (2010) found that the 

colony-forming unit (CFU) efficiency of MSC cultures was 55-62% with only 50% 

of the CFUs being tripotent166. Their data also suggested that CD146 was a marker 

for multipotency. As MSC cultures consist of multiple cell populations research has 

tried to discern if any of these sub-populations demonstrate increased chondrogenic 

potential. Rada et al (2010) isolated sub-populations from adipose-derived MSCs 

using immunomagnetic beads based on expression of multiple markers including 

CD44, CD73, CD90, CD105 and Stro-1167. They found that there was a wide 

variation in the chondrogenic potential of the different cell populations. The issue 

with their data was that despite using the ΔΔCT method168 their relative gene 

expression was between their pre and post differentiation samples. This meant that if 

one of the population had significantly higher expression before differentiation this 

would reduce the level of relative expression post-differentiation. The study did 

however highlight the different populations within MSC cultures and that they are 

likely to have different chondrogenic potentials. Gothard et al (2014) sorted MSCs 
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based on expression of Stro-1, CD105 and CD146 and found that the Stro-1 and 

CD146 populations were similar with regards their osteogenic potential100. 

Multiple tissues have been suggested as sources of adult MSCs169. Adegani et al 

(2013) compared the self-renewal capacity and differentiation status of bone marrow, 

adipose, umbilical cord and nasal septum derived MSCs but did not assess their 

chondrogenic potential170. Various authors have found increased chondrogenic 

potential when comparing different tissues with little consensus on the optimal 

tissue. Bone marrow has demonstrated superiority over subcutaneous fat in two 

studies86,171 but no difference in another172 and synovium has demonstrated 

superiority over bone marrow88. Neither of these have been compared to adipose 

tissue from the infra-patellar fat pad, which has demonstrated superiority over 

subcutaneous fat90. Co-cultures using stem cells and mature chondrocytes have been 

suggested as a potential strategy that has reduced hypertrophic differentiation173,174. 

Chondrogenesis is typically induced chemically, either with commercially pre-

prepared media or freshly prepared to individual formulae. Research has investigated 

the relative importance of individual growth factors175. The signalling pathways 

involved in chondrogenic differentiation are complex and have been described in a 

recent review176.  A figure illustrating the common pathways involved is reproduced 

in Figure 4-1. This figure helps to illustrate the importance of TGFβ as an initiator of 

chondrogenesis and its inclusion in chondrogenic media. The complex role of 

different BMPs is not yet fully understood but BMP-6 has improved the 

chondrogenic potential of adipose derived MSCs177 and Caron et al (2013) showed 

that BMP-2 and BMP-7 affected the development of a hypertrophic 

differentiation178. BMP-2 has also demonstrated a role in the expression of aggrecan 

by pericytes179. FGF-2 has been suggested to improve chondrogenesis149,180 but 

Hildner et al (2010) found that FGF-2 abolished the effects of TGFβ and BMP-6. 

Wnts have also been implicated in regulating chondrogenesis181-183 and insulin is also 

considered vital184. 
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Figure 4-1 – Signalling pathways involved in chondrogenesis. Reproduced from Mariani E, 
Pulsatelli L, Facchini A. Signaling pathways in cartilage repair. Int J Mol Sci 15, 8667–8698 
(2014). 

Various culture models have been described to facilitate chondrogenesis. Whilst cells 

can undergo cartilage differentiation in a monolayer culture it is widely accepted that 

three-dimensional models are required to promote the production of the extra-cellular 

matrix. The simplest culture method is a pellet culture where an aliquot of cells are 

centrifuged to form a pellet, typically 3x105 cell in 500µl of chondrogenic media. If 

the aliquot is much smaller (e.g. 30µl) the cells can be pipetted onto culture plastic 

and left to form a micromass185. Media is added after the micromass has had time to 

bond and adhere to the plastic. Cells can also be suspended in hydrogels, these can be 

based on many constituents but are commonly based on alginate186, collagen187 or 

hyaluronic acid188,189. More rigid scaffolds, such as polyglycolic acid, can be used as 

a pre-fabricated 3D structure for the cells to be seeded onto190. 

The culture conditions can also be altered including the use of conditioned culture 

media191. Low oxygen tension has been associated with improved chondrogenesis192-

194, this makes sense as articular cartilage is nourished by synovial fluid which has a 



Perivascular stem cells and articular cartilage repair 

The chondrogenic potential of perivascular stem cells   99 

low oxygen tension195. Mechanical forces have also been applied using continuous 

motion190, cyclical hydrostatic pressure in bioreactors196-198 and ultrasound199. 

Chondrogenesis can be assessed either by protein production or genetic expression. 

Qualitative assessment to demonstrate chondrogenesis is generally undertaken using 

Alcian blue staining. Alcian blue is used to stain sulphated and phosphated 

mucopolysaccharides and glycosaminoglycans. It is not specific to cartilage but has 

been shown to preferentially stain cartilage at a lower pH200. Another qualitative 

measure is to use a monoclonal antibody to collagen II201. There are also quantitative 

assays to determine the amount of collagen I202, collagen II203 and 

glycosaminoglycans204. One problem with these assays is that they require larger 

amounts of material compared to the amount of cDNA required for quantitative real 

time PCR (qPCR). This means that they are difficult to use in conjunction with 

culture models that produce small amounts of matrix.  

Genetic expression can be calculated using quantitative real-time PCR (qPCR), this 

allows relative genetic expression to be calculated compared to an internal control 

followed by comparison between samples. Figure 4-1 demonstrates that collagen II, 

aggrecan and sox-9 form the essential common pathway to stable chondrogenesis176. 

Collagen II and aggrecan are the two main constituents of articular cartilage and the 

transcription factor sox-9 is essential for chondrocyte differentiation205 and cartilage 

formation206.  

The chondrogenic potential of perivascular stem cells has been demonstrated84,99,102 

but not quantified. The candidate is also unaware of any data comparing the 

chondrogenic potential of PSCs to MSCs. 

4.2 Hypotheses 
The primary hypothesis was that “perivascular stem cells would demonstrate 

increased chondrogenic potential compared to mesenchymal stem cells”. 
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The secondary hypotheses included: 

1, Mixing pericytes and adventitial cells would confer a synergistic effect compared 

to pericytes or adventitial cells alone. The basis of this hypothesis was that these are 

two distinct cell types that are closely realted in vivo and that reproducing this 

relationship in vitro would be beneficial. 

2, The infra-patellar fat pad is a better source of stem cells than bone marrow for 

chondrogenesis based upn their ability to produce matrix and their expression of the 

genes associted with chondrogenesis. 

3, Cells from both younger and older patients would demonstrate chondrogenic 

potential. This would mean that autologous cells could be used for focal cartilage 

lesions and for more established cartilage pathology such as osteoarthritis. 

4.3 Materials and Methods 
The patient samples used within this chapter were from the samples collected in 

Chapter 3. The aim was to collect three for each cell type of interest from younger 

patients (undergoing ACL reconstruction) and older patients (undergoing TKR). 

These groups are displayed in Figure 4-2. The reason for the two groups was two-

fold; the first was to determine if cells would be viable for both younger patients 

needing treatment for articular cartilage defects and for older patients with more 

generalised osteoarthritis and the second was to assess two different harvesting 

methods – including minimally invasive arthroscopic harvest with an arthroscopic 

shaver. 

As the primary outcome measure was relative genetic expression using real-time 

quantitative polymerase chain reaction (qPCR) the first experiments were to set up, 

optimise and validate a qPCR protocol. To do this a reliable method was developed 

to extract high quality RNA (8.5.1). RNA extracted from cartilage pellets derived 

from PSCs as well as from articular chondrocytes were used for the qPCR runs to 

establish the protocol. The efficiency of the reactions was based on standard curve 

analysis of serial dilutions of RNA and melting curve analysis to determine the 



Perivascular stem cells and articular cartilage repair 

The chondrogenic potential of perivascular stem cells   101 

presence of products of differnet sizes, indicating primer-dimer formation. Once the 

primers, reaction mixture and run protocol resulted in an efficiency of 1.8-2.1 with  

 
Figure 4-2 – Patient samples collected for chondrogenic differentiation. Three groups of 
perivascular stem cells as well as culture-derived MSCs from the infra-patellar fat pad (ASCs). 
Bone marrow MSCs (BSCs) were also obtained from TKR patients. 

minimal primer-dimer formation the RNA extracted from chondrocytes extracted 

from the MACI membranes was compared to that of RNA from the articular 

chondrocytes. This was to ensure that the set up was able to differentiate between 

two cell types.  

The initial chondrogenesis method was using a pellet culture where tweleve pellets 

were created for each of the patient samples, six with chondrgenic media and six 

with growth media (8.2.7.2.1). Three from each media these were used for RNA 

extraction and three were imaged to measure their cross sectional area and were 

subsequently used for sectioning and histochemical analysis using Alcian blue and 

Picrosirius red . The RNA was analysed using the qPCR protocol and the realtive 

gene expression calculated using Pfaffl’s method. 

Due to problems with low levels of COL2A1 expression from the pellet culture 

model meaning that comparisions could not be made between cell types a micromass 
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culture was used (8.2.7.2.3). The micromasses were analysed using qPCR and 

histochemistry using Alcian blue and Picrosirius red. 

Following the micromass culture attempts were made to tissue engineer cartilage 

using polyglycolic acid scaffolds (8.2.7.2.2) to allow direct emasurement of weight 

and so that the amount of collagen I, collagen II and proteoglycan could be 

measured. To track what happened to the cells during the scaffold culture GFP 

transfected cells from Chapter 6 (6.4.4.3) were also inserted onto a scaffold and 

imaged using phase and fluorescence microscopy (8.6.4.2). 

4.4 Results 
4.4.1 Development of qPCR protocol 
The primary quantifiable outcome measure of the chondrogenic potential in vitro 

used qPCR. As this technique had not been used in Professor Péault’s laboratory for 

cartilage differentiation, it required setting up and optimising prior to use to ensure 

the results were reliable and robust. Gene sequences were identified and primers 

designed by the candidate using Roche’s Universal Probe Library Assay Design 

Center (http://lifescience.roche.com/shop/CategoryDisplay?catalogId=10001&tab=& 

identifier=Universal+Probe+Library). Well designed primers are a pre-requisite for 

successful qPCR. Primers were preferentially chosen to be intron spanning with a 

product size less than 100 base pairs (bp) long, these measures to reduce non-specific 

reaction and improve the reaction efficiency. Collagen Iα1 (COL1A1), collagen IIα1 

(COL2A1), transcription factor sox-9 (SOX9) and aggrecan (ACAN) were chosen as 

the target genes. As shown in Figure 4-1 three of the genes required for stable 

chondrogeneis were tested, COL1A1 was also included to look for evidence of 

fibrocartialge formation. As these reactions had not been tested before it was 

uncertain if one particular reference gene would prove stable, therefore three 

reference genes were used and the most appropriate chosen using data derived from 

the experiments, these were glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

hypoxanthine phosphoribosyltransferase (HPRT) and β-actin (ACTB)207-210. 
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4.4.1.1  Positive control RNA 
The primers were initially tested using standard curves (10x serial dilutions) on 

cDNA from undifferentiated and differentiated PSCs. Despite using 10x serial 

dilutions little difference could be discerned between the concentrations for all of the 

genes except HPRT, which had an efficiency of 2.155. The efficiencies ranged from 

3.4x101 to 5x106, it was also impossible to ascertain the efficiencies for three genes 

due to there being too many negative values. The amplification, melt and efficiency 

curves for col2a1 are shown in Figure 4-3. There was no clear separation on the 

amplification curve indicating that all of the reactions had exactly the same 

expression which is unlikely as some variation would be expected. The emlt curves 

all had two peaks demonstrating the production of at least two products of different 

sizes, indicative of non-specific primer-dimer formation. Due to the likely formation 

of non-specific product the crossing point values did not sit on a linear plot on the 

efficiency standard curve. This meant that there was not a linear relationship between 

the amount of starting cDNA and the crossing point as there should have been. 

  

 
Figure 4-3 – Analysis of qPCR standard curve for COL2A1 expression from differentiated PSCs 
demonstrated that there was no difference in the Cp values despite the same RNA being at 
different concentrations (top left – black arrow). The melt surve analysis demosntrated tow 
clear peaks (green arrows). Despite being at serial diltuions the Cp vlaues did not sit on a linear 
efficiency plot (bottom figure).  
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As this was the first time using the primers and qPCR set up it was uncertain as to 

whether it was the primers, the reaction mixture, the qPCR set up or the template 

cDNA that was at fault. To address this problem a positive control was used to 

optimise the qPCR setup prior to use on experiment samples.  

Human articular cartilage was obtained from the lateral femoral condyle of a single 

patient undergoing a total knee replacement for medial compartment osteoarthritis as 

per section 8.1.3.3. The cells were pelleted and re-suspended in 500µl TriZol®. 

Standard RNA extraction isolated a total of 9.9µg of RNA with a 260:280nm ratio of 

2.022 (concentration 450ng/µl), the RNA was reverse transcribed to cDNA. Standard 

PCR run on an agarose gel  demonstrated expression for the adult articular cartilage 

for COL2A1, SOX9, ACAN and HAPLN1 in Chapter 2 (Figure 2-8).  

4.4.1.2  Optimisation of primer concentrations 
Each primer was run using final concentrations of both primers combined of 1,000, 

500, 250, 125 and 62.5nM. Negative controls were run with the RNase free water 

used to reconstitute the primers, controls were run in triplicate for each primer. A 

constant 20ng cDNA was used per well. The amplification and melting curves were 

reviewed for each gene of interest. The graphs for COL2A1 are shown in Figure 4-4, 

the amplification curve on the left showed the approximate number of cycles 

required to reach the exponential phase (Crossing point, Cp value) as well as the total 

fluorescence. As each concentration was run in triplicate there were three curves for 

each concentration. The highest (1000nM) concentration was to the left and the 

lowest to the right (62.5nM). The green lines at the bottom represented the negative 

controls displaying no fluorescence. The melting curve on the right had only one 

peak at 82.7°C; demonstrating that all of the reaction product was a similar size.  
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Figure 4-4 – Serial dilutions of COL2A1 primers. The fluorescence curves in the left image 
demonstrate separation between the serial dilutions of cDNA concentration. The corresponding 
melting curves are red demonstrating one peak for those wells with cDNA. The negative 
controls were in green (left) and blue (right) showing no reaction. 

All of the genes demonstrated similar fluorescence and melt curve patterns to those 

of COL2A1 except ACAN and are not shown. The amplification and melt curves for 

ACAN are shown in Figure 4-5. Despite the amplification curves appearing to have 

uniform separation indicating accurate serial dilutions there were two very distinct 

peaks on the melting curve analysis. When the SYBR green probes were used it was 

possible that the primers had annealed to each other and led to false positive signals.  

  

Figure 4-5 - Amplification and melt curves for ACAN. The fluorescence curves indicated good 
separation of serial dilutions (left). The melting curves had two distinct peaks indicating that 
products of two sizes were being produced which probably represented primer-dimer formation 
(right). 

When primers create products by annealing to one another the products are typically 

smaller with a lower melting point. In Figure 4-5 the most pronounced signal at the 

higher temperature was from the primers at 1,000nM.  

4.4.1.3  Trial of different primers for aggrecan 
As the melt curve for ACAN displayed two peaks at 81.2 and 84.7°C (Figure 4-6) 

additional primers were designed and tried over a range concentrations. Figure 4-6 

demonstrated that there were two peaks indicating a degree of primer-dimer at all 
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concentrations. This effect got worse as the primer concentration decreased to the 

point where only primer-dimer was present (Figure 4-6, 62.5nM). Based on these 

data, the following experiments were run with a combined primer concentration of 

1,000nM to try and minimise primer-dimer formation. 

  

  
Figure 4-6 – Melt curves for serial dilutions of ACAN primers. At 1000nM there were two peaks 
with the larger of the two at a higher temperature which was more likely to represent the 
desired product compared to the peak seen on the 62.5nM melt curve which only had product 
present at the lower temperature. 

4.4.1.4  Standard curves for articular cartilage RNA 
All of the primers were run in triplicate at 40, 4, 0.4, 0.04 and 0.004ng per well, a 

negative control using RNase free water instead of cDNA was run under identical 

conditions. The amplification and melting curves were reviewed separately for each 

of the genes; a standard curve was calculated using the LightCycler software. Figure 

4-7 shows the amplification curve, which demonstrates five sets of amplification, one 

from each cDNA concentration. One of the three negative controls demonstrated a 

low level of fluorescence with a high Cp value. This can be seen as a separate small 

peak on the melt curve. The log values of the crossing points for each concentration 

had a linear relationship with an efficiency of 1.963. This indicated that as long as 

the amount of template RNA lay between 40 and 0.004ng per well the reaction 

should work and share this efficiency. 
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Figure 4-7 – Standard curve for COL2A1 from adult human articular cartilage chondrocyte 
RNA. The amplification curves (top left) from serial dilutions demonstrated uniform separation 
with either no reaction or late reactivity from the negative controls. The melting curves (top 
right) showed a single peak with no reaction (blue lines) or minimal product (single smaller 
curve) from the negative controls. The efficiency standard curve (bottom) had a linear 
relationship between the serial dilutions. 

The efficiencies for each of the genes on cDNA derived from adult human articular 

cartilage are shown in Table 4-1. An ideal reaction should have an efficiency of 2, 

two products from each template for each reaction. All of the efficiencies were 

within 1.8-2.2 which demonstrates an efficient reaction. These efficiencies can then 

be taken into account when working out the realtive expression compared to a 

reference gene. When the individual melt curves were reviewed for each of the genes  

Target Genes Efficiency Primer-Dimer Reference Genes Efficiency Primer-Dimer 

COL1A1 2.025 <4ng/well GAPDH 2.033 Negative controls 

COL2A1 1.963 n/a HPRT 1.938 n/a 

COL10A1 1.886 <0.4ng/well ACTB 1.921 Negative controls 

SOX9 1.847 n/a    

ACAN 1.938 All samples    

Table 4-1 – The efficiencies of the qPCR primers used with adult human articular chondrocyte 
cDNA were acceptable between 1.8 and 2.1. All of the curves were viewed and concentrations 
that were likely to have formed primer-dimer are shown. 
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additional peaks were found at lower concentrations that were likely to represent 

primer-dimer formation. These were excluded as they would skew the efficiency 

standard curve and if the reaction were run at this concentration for the experiments 

would record non-specific product. 

Based on these data, a minimum of 4ng per well was used to avoid primer-dimer 

formation. Negative controls were run for each primer to determine the Cp value at 

which false positive results appeared. 

4.4.1.5  Comparison to cultured MACI chondrocytes 
To determine if the qPCR set up was sensitive enough to detect the difference 

between two cell types the RNA / cDNA extracted in Chapter 2 from the MACI 

chondrocytes was compared to the articular cartilage cDNA. The images in Figure 

4-8 show the amplification curves for one target, COL2A1, as well as one reference 

gene, GAPDH. On the amplification curves for COL2A1 the left sigmoidal curves are 

from articular cartilage, the middle from the MACI chondrocytes and the right from 

the water negative controls. This showed that there was a difference between the two 

cell samples and that both gave a positive signal well before the false positive results 

from the water. The Cp value for the MACI chondrocytes was greater than that for 

articular cartilage (greater expression in articular cartilage). The product from the 

water can be seen as a smaller peak on the melt curve at a lower temperature. 

GAPDH demonstrated a similar pattern. A similar pattern was seen for GAPDH 

except that the sigmoidal curves were closer together. As the reference gene 

expression shouldn’t change this should represent a difference in the amount of 

starting template cDNA. 

Each sample of cDNA was run in triplicate to reduce inaccuracy. The Cp values from 

each set of triplicates was reviewed to ensure that the vaues were all similar. If one of 

the three had a separate curve to it’s other two replicates it was excluded as an 

outlier. Mean Cp values for the remaining wells were calculated automatically. The 

relative genetic expression of the cartilage compared to MACI was calculated using 

Pfaffl’s method for each of the reference genes168. 
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Figure 4-8 – Amplification and melt curves for COL2A1 and GAPDH when comparing genetic 
expression in cultured chondrocytes from a MACI membrane to articular cartilage. The 
fluorescence curves (left) show separation between the samples and late signal from the negative 
controls (black arrows) with Cp values greater than 30 cycles. The melt curves on the right had 
a concentration of distinct curves with three other curves at a lower temperature from the 
negative controls (green arrows). 

These data demonstrated that the articular cartilage chondrocytes had a greater 

relative expression of COL2A1, SOX9 and ACAN and a lower relative expression of 

COL1A1. The pattern of expression was similar for each of the reference genes. 

GAPDH and ACTB had similar absolute values but these were very different to 

HPRT.  

 Reference Gene 

Target Gene Sample Control GAPDH HPRT ACTB 

COL1A1 MACI Cartilage 507 1606 598 

 

COL2A1 Cartilage MACI 1619 511 1373 

SOX9 Cartilage MACI 41 13 34 

ACAN Cartilage MACI 9 3 8 

Table 4-2 - Relative gene expression comparing cDNA from articular chondrocytes and cells 
cultured from a MACI membrane. The relative expression is shown for three separate referece 
genes to indicate trends. The cells from the MACI membrane were down-regulated for COL2A1, 
SOX9 and ACAN. 
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The qPCR protocol described in the materials and methods section was developed 

from the data presented in 4.4.1. 

4.4.2 Pellet cultures 
Chondrogenesis was initially evaluated using a pellet culture of pericytes, adventitial 

cells, mixed PSCs as well as IFP and bone marrow derived MSCs. In this method 

3x105 cells were re-suspended in chondrogenic media (Hyclone) and centrifuged to 

form a cell pellet. Controls used a growth media of DMEM supplemented with 10% 

FBS instead of chondrogenic media. 

4.4.2.1  Pellet sizes 
After 21 days pellets were placed in individual wells of a 96-well v-bottom plate and 

centrifuged for 5min at 1,500 rpm to ensure they settled at the bottom of the well. 

Pellets were imaged using a light microscope ensuring the edge of the pellets were in 

focus. Images were recorded and the area calculated using an automated protocol on 

Volocity. A minimum of three pellets were imaged for each patient dependent upon 

the number of cells available at the end of the cell proliferation period. A mean was 

calculated for each patient based on these replicates. The mean area of the pellets for 

a given cell type as well as the total number of pellets examined are shown in Table 

4-3. 

 Growth Media Differentiation Media 

 Mean±SEM (µm2) Number Mean±SEM (µm2) Number 

Pericytes 70±10 15 515±75 15 

Adv Cells 83±8 22 514±38 23 

PSCs 109±9 22 735±47 23 

ASCs 35±3 18 473±55 19 

BSCs 63±8 10 203±36 12 

Table 4-3 – Area of pellets in µm2 cultured in growth and chondrogenic media for each cell type. 
The mean pellet area for each patient was calculated and then used to determine the mean for 
each cell type. Data are displayed as mean ±SEM. 

Pellets cultured in chondrogenic media were significantly larger than the growth 

media controls (p<0.001 in all groups except BSCs where p=0.002). The differences 
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in size for all samples combined, but split for cell type and culture media, are 

demonstrated in the top left chart of Figure 4-9. The comparison between growth and 

chondrogenic media is also shown for the two patient groups (bottom row). The top 

right chart in Figure 4-9 only included pellets cultured in the chondrogenic media. 

The data was split into cell types and source (ACL or TKR patients) to allow for 

comparison. 

When the size of pellets cultured in chondrogenic media were compared, the smallest 

pellets were from the bone marrow derived MSCs (Table 4-3). There was no 

significant difference between the pellets created by pericytes, adventitial cells or the 

adipose derived MSCs. The mixed PSCs did create significantly larger pellets than 

any of the other cell types (Table 4-4). 

 Adv Cells PSCs ASCs BSCs 

Pericytes 1.000 0.028* 0.981 0.004** 

Adv Cells - 0.009** 0.975 0.001** 

PSCs - - 0.002** <0.001*** 

ASCs - - - 0.011 

Table 4-4 – Tukey’s post hoc analysis of pellet sizes following 21 days in chondrogenic media. 
Three patient samples were run in triplicate for each cell type.   The table displays the p-values 
for the post hoc analysis between the different cell types. p-values <0.05 assume significance, *= 
p<0.05, **= p<0.01, *** = p<0.001. 

Chondrogenic media created significantly larger pellets than growth media for all 

cells types, p<0.001 for all cell groups. Only the pellets cultured in chondrogenic 

media were considered when determining the effect of cell type. A univariate 

analysis of variation was run with a Tukey’s post hoc analysis. Cell type conveyed a 

significant difference in the pellet size after 21 days in chondrogenic media 

(p<0.001). The results of Tukey’s HSD post hoc analysis between groups are 

displayed in Table 4-4. 
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Figure 4-9 – Chondrogenic pellet sizes comparing the effect of chondrogenic and growth media 
by cell type. Combined (top left), ACL patients (bottom left), TKR patients (bottom right). A 
comparison of cell type and source for pellets from chondrogenic media alone are shown in the 
top right chart. Data are displayed as mean ±SEM. 

Bone-marrow MSCs created significantly smaller pellets than either IFP derived 

PSCs or MSCs suggesting it was a poorer cell source for chondrogenic 

differentiation. The mixed PSCs created the largest pellets that were significantly 

larger than those from adventitial cells or ASCs but not compared to pericytes. 

4.4.2.2  Histochemical stains 
Cell pellets were obtained from each cell and media type. The pellets were frozen in 

OCT in a -80°C freezer. Sectioning the pellets revealed that the pellets appeared to 

have been frozen too quickly leading to the pellets being disrupted, probably by ice 

crystal formation. Examples of this are displayed in Figure 4-10, one from a growth 

media pellet (left) and one form a chondrogenic pellet (right). Both pellets were 

stained with Alcian blue. Despite the poor quality, the increased pellet size 
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(indicating greater matrix production) and Alcian blue staining of the differentiation 

media pellet can be seen compared to the control. 

  
Figure 4-10 – Cell pellets cultured for 21 days in growth media (left) and chondrogenic media 
(right) were frozen in OCT and 7µm sections were stained for Alcian blue (blue). Despite being 
disrupted from being frozen too quickly the pellet from the differentiation media was larger 
than the growth media pellet and showed some Alcain blue uptake. Scale bars = 200µm. 

4.4.2.3  Genetic expression 
Pellets were combined for each patient and were dissociated in TriZol using an 

ultrasonicator until  no macroscopic tissue could be seen. RNA was extracted and 

qPCR run in triplicate for four target and three reference genes, using 4ng cDNA per 

well meant that a minimum of 84ng RNA was required, which was easily obtained 

from each sample (Table 4-5). 

 Total amount RNA (µg) 260:280nm ratio 

Pericytes 2.72±1.36 1.96±0.02 

Adventitial Cells 1.06±0.11 1.91±0.03 

PSC 1.63±0.60 1.89±0.05 

ASCs 1.30±0.57 1.92±0.04 

BSCs 0.81±0.23 1.82±0.08 

Table 4-5 - The total amount of RNA extracted from cartilage pellets and the 260:280nm ratio, a 
minimum of three pellets were combined per patient and three patients were used per cell type. 
The data are displayed as mean±SEM. 

All of the samples were run using the protocol developed in 4.4.1. Despite the 

protocol being validated there were significant difficulties running the qPCR on the 

pellet samples. The main issue was the relatively low level of expression of COL2A1 



Perivascular stem cells and articular cartilage repair 

The chondrogenic potential of perivascular stem cells   114 

indicated by the high Cp values and the multiple melt curve peaks indicting primer-

dimer formation. 

Figure 4-11 demonstrated the problems encountered with the qPCR run from pellet 

culture. The top row displays the expression of COL2A1 from pericytes 

differentiated in chondrogenic media for 21 days. The Cp values were greater than 

30 and one was greater than 40. Higher Cp values were more likely to represent 

primer-dimer and were considered unreliable. The reference gene GAPDH 

demonstrated clear expression with serial dilutions and a single melt curve value 

indicating that the template was not the problem with the COL2A1 analysis. 

 
#

 
 

 
 

Figure 4-11 – Genetic expression from perivascular stem cells cultured as pellets for 21 days in 
chondrogenic media. The top row is from 10x serial dilutions of RNA for COL2A1, the middle 
row from all pericyte and adventitial pellets and the bottom row is the 10x serial diltions for the 
reference gene GAPDH. Fluorescence curves are shown in the left column with the 
corresponding melt curves in the right column. 
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4.4.3 Micromass cultures 
Whilst the pellet culture model had demonstrated that the perivascular stem cells 

were capable of forming significantly larger pellets than culture-derived MSCs from 

bone marrow or the infra-patellar fat pad the extracted RNA did not provide 

quantitative data on the relative expression between the different cell types. Cells 

from the same source as were used in 4.4.2 were therefore cultured to form 

micromasses as described by previous authors investigating in vitro chondrogenesis 

with relative genetic expression as their priamry outcome185. 

4.4.3.1  GFP transfected micromass cultures 
As micromass cultures have not been widely used GFP transfected cells were used to 

form micromasses to view what happened during the seeding and formation of the 

micromasses. The GFP transfected cells were imaged after 24hrs before any 

additional media was added. Composite images of the ovine adventitial cells in a 

micromass imaged with phased brightfield and GFP emission are shown in Figure 

4-12. 

  

Figure 4-12 – Micromass cultures using GFP transfected cells were imaged 24hrs after seeding 
using phase (left) and fluorescence (right) imaging. Cells are seen as dark by phase microscopy 
and green in the fluorescence image. Scale bars = 1mm. 

The cellular component was clearly seen within the micromass with a layer of fluid 

around the outer edge. These are shown at a higher magnification in Figure 4-13.  
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Figure 4-13 – Higher magnification images of Figure 4-12 showing the distribution of cells 
(dark) with the surrounding media (grey) in the left phase micrograph. Clusters of GFP 
transfected cells are shown in the fluorescent image (green). Scale bars = 200µm. 

Individual cells were seen concentrated within the micromass. Due to an infection no 

further images of the GFP transfected cells could be taken. Due to limitations in cell 

numbers these experiments were not repeated. 

4.4.3.2  Micromass sizes 
Two of the samples created micromass discs, one from adventitial cells and the other 

from mixed PSCs. All of the other samples detached from the culture well in the first 

week and formed pellets. Both the micromasses and the pellets were maintained in 

chondrogenic media for 21 days. The difference between these two products is 

shown in Figure 4-14. 

 
Figure 4-14 – Photograph of day 21 samples from micromass culture. The left was an example 
of a specimen that detached within the first week (white arrrow) and the right one that stayed 
adherent to the culture plastic until day 21 (pink arrow). 
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The micromass disc had a greater surface area and appeared less dense with a 

stiffness and transparency more in keeping with articular cartilage compared to the 

smaller pellet.  

4.4.3.3  Histochemical staining 
The micromass discs and pellets were sectioned and stained with Alcian blue and 

Picrosirius Red to determine the presence of sulphated polysaccharides and collagens 

I and II respectively. Micromass pellet sections are shown in Figure 4-15. 

The Alcian blue was more uniformly distributed through the section from the 

adventitial cells suggesting a more homogeneous distribution of sulphated 

proteoglycans. Whilst the sections for the pericytes and PSCs had some blue staining 

the majority of the sections was an orange/yellow.  All of the cells showed positive 

staining with PSR for collagen fibres. Sections across and through the long axis of a 

micromass disc are shown in Figure 4-16. 
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Figure 4-15 – Histochemical staining of micromass cultures. Alcian blue staining of tissue 
sections are shown in the left column (blue). The adventitial cells and ASC samples 
demonstrated uniform blue staining as expected as where the pericytes and mixed PSCs showed 
some uptake and blue staining with large areas of the sections remaining unstained. The 
Picrosirius red staining (pink) in the right column demonstrated uniform collagen fibre 
distribution between all of the samples. Scale bars = 400µm. 
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! !
Figure 4-16 – Histochemical assessment of micromass disc cross sections. Sections were stained 
for Alcian blue (left) and PSR (right). These images demonstrated a uniform distribution for 
sulphated polysaccharides (blue) and collagens I and II (pink). Scale bars = 400µm. 

There was uniform staining throughout the micromass disc sections for Alcian blue 

and Picrosirius Red (Figure 4-16). 

4.4.3.4  Genetic expression 
All of the samples were dissociated using an ultrasonicator, the RNA was extracted 

and reverse-transcribed to cDNA. Standard curves were run for COL1A1, COL2A1, 

SOX9, ACAN, GAPDH, HPRT1 and ACTB using 200, 20, 2, 0.2 and 0.02ng 

cDNA/well. Cp values were calculated using automated software and outliers 

excluded manually if one was different to the other two values . The software was 

then used to calculate the efficiency of each gene, melt curve analysis was used to 

determine the presence of primer-dimer formation.  

All of the genes except ACAN and HPRT demonstrated a single peak on melt curve 

analysis, ACAN and HPRT had two peaks indicating primer-dimer formation. The 

highest and lowest concentrations were removed from the efficiency calculation as 

this lead to an improved fit on the linear plot. The efficiencies that relate to cDNA 

between 0.2 and 20ng are shown in Table 4-6. 
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Figure 4-17 – Analysis of the cDNA from a micromass culture with qPCR for COL2A1 (left 
column) and ACAN (right column). The top row shows the amplification curves showing 
separation between the serial dilutions, the negative controls were either late signal (black 
arrow) or no signal (blue arrow). The melt curve for COL2A1 had one peak (red arrow) as 
where ACAN had two (green arrows). The efficiency plots were linear (bottom row). 

Target Gene Efficiency  Reference Gene Efficiency 

COL1A1 2.009 GAPDH 2.096 

COL2A1 2.041 HPRT 2.194 

COL10A1 2.076  ACTB 2.020 

SOX9 1.955   

ACAN 1.937 

Table 4-6 – Primer efficiencies were calculated using cDNA reverse transcribed from RNA 
extracted after 21 days in micromass culture, 10x serial dilutions were used with each sample 
being run in triplicate. Efficiencies were calcultaed by the Light Cycler software. 

All of the micromass samples were run in triplicate for each of the genes, excluding 

HPRT. Each primer master mix was run with RNase free water instead of cDNA as a 

negative control. The fluorescence and melt curves are shown in Figure 4-18 for 
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COL2A1 and ACAN as these were where the main problems had been encountered 

previously. All of the other genes of interest were analysed and demonstrated no 

concerns (data not shown). The amplification curves demonstrated that the Cp values 

for COL2A1 were lower than for ACAN but both were lower than the negative 

control runs. There were also single peaks on the melt curves indicating that only 

products of a single size were being produced. There were a few smaller peaks at 

lower temperatures and these were from the negative control runs. 

  

  
Figure 4-18 – The amplification curves (red) for COL2A1 (top left) and ACAN (top right) for all 
of the micromass samples demonstrating the approximate Cp values compared to negative 
controls (green lines). The corresponding melting curves both demonstrated a single peak for all 
of the experimental samples and separate, smaller curves for the negative controls (bottom row).  

Cp values were calculated using automated software and outliers excluded manually 

where one was different to the other two values. None of the samples had Cp values 

greater than the negative controls, three samples had Cp values greater than 35 and 

were excluded from further analysis (two pericyte samples and one adipose MSC 

sample). Melt curve analysis demonstrated a single peak for each of the genes. No 

difference was found between the suitability of GAPDH and ACTB according to the 

comparative ΔΔCT211, Normfinder212 and geNorm213 methods. 

Pfaffl’s method was used to determine the relative expression of each target gene for 

each patient sample using adipose-derived MSCs as the calibrator and GAPDH as the 
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reference gene. As high levels of COL2A1 compared to COL1A1 have been 

described as a marker of articular cartilage compared to fibro-cartilage, this ratio was 

calculated by dividing the expression COL2A1 by the expression of COL1A1. 

Target Gene Pericytes Adventitial Cells Mixed PSCs ASCs 

COL2A1 6.3±0.5 5.5±1.7 4.8±1.3 1 

SOX9 3.7±1.3 6.0±2.3 4.3±0.9 1 

ACAN 3.9±2.0 5.4±1.7 7.0±1.7 1 

COL2A1:COL1A1 0.83±0.6 1.2±0.5 2.0±1.5 1 

     COL1A1 14.0±9.2 9.1±6.2 10.5±4.2 1 

COL10A1 14.3±6.7 25.4±11.7 18.4±5.0 1 

Table 4-7 - Relative genetic expression of pericytes, adventitial cells and mixed PSCs compared 
to compared to adipose-derived mesenchymal stem cells (ASCs) for chondrogenic genes. 
Expression of ASCs themselves was 1. Data are presented as mean ± SEM. 

Pericytes, adventitial cells and mixed PSCs all demonstrated increased expression of 

the chondrogenic markers COL2A1, SOX9 and ACAN compared to adipose derived 

MSCs. Mixed PSCs also demonstrated an increase in the ratio of COL2A1 compared 

to COL1A1 compared to the pericytes and adventitial cells. A multi-variate analysis 

of variance was conducted on the entire data set using SPSS. Using Pillai’s trace, 

there was no significant effect between the cell types, V=0.77, F(4,4) = 0.52, 

p=0.876. The post hoc observed power was 0.2, indicating a 20% chance of a type II 

error. Post hoc tests between cell types for all genes were not significant. 
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Figure 4-19 – Relative expression of chondrogenic markers expressed by PSCs compared to 
MSCs from micromass cultures. PSCs were analysed as pericytes, adventitial cells and mixed 
perivascular stem cells and their relative expression compared to adipose derived mesenchymal 
stem cells (ASCs) displayed for COL2A1, SOX9, ACAN and the ration of COL2A1:COL1A1. 
Data presented as mean and standard error of the mean. 

As no significant differences were found between the cell types a MANOVA was 

used to compare the cells from the ACL and TKR groups. Pillai’s trace indicated that 

there was a significant effect between the cell sources, V=0.80, F(4,6) = 5.7, 

p=0.030, but post hoc analysis did not reveal any significant differences between the 

different genes analysed.  
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Figure 4-20 – Relative expression of COL1A1 by pericytes, adventitial cells and PSCs compared 
to adipose derived MSCs (ASCs). PSCs were analysed as pericytes, adventitial cells and mixed 
perivascular stem cells and their relative expression compared to mesenchymal stem cells. Data 
presented as mean and standard error of the mean. 

COL1A1 expression, typically used to assess a fibrous phenotype, was also greater 

for each of the PSC sub-groups (Figure 4-20).  

4.4.4 Ex vivo Cartilage Tissue Engineering 
4.4.4.1  Rationale 
Whilst the data presented in section 4.4.3.4 suggested that prospectively purifying 

perivascular stem cells conferred an advantage comapred to using culture-derived 

MSCs these data were based on genetic expression rather than the matrix that was 

produced. Previous authors have used polyglycolic acid scaffolds to tissue engineer 

cartilage190. These tissue engineered constructs can then be assessed for their total 

mass as well as the amout of collagen II, collagen I and proteoglycans. These 

measurements can the be used to compare different cell types ability to form 

cartialge as well as the constituents of that cartilage. These methods were therefore 

used to assess the differences between perivascular and mesenchymal stem cells. 

4.4.4.2  Cell seeding of polyglycolic acid scaffolds 
Images of an unseeded polyglycolic acid scaffold were taken using a Zeiss Observor 

microscope. A composite mosaic of an entire scaffold is shown in Figure 4-21. 
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Figure 4-21 – Brightfield microscopy was used to image the structure of an entire polyglycolic 
acid scaffold. The fibres are seen in grey-scale and demonstrate the overall shape as well as the 
mesh structure. Scale bar = 1mm. 

4.4.4.3  Initial Experiment 
PGA scaffolds were initially seeded with 3x105 cells each. The difference between 

an empty and a seeded scaffold are shown in Figure 4-22. Definite clear spaces were 

seen between the PGA fibres in the left hand image. In the right-hand image small 

rounded cells were seen throughout the scaffold, confirming that the cells were 

successfully loaded into the scaffold. There was also a dense outline, which was 

likely to represent the increased volume at the edge as the water tension prevented 

the cell-loaded fluid from leaving the scaffold as no cells were seen outside of this. 

  
Figure 4-22 – Bright-field microscopy was used to comapre PGA scaffolds before (left) and after 
cell seeding (right). Clear gaps are visible (white arrow) before the cell seeding, cells are seen 
filling the gaps between the fibres (black arrows). Scale bars = 200µm. 
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After the culture media was added cells were seen in the media around the scaffolds. 

Unfortunately between 14 and 21 days the scaffolds started to breakdown and the 

cells were clearly non-adherent (Figure 4-23). As the scaffolds required a sufficient 

degree of matrix to be produced to protect them from deteriorating it suggested that 

this had not occurred. 

 
Figure 4-23 – PGA scaffold and cells after 16 days in chondrogenic media. The cells were not 
found in dense clusters encapsulated with fluid and scaffold as in Figure 4-17. The scaffold had 
lost its cross-linked structure (black arrow). Scale bar = 400µm. 

4.4.4.4  GFP transfected cells and increased cell density 
Following discussion about the possible reasons for failure with Dr Sally Dickinson 

from the University of Bristol, the scaffolds were left for an increased time after 

being immersed in fibronectin to ensure there was sufficient time to dry. The number 

of cells seeded per scaffold was increased to 5x105. As well as the previous patient 

samples, ovine adventitial cells transfected with a GFP emitting virus were seeded 

onto a scaffold. The scaffolds were imaged just prior to having the chondrogenic 

media added, they were then imaged immediately after their first media change on 

day 3.  

Figure 4-24 shows composite images of the entire scaffold containing GFP emitting 

cells after loading (left) and after the first media exchange (right). These images 
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clearly demonstrated that even after the first media exchange very few cells were left 

within the scaffold. 

 
 

Figure 4-24 – GFP transfected cells seeded onto a PGA scaffold imaged on day 0 and at day 3. 
The left image shows transfected cells throughout the scaffold (green). The same scaffold day 
three days later taken using the same settings demonstrated that almost no cells had been 
reatined by the scaffold. Scale bars = 1mm. 

At higher magnification the cells were seen within the scaffold at a high density 

(Figure 4-25, left hand image). After three days in culture to allow attachment 

followed by media exchange the cell density had decreased dramatically (Figure 

4-25, right hand image). Despite the magnification it appeared that the cells had a 

rounded appearance in keeping with cells suspended in media rather than attached 

cells. 

# #
Figure 4-25 – Higher magnification images of GFP transfected cells (green) seeded onto PGA 
scaffolds at day 0 (left) and day 3 (right). Many more cells were seen after seeding (left) than at 
day 3 (right). Scale bars = 200µm. 
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4.5 Discussion 
The data presented within this chapter indicated that perivascular stem cells had 

increased chondrogenic potential compared to mesenchymal stem cells. Combining 

pericytes and adventitial cells appeared to confer a synergistic effect and that bone 

marrow was an inferior source of stem cells compared to the infra-patellar fat pad. 

Initially, a pellet culture was used to differentiate between the different cell’s abilities 

to create extra-cellular matrix. The size of the pellets was used as a measure of the 

amount of matrix produced by the cells. This method has been used previously to 

determine the optimal number of cells to use for pellet culture214 but not to 

differentiate between different cell types. The pellets imaged in this chapter were 

acquired using a microscope with a pre-determined scale and used an automated 

protocol that allowed accurate measurement of pellet size. 

The data demonstrated that pellets formed and cultured in chondrogenic media were 

significantly larger than those from growth media (Figure 4-9, top left). Bone 

marrow MSCs formed significantly smaller pellets than any of the cell populations 

from the infra-patellar fat pad (Table 4-4). Comparison between the IFP derived cell 

populations demonstrated that the mixed PSCs formed significantly larger pellets 

than all of the other cell types (Table 4-4). These data indicated that the IFP was a 

significantly better source of stem cells for chondrogenesis and that prospectively 

purifying PSCs from the infra-patellar fat pad using flow cytometry conferred a 

benefit to deriving MSCs from culture. 

Significant problems were encountered when attempting to analyse the RNA 

extracted from the cell pellets. The problem encountered was that the expression of 

chondrogenic markers, such as COL2A1, was very low after using this culture 

method. Higher Cp values were more likely to represent primer-dimer and were 

therefore unreliable215. On the same qPCR run there was accurate expression of the 

reference gene GAPDH, demonstrating there was not a problem with the RNA or the 

qPCR run. The low expression is hard to compare to other studies as only relative 

expressions are reported, not Cp values216. 
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There were also problems with the processing of the cell pellets for sectioning and 

staining but this was a problem with a technique rather than the cells or the culture 

method. The samples were not dehydrated, were frozen too quickly and were 

consequently disrupted by ice crystal formation making all subsequent staining of 

very poor quality. Despite this, the difference in size and the increased uptake of 

Alcian blue by the differentiation media pellet could be seen (Figure 4-10). 

Following meetings and after setting up a Materials Transfer Agreement, a method of 

cartilage tissue engineering developed by Professor Hollander’s group at the 

University of Bristol was used190. The aim was to use cells seeded onto a 

polyglycolic acid scaffold cultured in freshly prepared chondrogenic media (rather 

than commercially prepared media) utilising dynamic movement over 35 days to 

produce tissue engineered cartilage. These were supposed to produce sufficient 

quantity and quality of cartilage that they could be analysed for both protein 

production202-204 as well as genetic expression. 

Despite visiting Professor Hollander’s laboratory and being in communication with 

his postdoctoral fellow, Dr. Sally Dickinson, the technique did not work. Measures 

used to try to address the problem included: 1, increased number of cells; 2, 

increased drying time for fibronectin; 3, increased seeding time before adding 

additional media. None of these were sucessful and the use of GFP transfected cells 

demonstrated that whilst the cells were effectively loaded into the scaffold they did 

not adhere to the scaffolds and were washed off with successive media changes. No 

satisfactory explanation as to the inability of all cell types to adhere to the scaffolds 

was found. As bone marrow MSCs were used by both lab groups it was not a 

problem specific to PSCs. 

Previous authors have described using a micromass culture to perform 

chondrogenesis and had managed to use qPCR as their outcome measure185,217. The 

micromass culture formed two distinct types of product, when the cells stayed 

adherent to the plastic they formed cartilage discs, when they detached they formed a 

tissue mass that resembled pellets (Figure 4-14). De Bari (2001) and Zhu (2014) did 

not discuss similar findings in their papers185,217 and so there are no previous data 
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about whether this has been experienced previously. Both types of product were 

analysed in the same way and were found to have high enough expression of the 

chondrogenic markers that they could be accurately quantified. 

There was a trend for pericytes, adventitial cells and mixed PSCs to have a greater 

expression of COL2A1, SOX and ACAN compared to adipose-derived MSCs (Figure 

4-19). The mixed PSCs also demonstrated a greater ratio of COL2A1 to COL1A1 

compared to the MSCs but there was a large degree of variability in these data (Table 

4-7). No difference was found between the ACL and the TKR groups despite there 

being a significant difference in the mean age of the two groups. The data from this 

chapter indicated that stem cells from older patients could be used for cell therapy.  

The main limitation of the micromass data was the limited supply of cell samples and 

time available after running numerous chondrogenesis experiments with all twenty-

seven samples, each experiment requiring a total of approximately 2-4x107 cells. 

This meant that the micromass experiment was started with seventeen of the desired 

twenty-seven samples. Due to infections the two bone marrow MSC samples and one 

adipose MSC sample were discarded and unable to be run again. High Cp values, 

indicating low expression of col2a1 and aggrecan led to three samples being 

removed from analysis, two from pericytes and one from adipose MSCs. This left 11 

samples included for the qPCR data analysis: two pericytes, four adventitial, five 

PSC and one adipose MSC. The inclusion of only one adipose MSC sample meant 

that there was no variability available for their analysis making the drawing of any 

statistical conclusions open to criticism due to uneven and small sample sizes. 

As this was the first data to compare PSCs to MSCs for their chondrogenic potential 

no direct comparisons are available in the literature. Lopa et al (2014) analysed 

twenty-five samples when they compared the IFP to subcutaneous fat and observed 

significantly increased expression of COL2A1, ACAN and cartilage oligometric 

matrix protein (COMP)  (x4.7, x7.2 and x1.27 increases respectively compared to 

subcutaneous fat)90. These fold changes in terms of relative expression were similar 

to the ones in this chapter indicating that increased sample numbers may confirm a 

significant increase with the use of PSCs over MSCs. Previous comparisons between 
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PSCs and the stromal vascular fraction used semi-quantitative analysis of 

histological staining, this does not provide insight into the possible increased genetic 

expression of PSCs compared to MSCs105. 

All of the perivascular stem cell groups had higher expression of COL1A1 compared 

to the adipose-derived MSCs. The relevance of these results remains uncertain but it 

may suggest that the PSCs were more active at producing matrix, even if this was of 

a fibrous nature. 

To avoid the problems encountered when preparing the pellet cultures for sectioning 

a different approach was used with the micromasses. Fixing and paraffin embedding 

led to the samples being easier to process, leading to clearer staining. Whilst pellets 

from all of the cell types demonstrated some staining for Alcian blue the staining was 

clearest for the adventitial cells. Picrosirius red staining was present in all sections 

demonstrating a collagen fibres throughout the micromass, the PSR staining is 

specific to collagen but does not differentiate between the sub-types under light 

microscopy218.  

All of the quantitative data within this chapter indicated that PSCs had a greater 

chondrogenic potential compared to MSCs. The pellet sizes indicated that bone 

marrow was an inferior source of cells compared to the infra-patellar fat pad. The 

majority of the papers included in the clinical review by Filardo et al involved the 

use of bone-marrow derived MSCs74. These data suggest that the infra-patellar fat 

pad would be a better source of stem cells. Despite the qPCR results not being 

statistically significant, probably as a result of small sample sizes, there was a 

definite trend in favour of all sub-groups of PSCs compared to MSCs. 

One of the secondary hypotheses was that as both pericytes and adventitial cells are 

present in vivo there would potentially be a synergistic effect by combining the two. 

The mixed PSCs created significantly larger pellets than those using pericytes or 

adventitial cells alone (Figure 4-10, Table 4-4). The mixed PSCs demonstrated 

increased expression of ACAN but not COL2A1 or SOX9 compared to pericytes and 

adventitial cells (Table 4-7) and these differences did not reach statistical 
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significance. They also demonstrated a two-fold increase in the ratio of COL2A1 to 

COL1A1 compared to the MSCs. It was inconclusive as to whether mixed PSCs were 

signficantly better but there did not appear to be any disadvantages and would allow 

a greater number of cells to be harvested.  

Whilst in vitro data is useful for proof of concept studies such as this, it does have 

limitations. It indicated the potential of the cells but the only way to determine how 

the cells will function in repairing a cartilage defect would be to study them in vivo. 

Articular cartilage can be considered an immuno-privileged tissue and so human 

cells could be transplanted into animals219. To allow the use of autologous cells 

however, a large animal model for perivascular stem cells would need to be 

developed. 
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Chapter 5: The ovine model of perivascular 
stem cells 
5.1 Introduction 
In vitro assessment of the chondrogenic potential of stem cells does not guarnatee 

how those cells will act when placed into an in vivo cartilage defect. To ascertain 

how well particular cells perform in vivo prior to human clinical trials, the use of in 

vivo animal models is required220-224. These models allow the efficacy and safety of 

the proposed methods to be tested in a biological and mechanical environment 

similar to those that would be encountered in clinical practice. 

Animals commonly used for cartilage research include mice225, rats226, rabbits227,228, 

guinea pigs229, dogs230, mini-pigs231,232, sheep233,234, goats235 and horses236. Each of 

these species has their relative benefits and problems and no one species is ideal for 

all aspects of research. The International Cartilage Repair Society recommends that 

whilst small animal models are useful for initial studies and proof of concept work, 

large animal studies are required for pivotal studies224. 

A canine model of perivascular stem cells has previously been developed and used at 

the University College of Los Angeles (R Hardy, X Zhang, P Liang, J Kwak, E Ting, 

C Soo, B Péault, unpublished). The use of dogs in animal research in the United 

Kingdom is socially unacceptable and unlikely to be approved by the Home Office 

due to their status as companion animals. Horses, mini-pigs, goats and sheep have all 

been used as models of articular cartilage repair.  

Despite being an excellent model for articular cartilage repair due to the size of the 

joint and the thickness of the cartilage237, horses were excluded due to the significant 

costs associated with purchase and maintenance. Goats have also been extensively 

used for articular cartilage research and are reported to have thicker cartilage than 

sheep.  Goats are susceptible to caprine arthritis-encephalitis virus, which can lead to 

premature arthritis238. Personal communication with Professor Rushton at the 

University of Cambridge indicated recent problems with this infection and so goats 

were not considered further. For the present study sheep were chosen rather than 
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mini pigs based on local availability, supervisor’s previous experience and a 

husbandry staff familiar with the animal. Sheep have successfully been used for 

autologous chondrocytes on a collagen matrix122 and for chondrocytes and MSCs 

embedded in gels92. 

Sheep were used by Godoy et al (2014) to compare stem cells from bone marrow, 

adipose tissue and synovium239. Their research indicated that MSCs could be 

harvested from each of these sources, and that MSCs from each source shared the 

ability to from bone, cartilage and fat as well as sharing a similar immunophenotype 

based on expression of the stem cells marker CD44. These data demonstrated the 

feasibility of obtaining ovine stem cells. 

Decker et al (1995) implanted tricalciumphosphate-ceramic in sheep femurs and 

imaged them using transmission electron microscopy to determine the relationship 

between endothelial cells, pericytes and osteoblasts240. They identified perivascular 

cells, pericytes, adjacent to small blood vessels and concluded that they were 

involved in osteogenesis. These data indicated the presence of perivascular stem cells 

in sheep. Pericytes have also been investigated in the ovine corpus luteum. They 

were identified by Redmer et al (2001) using immunohistochemical co-staining of 

vascular endothelial growth factor (VEGF) and smooth muscle cell actin241. Ovine 

pericytes were reportedly isolated by Beckman et al (2006) to investigate the 

relationships between pericytes, endothelial cells and nitrous oxide242. They used 

enzymatic digestion followed by magnetic beads to collect endothelial cells; this was 

followed by a Percoll gradient to isolate the pericytes. The only data presented to 

confirm that the cells were pericytes was expression of smooth muscle cell actin in 

culture, which is not specific to pericytes. 

Whilst pericytes have been identified in the corpus luteum, their perivascular 

location has not been confirmed in multiple organs as they have in human tissues84. 

There have been no reports identifying the role of adventitial cells as a source of 

stem cells in the ovine model. Neither cell type has been identified using cell surface 

antigens in a similar manner to human tissue nor have they been isolated using 

antibody labelling and fluorescence activated cell sorting (FACS). Without using 
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similar methods used for human PSCs it is harder to state that the ovine PSCs are 

truly analogous and therefore an equivalent model. 

5.2 Hypotheses 
The primary hypothesis was that ovine perivascular stem cells would be present in 

multiple organs and that they could be isoalted to provide an autologous large animal 

model for perivascular stem cells. 

5.3 Materials and Methods 
The ovine tissue used in the following experiments was obtained from creshly culled 

cadavers (8.1.4.1). Histology sections were prepared (8.1.5.1) and stained (8.4.2) to 

compare the tissue structure to those investigated in Chapter 3, particular attention 

was paid to the detail of the vasculature. The tissue sections were used to determine 

the cross-reactivity of anti-human antibodies with ovien tissue as well as to confirm 

the reactivity to anti-ovine antibodies using immunohistochemistry. 

Immunohistochemistry was subsequently used  to determine the location of antigens 

within the tissues and their relationship to the blood vessels. 

The stromal vascular fraction (SVF) of multiple tissues was obtained using 

mechanical disruption and collagenase digestion (8.1.5.2). For adipose tissue this 

process was optimised by testing different tissue preparations, collagenases, 

concentrations and digestion times. Once a reliable protocol had been established for 

obtaining the ovine SVF, the SVF was used to assess the cross-reactivity of anti-

human and reactivity of anti-ovine flow cytometry antibodies (8.3). 

Once an appropriate set of antibodies and fluorophores had been identified (8.3.3.4) 

ovine pericytes and adventitial cells were isolated using fluorescence-activated cell 

sorting (8.3.2). Isolated cells were cultured (8.2.1) and once a sufficient number had 

been grown were used to ascerain their identity using FACS as well as 

immunocytochemistry (8.4.3) and reverse-transcription PCR (8.5.3). Ovine 

perivascular stem cells were then differentiated using osteogenic and adipogenic 

media (8.2.7.1) as well as a cartilage pellet model (8.2.7.2.1) to confirm they had 

mesenchymal potential (8.4.6). 
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5.4 Results 
5.4.1 Histology 
Tissue samples were obtained from freshly culled sheep and fixed as per section 

8.1.5.1. Sections were taken from subcutaneous fat, the infra-patellar fat pad and 

skeletal muscle. Sections were stained with haematoxylin and eosin and Masson’s 

Trichrome. Figure 5-1 displays the structure of these tissues, blood vessels can be 

seen in between the adipocytes of the subcutaneous fat. The infra-patellar fat pad is 

shown on its posterior border with synovium and its anterior border with the patella 

tendon. The synovium showed the same arrangement as in the human sections in 

Chapter 3. The skeletal muscle had areas between the myofibres where the blood 

vessels were situated with adipose tissue. 

Adipocytes appeared pale with only the outer layer of the cell membrane being 

visible. Masson’s Trichrome was used for these sections as the visualisation of the 

cell membranes was clearer. Visualisation of the infra-patellar fat pad at its synovial 

border is shown in Figure 5-2. Increased cellularity was seen at the synovial 

membrane as well as blood vessels spread throughout the adipocytes that formed the 

bulk of the infra-patellar fat pad. 

The histology of the ovine tissue sections confirmed similar structure and location of 

blood vessels along with their perivascular cells as was seen in human tissue 

(3.4.1.1). 
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Figure 5-1 – Histology of ovine subcutaneous fat (top left) demonstrated the same structure as in 
humans with areas where lipid had been removed (white arrows) interspersed with blood vessels 
(black arrows).  Te infra-patellar fat pad (top right) also showed the same structure with a 
highly cellular synovial membrane (red arrows). The bottom left image demonstrated the 
transition of the fat pad to the patella tendon (blue arrow). Blood vessels can be seen in between 
skeletal muscle fibres (green arrow, bottom left). The skeletal muscle was stained with H&E and 
the others using Masson’s Trichrome. Scale bars = 400µm. 

 
Figure 5-2 – Higher magnification at the synovial border of the infra-patellar fat pad stained 
with Masson’s Trichrome shows increased cellularity and a higher concentration of blood 
vessels (red arrows) than in the adjacent adipose tissue. Scale bar = 200µm. 
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5.4.2 Immunohistochemistry 
To identify the in vivo location of ovine perivascular stem cells (oPSCs) 

immunohistochemistry was performed on tissue sections from the kidney, heart, 

skeletal muscle and placenta. Initially anti-human antibodies were tested to 

determine if they could be used in the ovine model. Subsequently, ovine specific 

antibodies were also tested. Tissue sections were tested using individual antibodies 

and isotype controls were used to determine the level of true staining. 

5.4.2.1  Cross reactivity of anti-human antibodies 
Anti-human antibodies were checked for cross reactivity with freshly frozen ovine 

tissue to reduce the risk of epitope masking. Anti-CD31, anti-CD34 and anti-CD146 

antibodies were checked as these are commonly used to identify PSCs.  

  

  
Figure 5-3 – Ovine placenta was stained with anti-human CD31 and CD34 antibodies and no 
signal was found from the secondary fluorophore (green). Sections with the primary antibody 
(left column) showed no difference to the isotype controls (right column). DAPI was used for 
staining the cell nuclei (blue). Scale bars = 100µm. 

The anti-human antibodies for CD31 and CD34 did not show any staining in ovine 

placenta compared to the negative controls (Figure 5-3). The anti-human CD146 
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antibody demonstrated perivascular staining in multiple tissues in a pattern similar to 

the human sections seen in Chapter 4 (Figure 5-4). The staining was seen in larger 

vessels adjacent to the lumen and completely surrounding smaller calibre vessels.  

  

  
Figure 5-4 – Anti human CD146 antibody staining (red) demonstrated perivascular staining in 
the renal parenchyma (top row) and myocardium (bottom row). In the top image the arrows are 
located in the vessel lumen and the CD146 staining (red arrows) can be seen to be abluminal to 
some cell nuclei (blue arrows) that were likely to represent the endothelium. In the smaller 
myocardial vessel the staining is in the perivascular cells likely to represent pericytes. Scale 
bars: top = 100µm, bottom row = 50µm. 

The only anti-human antibody found to react with ovine tissue was the anti-CD146 

pericyte marker. To identify PSCs and to exclude endothelial and haematopoietic 

cells additional makers were required. 

5.4.2.2  Reactivity of anti-ovine antibodies 
An anti-ovine CD31 antibody acquired for flow cytometry was tested using 

immunohistochemistry to determine if positive staining could be seen (AbD Serotec, 

MCA1097F). The images in Figure 5-5 show the staining seen using a dilution of 

1:50 with and without antigen retrieval using the Leica BOND robot. There was 

limited staining around some blood vessels seen in the tissue. The endothelial 
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staining was not consistent or as clear as the staining seen with anti-CD31 antibody 

in the human sections in Chapter 3 (Figure 3-6). 

  
Figure 5-5 – Ovine tissue was stained with an ovine anti-CD31-FITC antibody (green) designed 
for flow cytometry and demonstrated using antigen retireval (left) and not using antigen 
retrieval (right). There appeared to be an improved signal without antigen retrieval (green 
arrows) but there was no difference when compared to the isotype control. Cell nuceli were 
stained with DAPI (blue). Scale bars: left = 100µm, right = 50µm. 

The first anti-ovine anti-CD34 antibody tested (ab81289) did not show any staining 

(Figure 5-6). Communication with Abcam’s technical department revealed that 

despite the specifications the antibody was raised against human antigens but had 

been reported to react with ovine cells and tissue sections.  

  
Figure 5-6 – Staining of anti-CD34 antibody ab81289 (green) in ovine placenta demonstrated no 
difference between the antibody (left) and the isotype (right). Cell nuceli were stained with 
DAPI (blue). Scale bars = 100µm. 

Another anti-ovine CD34 antibody (clone EQ-8D11-C1) that had been developed by 

Porada et al (2008)243 and was commercially available from Aldevron (GM-0805) 

and Abcam (ab139551) was obtained and tested with positive results (Figure 5-7). 
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These images showed consistent, positive staining around the perivascular region 

compared to negative controls in ovine muscle. 

  

  
Figure 5-7 – An antibody raised specifically against ovine CD34 demonstrated positive staining 
around vessels lumens (green arrows A) as well as positive staining in the interstitial tissue 
compared to the isotype controls (green arrows B). Cell nuceli were stained with DAPI (blue). 
Scale bars = 100µm. 

Despite no endothelial marker being found that reacted with ovine tissue, the 

identification of anti-CD34 and anti-CD146 antibodies that demonstrated 

perivascular staining would allow the identification of ovine pericytes and adventitial 

cells. 

5.4.2.3  Localisation of perivascular stem cell markers 
Following confirmation that anti-CD146 and anti-CD34 antibodies were reactive 

with ovine tissue a dual stain confirmed the perivascular location and co-localisation 

of the two antibodies (Figure 5-8). 
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Figure 5-8 – Co-localisation of CD146 (red) and CD34 (green) antibodies in ovine myocardium. 
Both of the perivascular markers can be seen around multiple small blood vessels thorughout 
the tissue (red arrows). Cell nuceli were stained with DAPI (blue). The blood vessels are shown 
at a variety of magnifications. Antibody stains are seen in the left column with isotypes in the 
right column. Scale bars: top row = 100µm, middle and bottom rows = 30µm. 

Figure 5-8 shows perivascular staining and co-localisation of the CD34 and CD146 

antibodies. Controls were run using isotypes and omitting the primary antibodies one 

at a time. All of the control slides were negative.  
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5.4.3 Isolation of the ovine stromal vascular fraction  
The first step to be able to isolate individual cells was the efficient dissociation of 

harvested tissue. A combination of mechanical dissociation and enzymatic digestion 

were used in the human samples in Chapter 3 (methods section 8.1.5.2). To keep the 

model as analogous as possible these methods were tried and optimised for ovine 

tissue obtained at necropsy of freshly culled sheep as per section 8.1.4.1. Adipose 

tissue was collected from both the subcutaneous fat (SCF) and the infra-patellar fat 

pad (IFP).  

5.4.3.1  Enzymatic Digestion 
Initial attempts to digest ovine fat with collagenase II alone did not produce the 

homogenous digest that was found with human samples. Whilst the media changed 

colour and became cloudier, suggesting a breakdown of tissue, large clumps of fat 

were still present in the samples. Samples were processed at 37°C and 150 rpm, 

initially for 40min. After this time the media was aspirated and centrifuged at 

1,500rpm to form cell pellets, which were re-suspended in DMEM and inserted 

under a cover slip on a haemocytomter. Figure 5-9 shows the results of digestion 

after 40min for IFP (left) and SCF (middle). Whilst the IFP demonstrated numerous 

cells the SCF did not. A further sample of SCF was digested for 60min and showed 

numerous cells (right) similar to the IFP at 40min. this suggested that ovine tissue 

required alonger period of enzymatic digestion compared to human tissue. The risk 

of extended digestion was the potential damage to surface antigens. 

   
Figure 5-9 – The effect of time in collagenase digestion on ovine adipose tissue. Samples digested 
in collagenase II from the infra-patellar fat pad (left) and subcutaneous fat (middle) for 40min. 
The left image shows the sample of subcutaneous fat digested for 60min. Live cells are seen as 
single dots of light (white arrows).  

Specimens of IFP and SCF were mechanically dissociated and 15g of each split 

equally between three Nalgene pots. The fat was digested at 37°C and 150rpm for 
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60min in 20ml digestion made up form DMEM / 3.5% bovine serum albumin / 

1%PS and three separate combinations of collagenase: 1, 0.1% collagenase I; 2, 

0.1% collagenase II; 3, 0.05% collagenases I, II and IV. Following digestion the 

samples were processed to obtain the SVF and counted using a haemocytometer. 

Both samples demonstrated a greater number of cells following digestion in 0.05% 

collagenases I, II and IV. Despite small numbers, using the combination of 

collagenases seemed to confer a benefit and did not seem to have any associated 

problems.  The collagenase combination was therefore used for subsequent 

digestions. 

 
Figure 5-10 – The effect of different collagenases on total number of viable cells obtained from 
ovine subcutaneous fat and infra-patellar fat pad. Collagenases I and II were used separately as 
well as in combination with collagenase IV. Data presented as the mean. 

5.4.3.2  Red Cell Lysis Buffer 
The papers describing the isolation of pericytes and adventitial cells incubated the 

SVF in a red cell lysis buffer (RCLB) to remove red cells84,99. This would make it 

quicker to isolate PSCs using flow cytometry, as there would be fewer cells to 

process. After ovine samples had been processed to the SVF they were imaged on a 

haemocytometer using a digital camera attached to a light microscope with a x10 

objective. The same sample was then imaged following 5min in RCLB (Figure 

5-11). 
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Figure 5-11 – The effect of red cell lysis buffer (RCLB) on cell viability. Cells were visualised 
using trypan blue and on a haemocytometer before (left) and after (right) exposure to a red cell 
lysis buffer. Individual cells are seen as dots, uptake of trypan blue indicating that cells were not 
viable. Scale bar unavailable. 

There was a marked reduction in the number of all live cells following incubation in 

the RCLB. Subsequent samples were not treated with a RCLB and the potential 

problems of increased the time required for fluorescence-activated cell sorting. 

5.4.4 Development of FACS protocol to obtain ovine PSCs 
5.4.4.1  Cross reactivity of human antibodies 
Anti-human antibodies designed specifically for flow cytomtery were analysed to 

determine if they cross-reacted with ovine cells. Ovine SVF was stained with 

individual antibodies and matched isotype controls where available. The natural 

autofluorescence of the stromal vascular fraction was used when a specific isotype 

was unavailable, this meant that any additional fluorescent signal was attributable to 

the antibody staining. The antibodies tested are detailed in Table 5-1. 

Events likely to represent single cells were selected based on their forward and side 

scatter profiles, dead cell exclusion was performed using DAPI. The fluorescence for 

a single emission was checked per tube and compared to the negative control. The 

emission spectra were overlaid as a histogram and the data are also presented as a 

density plot as this allowed cell populations to be visualised. The majority of the 

antibodies did not demonstrate a positive signal compared to their negative controls. 

CD34 and CD56 antibodies are used in sorting human PSCs and the results from 

their analysis are displayed in Figure 5-12. Whilst there appeared to be a positive 

signal for CD56 the emission profile was no different to the isotype control. No 

signal was seen for CD34. 
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Antibody and 

Fluorophore 

Clone Company and 

catalogue number 

Isotype Catalogue 

Number 

Perivascular 

CD146-FITC OJ79c AbD Serotec 

MCA2141F 

IgG1-FITC DC045 

CD146-APC 541-10B2 Miltenyi Biotec  

130-092-851 

IgG1-APC 130-093-188 

CD34-FITC 581 BD555821 IgG1κ-FITC BD555748 

CD34-PE BIRMA-k3 Dako R7125 IgG1-PE Dako X0928 

CD34-PerCP 8G12 BD345803 IgG1-PerCP BD559425 

NG2-APC LHM-2 R&D FAB2585A IgG1-APC R&D IC002A 

Endothelial / Myoendothelial 

CD31-PE WM59 BD555446 IgG1κ-PE BD555749 

CD144-PerCP-

Cy5.5 

55-7H1 BD561566 IgG1κ-PerCP-

Cy5.5 

BDB550795 

vWF-FITC Polyclonal  V2700-01C Not available  

CD56-PE-Cy7 B159 BD557747 IgG1κ-PE-Cy7 BD557872 

Haematopoietic 

CD45-APC-Cy7 2D1 BD557833 IgG1κ-APC-Cy7 BD557873 

Mesenchymal 

CD44-AF700 G44-26 

 

BD561289 IgG2bκ-AF700 BD560543 

CD90-FITC 5E10 BD555595 IgG1κ-FITC BD554679 

CD105-CF594 266 BD562380 IgG1κ-CF594 BD562292 

Table 5-1 – Anti human antibodies tested for cross-reactivity with ovine cells using flow 
cytometry. Details of the antigen clone as well as the specific isotypes used are also detailed. 
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Figure 5-12 – Anti-human antibodies to CD34 and CD56 tested on the stromal vascular fraction 
obtained from ovine skeletal muscle. Cells were selected as per section 8.3.2. Density plots for 
the antibody and isotypes are shown left and middle as well as a histogram with the antibody 
staining in red and the isotype in blue. No difference was seen between the antibodies and their 
corresponding isotypes on either the density plots or the histograms. 

Endothelial markers were used during flow sorting of human samples to remove 

endothelial cells that stain positive for CD34. None of the three anti-human 

endothelial markers analysed demonstrated cross-reactivity (Figure 5-13).  

The only antibody with any demonstrable difference to its negative control was the 

CD146 antibody. The density plots in Figure 5-14 show that a distinct population of 

CD146+ cells could be seen compared to the isotype controls. The number of events 

was small which is why the red peak representing the positive cells was hard to see.  
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Figure 5-13 – Cross reaction of anti-human antibodies to the endothelial markers CD31 and 
CD144 in ovine skeletal muscle SVF. Density plots for the antibody and isotypes (left and 
middle) as well as a histogram with the antibody staining in red and the isotype in blue. No 
difference was seen between the antibodies and their corresponding isotypes on either the 
density plots or the histograms. 

 
Figure 5-14 – Anti-human CD146 antibody cross reaction with ovine skeletal muscle SVF. 
Density plots for the antibody and isotypes are shown left and middle as well as a histogram 
with the antibody staining in red and the isotype in blue. A distinct cell population was 
identified with the anti-CD146 antibody (CD146+ gate in left plot). This could be seen as a small 
increase in the red histogram in the left plot (red arrow). 

5.4.4.2  Reactivity of ovine antibodies 
Anti-ovine CD34 antibodies were only available in their unconjugated form. 

Initially, the only antibody identified was Abcam’s ab8129 (clone EP373Y). Cells 

were stained using the primary anti-CD34 antibody and then with a secondary 
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fluorophore. Following the initial analysis of anti-human CD146-AF647 and the 

intended use of the anti-ovine CD31-FITC and CD45-PE it was decided to use a 

secondary antibody conjugated to Pacific Blue for the anti-CD34 antibody. Despite 

Pacific Blue having a similar emission spectrum to DAPI (peak 455nm and 461nm 

respectively) they have different peak excitations (405 and 358nm respectively). This 

meant that DAPI could be excited using an ultraviolet laser (355nnm) and the Pacific 

Blue using a violet laser (405nm). The flow cytometer should then be able to 

compensate between the two separate emission patterns to determine the true level of 

emission from each fluorophore.  

Despite the use of the two separate lasers and altering the compensation between the 

two fluorophores it proved impossible to differentiate between the signal from 

Pacific Blue and DAPI. Figure 5-15 shows the attempt to differentiate between the 

two signals. The left plot is an unstained sample and the second plot the difference 

with just DAPI added. The signal attributable to DAPI was seen in the top right of 

the plot, indicating that the signal was being detected equally. The third plot shows a 

control with no CD34 antibody, an extra population seems to appear in the Pacific 

Blue channel, as there was no primary antibody this was not a CD34+ population. 

There was not a considerable shift in a positive signal with the addition of the CD34 

antibody (far right plot).  

 
Figure 5-15 – Use of secondary antibodies with anti-ovine CD34 antibody on ovine bone marrow 
SVF. The left plot had no fluorophores; the second plot had DAPI added prior to analysis. The 
third was stained with Pacific Blue and DAPI but not with the primary antibody. The right plot 
was stained with CD34, then Pacific Blue and had DAPI added prior to analysis. 

To determine if the antibody was working but the signal was being masked by DAPI 

the experiment was run again using Pacific Blue and AlexaFluor647 as secondary 
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antibodies (Figure 5-16). Similar problems were encountered with DAPI and Pacific 

Blue, there was also no positive signal when the AlexaFluor647 was used. 

 
Figure 5-16 – The use of Pacific Blue and AF647 as secondary antibodies for anti-ovine CD34 
antibody with ovine bone marrow SVF. The left plot shows the effect of adding DAPI (red) to 
CD34 with Pacific Blue (blue). The middle plot shows the effect of omitting the secondary 
antibody (blue) when both samples had DAPI (red). When AF647 was used as the secondary 
antibody (right) no difference was seen between the antibody (red) and without the antibody 
(blue). 

The anti-CD34 antibody ab81289 had not worked with either IHC or FACS. The 

antibody by Porada et al (2008)243 that had shown positive staining with IHC was 

then tested for flow cytometry. To avoid compensation problems with Pacific Blue, 

AlexaFluor488 was used as a secondary antibody. Figure 5-17 shows the signal for 

the antibodies at three concentrations of primary and secondary antibodies, negative 

controls omitted the primary CD34 antibody. In each of the combinations a positive 

signal for the CD34 antibody was seen on the right side of the plot. This 

demonstrated that the antibody was able to label and separate a group of CD34+ cells 

compared to a negative control with no primary antibody. 

A number of conjugated anti-ovine antibodies were commercially available and are 

detailed in Table 5-2. The CD31 and CD45 antibodies were tested as individual 

specimens to determine their usefulness for identifying and sorting oPSCs using the 

same combination of cell surface markers as in Chapter 4 for human PSCs.  
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Figure 5-17 – Testing of the second CD34 antibody using AlexaFluor488 as a secondary 
antibody with ovine bone marrow SVF. The primary antibody was tested at concentrations of 
1:10, 1:50 and 1:100. The secondary was tested at 1:20, 1:50 and 1:100. All the combinations are 
shown with (red) and without (blue) the primary antibody. CD34+ populations could be seen 
across all concentrations (red arrows). 

Antibody Clone Catalogue Number Isotype Catalogue Number 

CD31-FITC CO.3E1D4 AbD Serotec MCA1097F IgG2a-FITC AbD Serotec MCA929F 

CD45-PE 1.11.32 AbD Serotec MCA220PE IgG1-PE AbD Serotec MCA928PE 

Table 5-2 - Commercially available conjugated anti-ovine antibodies. 

The flow cytometry plots for the CD31 and CD45 antibodies are displayed in Figure 

5-18. No signal was found for the CD31 antibody but a very definite signal and cell 

population was seen using the CD45 antibody. 
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Figure 5-18 – Ovine bone marrow SVF was stained with ovine anti-CD31 (top row) and anti-
CD45 antibodies (bottom row). Density plots and histograms showed no CD31+ population but 
there was a distinct separate CD45 + cell population (CD45+ gate, left; red arrow right) 
Antibody staining in red and the isotype in blue. 

Despite its use in previous research no positive staining could be demonstrated with 

the anti-CD31 antibody. The data presented in this section demonstrated that 

commercially available anti-ovine antibodies were available to identify expression of 

CD34 and CD45. This would allow the identification of adventitial and 

haematopoietic cells. The anti-CD34 antibody was only available unconjugated so 

required a secondary antibody, Pacific Blue could not be used  due to an inability to 

compensate with the signal from DAPI. 

5.4.4.3  Conjugation of anti-ovine CD34 antibody 
To stain cells with both conjugated and unconjugated antibodies required a three step 

staining process. The unconjugated CD34 antibody was therefore conjugated using 

Abcam’s EasyLink kit. As the CD31-FITC did not work, FITC was chosen as the 

fluorophore. Conjugation was checked using positive and negative flow cytometry 

beads (Figure 5-19). 
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Figure 5-19 – The use of compensation beads to ascertain the conjugation of the anti-CD34 
antibody to the FITC fluorophore. Bead selection (left) and fluorescence (right) are shown 
(CD34+ selection shown using bar). 

5.4.4.4  Titration of antibody concentrations 
The working concentration of antibodies suggested by their manufacturers was 

approximately 1:10. Despite this, the antibodies were used effectively with human 

cells at a dilution of 1:100. To determine if this was feasible with the ovine cells the 

CD34-FITC, CD45-PE and CD146-APC antibodies were used over a range of 

concentrations. Density plots were used to demonstrate where distinct cell 

populations could be differentiated from the isotype. 

 
Figure 5-20 – Titration of antibody concentration for anti-CD45 and anti-CD146 antibodies 
with ovine bone marrow SVF. Isotypes are shown in the left hand plots with antbody 
concentrations of 1:10, 1:60 and 1:100. Cell populations are indicated by cell gates and were 
distinct to the isotype controls.  

controls (Figure 5-20). Using the antibodies at a concentration of 1:100 allowed 

visualisation of distinct cell populations for both CD45 and CD146 antibodies.The 
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conjugated CD34 antibody was also able to identify a separate cell population at a 

concentration of 1:100 (Figure 5-21). 

 
Figure 5-21 – Anti-CD34 antibody used to stain cells at a concentration of 1:100 with ovine bone 
marrow SVF. The antibody demonstrated a separate population of CD34+ cells (left, CD34+ cell 
gate) compared to the control (middle). The fluorescence as histograms are overlaid for 
comparison (right) with a  red arrow showing the CD34+ population. 

By testing all of the antibodies over a range of antibody dilutions it was 

demonstrated that all of the antibodies could be used at lower dilutions than was 

recommended by their manufacturers. 

5.4.4.5  Identification of ovine PSCs 
The stromal vascular fraction was isolated from bone marrow and stained for CD34, 

CD45, CD146 and DAPI. Single cells were selected based on forward and side 

scatter profiles. CD45+ and DAPI positive cells were then excluded. Ovine pericytes 

and adventitial cells were identified by their expression of CD34 and CD146 (CD34-

CD146+ and CD34+CD146- respectively). Full minus one controls were used to set 

the level of true staining for all fluorophores. Pericytes and adventitial cells were 

identified as distinct cell populations. 
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Figure 5-22 – Initial flow cytometry analysis identifying ovine perivascular stem cells from ovine 
bone marrow. Events likely to represent single cells were gated based on forward and side 
scatter profiles (top left and middle). DAPI and CD45+ cells were excluded (top right). The gates 
used to identify pericytes and adventitial cells (bottom left) were based on a scontrol  for anti-
CD34 (bottom middle) and –CD146 staining (bottom right). Anti-ovine platelet derived growth 
factor beta 

PDGFRβ has been shown to be a perivascular stem cell marker and has been 

implicated as a potential pericyte marker244. An ovine specific polyclonal anti-

PDGFRβ antibody conjugated to PE-Cy7 was obtained from Bioss (bs-0815R-PE-

Cy7) along with its isotype, IgG-PE-Cy7 (Bs-0295P-PE-Cy7). This antibody was 

used to stain cells from skeletal muscle along with the CD34, CD45 and CD146 

antibodies. Due to a very bright signal from the CD45-PE appearing in the PE-Cy7 

only the unstained and full minus one control for CD45-PE were analysed to ensure 

signal was from the PDGFRβ antibody. There was a very definite positive signal 

from the antibody compared to the unstained sample. Cells appeared to either be 

CD34-PDGFRβ+, CD34+PDGFRβ- or CD34-PDGFRβ-. The only cells that were 

CD146 positive were also PDGFRβ positive. 
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Figure 5-23 – Reactivity of anti-ovine PDGFRβ in skeletal muscle. The left plot demonstrated 
antibody staining  (red) compared to an unstained sample (blue) and showed a strong signal for 
PDGRβ+ cells (red arrow). The middle plots the anti-PDGFRβ antibody against the anti-CD34 
antibody and shows a separate CD34+ population with no PDGFRβ staining above the 
backgorund level of fluorescence. The right plot shows that the majority of PDGFRβ+ cells had 
the same level of CD146 reactivity.  

5.4.4.6  Isolation of ovine PSCs from multiple tissues 
Ovine PSCs were harvested from bone marrow, subcutaneous fat and the infra-

patellar fat pads of a single sheep. The cell sorts after isolation of live, single CD45- 

cells are displayed in Figure 5-24. Definite groups of pericytes and adventitial cells 

were found for each of the tissue samples.  

 
Figure 5-24 – Selection of pericytes and adventitial cells from multiple tissues of the same sheep. 
Ovine perivascular stem cells were isolated from bone marrow (left), both infra-patellar fat 
pads (middle) and subcutaneous fat (right). Gates were based on negative controls (not shown) 
and demonstrated that pericytes and adventitial cells could be found in all of the tissues 
investigated. 

The gating of the pericytes and adventitial cells along with their percentages of the 

total of the live cells are shown above. Each of the samples had a greater proportion 

of adventitial cells to pericytes. In the subcutaneous fat sample the percentage of 

oPSCs from the selected cells was much smaller than the other three samples, 0.17% 

were adventitial cells and 0.032% were pericytes. 
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5.4.5 Cell Culture and Mesenchymal Differentiation 
Stem cells are defined by their ability to proliferate in culture and their ability to 

differentiate to multiple cell types. For stem cells to be considered to have 

mesenchymal potential they should be able to demonstrate the ability to form 

cartilage, bone and fat.  

5.4.5.1  Cell sorting and proliferation 
A total of sixteen FACS sorts were performed on ovine tissue; eleven from the infra-

patellar fat pad, three from bone marrow and two from subcutaneous fat. The mean 

cell viability was 87% and the mean number of pericytes and adventitial cells 

obtained were 1,369 and 4,489 respectively. 

  

  
Figure 5-25 – Phase contrast microscopy of cultured ovine pericytes (A and C) and adventitial 
cells (B and D) at low (A and B) and high confluence (C and D). Scale bars = 400µm. 

Phase contrast images of pericytes (A and C) and adventitial cells (B and D) at low 

(A and B) and high (C and D) confluence are shown in Figure 5-25. Both cells were 

at passage six and share the typical fibroblast-like appearance of stem cells in culture 

adherent to plastic. 
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5.4.5.2  Cell Identity 
Cultured cells from ovine bone marrow and the infra-patellar fat pad were analysed 

for their expression of CD34, CD45 and CD146. All samples were negative for 

CD34 and CD45 (data not shown). Expression of CD146 was found in 70-80% of the 

pericytes from bone marrow at passage 6 (Figure 5-26). The pericytes from the infra-

patellar fat pad  had almost no expression of CD146, this was the same as the human 

samples in Chapter 3 (Figure 3-25).  

 
Figure 5-26 – Cultured ovine pericytes from bone marrow demonstrated a CD146+ cell 
population (left plot, red arrow) as where those from adipose tissue did not. The data from 
adipose tissue was displayed as a histogram and a dot plot (middle and right). Antibody staining 
in red and FMO in blue. 

As a similar pattern was seen in Chapter 3, cultured pericytes from the IFP were 

stained with an anti-CD146 antibody using immunocytochemistry (ICC). The ovine 

pericytes demonstrated positive staining for CD146 compared to negative controls. 

This indicated that the cells selected on the basis of CD146 expression retained this 

in culture although it could not be detected using FACS. 

  
Figure 5-27 – Immunocytochemistry of cultured ovine cells from the infra-patellar fat pad 
selected on their expression of CD146 on FACS stained positively for CD146 in culture (left, 
green). Controls omitting the primary antibody were negative (right).  Scale bars = 100µm. 
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5.4.5.3  Chondrogenic Differentiation 
The chondrogenic potential of ovine PSCs was demonstrated using monolayer and 

pellet culture models. Figure 5-28 demonstrates Alcian blue staining after 21-days 

differentiation in monolayer. There was some background staining in the growth 

media controls (left column) but there was more staining in the differentiated 

samples indicating greater production of sulphated polysaccharides (right column).  

  

  
Figure 5-28 – Ovine pericytes (top row) and adventitial cells (bottom row) were cultured in 
growth (left) and chondrogenic differentiation (right) media for 21 days. Whilst there was some 
background staining seen with the growth media contols, the Alcian blue staining was more 
concentrated for the differentiated samples. Scale bars = 100µm. 

Cells were suspended in either growth or differentiation media and centrifuged to 

form cell pellets. After 21 days the pellets were embedded in OCT and sections 7µm 

thick were stained with Alcian blue. Figure 5-29 shows Alcian blue staining in the 

pellets cultured in chondrogenic media only. The Alcian blue staining was located in 

the periphery of the cell pellets, this may have represented an inner core of dead cells 

that did not produce matrix. Whilst the pericyte pellet appeared smaller, the Alcian 

blue staining indicated matrix production and therefore differentiation and it was 
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likely that this image represented a cross section towards the one end of the pellet, 

which would have a smaller cross sectional area as the pellets are roughly spherical. 

  

  
Figure 5-29 – Ovine pericytes (top row) and adventitial cells (bottom row) were differentiated in 
growth (left) and differentiation (right) media for 21 days using a pellet culture. The growth 
media controls had no Alcain blue staining. The pellets from chondrogenic media demonstrated 
Alcian blue staining around the peripharies. Scale bars unavailable due to imaging methods. 
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5.4.5.4  Osteogenic Differentiation 
Both cell types demonstrated clear osteogenic differentiation, Figure 5-30 shows 

Alizarin Red staining for pericytes and adventitial cells cultured for 21 days in either 

growth or differentiation media. The cells cultured in differentiation media stained 

strongly with Alizarin Red, indicating increased calcium deposition. 

  

  
Figure 5-30 – Osteogenic differentiation of ovine PSCs indicated by Alizarin Red staining (red). 
Pericytes (top row) and adventitial cells (bottom row) were stained after 21 days in growth 
media controls (left) and differentiation media (right). Scale bars = 100µm. 

There was a large degree of Alizarin red staining after 21 days in the differentiation 

media compared to the growth media controls. As both samples went through the 

same washes and imaging after the Alizarin red staining this represented true 

reaction with calcium deposition. 

5.4.5.5  Adipogenic Differentiation 
Cells with mesenchymal potential also have the ability to differentiate into 

adipocytes. Ovine pericytes and adventitial cells both demonstrated this potential 
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(Figure 5-31). Cells in differentiation media developed intra-cellular fat vesicles that 

stained red / orange with Oil Red O. 

* *

* *
Figure 5-31 – Adipogenic differentiation of ovine PSCs indicated by intracellular uptake of Oil 
Red O (red / orange in intra-cellular vesicles). Pericytes (top row) and adventitial cells (bottom 
row) were stained after 21 days in growth media controls (left) and differentiation media (right). 
Scale bars = 100µm (unavailable for adventitial cell images due to imaging techniques). 

5.5 Discussion 
This chapter has identified ovine pericytes and adventitial cells using the same 

surface markers that are used to isolate human PSCs105. Initial histology of multiple 

tissues confirmed similar tissue structure and distribution of blood vessels (Figure 

5-1 and Figure 5-2) compared to human tissue. 

Immunohistochemistry demonstrated that anti-human CD146 antibodies cross 

reacted with sheep tissue and that the antigens had a perivascular location (Figure 

5-4). The cross reactivity of the CD146 antibody was validated further when the 

cultured pericytes from bone marrow were analysed with flow cytometry (Figure 

5-26) and immunocytochemistry (Figure 5-27). An ovine specific antibody was 

required to identify CD34 accurately243. Despite there being antibodies for ovine 
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endothelial markers this research was unable to show that the anti-CD31 antibody 

worked. The anti-CD31 antibody was described by Pintado et al (1995)245. Pintado et 

al (1995) did not describe the use any negative controls in their work; the 

fluorescence reported as representing a positive signal could therefore just represent 

increased voltage or auto-fluorescence. Zannettino et al (2010) used the same anti-

ovine CD31 antibody in their paper comparing human and ovine MSCs246. All of 

their results were negative and no positive controls were used to demonstrate that the 

antibody worked. Their negative results could be true-negatives but without positive 

controls it could just represent the lack of antibody reactivity demonstrated in this 

chapter (Figure 5-13). 

The lack of an endothelial marker in the antibody panel used to sort oPSCs meant 

that endothelial cells would also have been collected. This was a particular problem 

for adventitial cells as Chapter 3 demonstrated that anti-CD34 antibodies stained a 

proportion of the endothelial cells. In one of the human cell sorts 24% of all live 

single cells were CD34+, of these 17% were also positive for CD31 (Figure 3-19). If 

the numbers were similar in sheep then almost 20% of the sorted adventitial cells 

would be endothelial cells. This means that the ovine cells sorts were not as pure as 

they were in humans, reducing one of the potential advantages of fluorescence 

activated cell sorting in this model. 

Despite PDGFRβ not being used commonly as a marker to FACS sort human PSCs, 

this research suggests that it could be a useful marker for the isolation of ovine PSCs. 

All of the CD146+ cells in one sort were all PDGFRβ+. The IHC staining in Chapter 

3 for PDGFRβ demonstrated a perivascular location (Figure 3-5). The ovine antibody 

was able to identify a larger number of ovine PSCs than the anti-human CD146 

antibody. These cells would need to be isolated and compared to their human 

counterparts before using them further. If the anti-ovine PDGFRβ antibody were 

used it would mean that the entire antibody panel would have been raised specifically 

to react with ovine cells. 

Despite these issues ovine PSCs were isolated from bone marrow, subcutaneous fat 

and the infra-patellar fat pad. Pericytes and adventitial cells were cultured despite 



Perivascular stem cells and articular cartilage repair 

The ovine model of perivascular stem cells   164 

lower numbers compared to human cell sorts. These data demonstrated that these 

were all feasible cell sources for future experiments. 

Ovine pericytes and adventitial cells demonstrated mesenchymal potential by 

differentiation to bone, fat and cartilage. The cultured pericytes from bone marrow 

expressed CD146 and the ones from the infra-patellar fat pad did not. This was the 

same as the pericytes from the human IFPs in Chapter 3. 

The data presented within this chapter was undertaken on fresh cadaveric tissue. It 

confirmed the ability to identify ovine perivascular stem cells using FACS. One issue 

was the inability to identify and therefore exclude endothelial cells. This would mean 

that the ovine PSCs would not be as pure as the human PSCs they were meant to 

represent. The next phase of testing required the use of live animals and autologous 

implantation. 
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Chapter 6: In vivo modelling of autologous 
perivascular stem cell articular cartilage repair 
6.1 Introduction 
The ovine stifle joint has been described as a surgical model to represent the human 

knee joint247. The factors that need to be considered when using an animal to model 

human behaviour include: articular cartilage thickness, joint orientation and the 

ability to perform the surgical procedure. The anatomy of the ovine stifle joint has 

been well described and is considered a reasonable model of the human knee 

joint247,248. It has been used to investigate articular cartilage repair as well as anterior 

cruciate ligament (ACL) reconstruction249 and meniscal repair250 and replacement251.  

Simon (1970) estimated the average maximum cartilage thickness in the ovine stifle 

joint to be 1.68mm252 and Frisbie et al (2006) measured the thickness over the 

femoral condyle to be approximately 0.6mm compared to 2.6mm in humans237. The 

difference between the two species could play an important part when implanting 

surgical repairs as proud repairs may be prone to delamination253. The cartilage 

thickness is also important when creating the experimental defect to be repaired. 

Mika et al (2011) showed that a superficial defect can be safely made using a ring 

curette254. They did note however that it was very difficult to judge removing the 

calcified cartilage without penetrating the tidemark and exposing the sub-chondral 

bone. Guettler et al (2004) found increased rim stress in humans in defects with a 

diameter of greater than 9mm45. Schinan et al (2011) demonstrated that a 7mm defect 

would induce osteoarthritis by 12 weeks in sheep255. Another surgical consideration 

has been the use of both stifle joints at the same time. This would reduce the number 

of animals required and would allow for internal controls. The concern is the 

additional stress and morbidity associated with operating on both hind limbs at a 

single operation. 

The ovine tibio-femoral and the patello-femoral joints have both been used for 

articular cartilage repair studies. The average knee flexion angle in sheep is between 

49° and 70° compared to humans who stand upright256. Due to this difference a 

potential limitation is that the tibio-femoral joint might not act in the same manner as 
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in humans. Taylor et al (2006) found that the force across the tibio-femoral joint was 

2.25 times body weight (BW) in sheep compared to 2.8-3.8BW in humans256. Whilst 

the figure was less in sheep it confirms that a significant force was placed across the 

ovine tibio-femoral joint. There was also a low degree of medial-lateral shear force, a 

consideration when implanting surgical materials into a mobile joint257. 

Section 1.3 introduced the various techniques currently in use for delivering cells for 

articular cartilage repair. Chapter 2 discussed the concept of problems associated 

with different delivery methods for articular cartilage repair. There is currently no 

consensus on the optimal way to deliver cells. Sheep have been used for cell-based 

repairs using MACI122, hydrogels92, polyglycolic acid scaffolds258, injection of 

MSCs259 and microfracture supplemented with matrix260 or PRP261. These varied 

studies demonstrated that the ovine stifle joint was a robust model for analysing 

articular cartilage repair surgery. 

Caplan et al (2011) proposed the idea that MSCs work using a paracrine effect, 

essentially acting as a ‘drug store’ to aid in tissue regeneration85,262. It is implied that 

the basis of cell-based repairs must be the cells that are introduced into the defects. 

There are very few studies that have labelled and tracked the cells that have been 

placed into articular cartilage defects, raising the question of the fate of the implanted 

cells. Proposed cell tracking methods include PKH26263-265, iron oxide 

nanoparticles105,266, DiI and transfection using green fluorescence protein47,267. 

Nakamura et al (2012) used GFP emission to ascertain that injected cells stayed in 

place following insertion, their DiI labelled cells remained in the defect at 7 days but 

were not seen at 1 or 3 months92,267. Miot et al (2010) implanted GFP labelled human 

chondrocytes into goats on a Chondro-Gide membrane and found the cells in the 

defect after four weeks268,269. 

The data in Chapter 5 demonstrated that it was possible to harvest, culture and 

differentiate ovine PSCs. These data were all based on cadaveric tissue. Whilst the 

samples were processed within a few hours of sacrifice it did not demonstrate the 
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feasibility of a live autologous cell implantation model. The only way to do this was 

to use live animals. 

6.2 Hypotheses 
The primary hypothesis for this chapter was that the ovine model of perivascular 

stem cells could be used for articular cartilage repair surgery. 

To test the primary hypothesis a number of factors needed to be addressed: 

1, Ovine pericytes and adventitial cells can be harvested in sufficient numbers from 

the IFP to provide sufficient cells for articular cartilage repair. 

2, The surgical model was feasible at a centre that had not previously performed 

cartilage repair surgery in sheep. 

3, A bilateral model of articular cartilage defects and repair would not cause 

excessive morbidity. 

4, Cells could be loaded and implanted using collagen membranes to mimic MACI 

and ChondroCelect methods. 

5, Hydrogel was a viable alternative to collagen membranes for cell insertion. 

6, Implanted cells would remain in the defect after surgical implantation. 

These were important points for the design of future studies to ensure that the 

methodology was effective and reproducible so as to satisfy the Home Office and the 

University of Edinburgh as well as potential grant funding bodies that the work could 

be undertaken reliably. 

6.3 Materials and Methods 
Live balck-faced sheep were obtained by the Univeristy of Edinburgh’s Marshall 

Buildings staff for the live animal surgery used in this chapter. All experiments were 

carried out under a home office licence with instiuition review for individual 

experimental protocols (8.7.1). All animals were anaesthetised by the Named 

Veterinary staff as detailed in section 8.7.2. Surgery was carried out by the candidate 
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with the assistance of his supervisors (AHRS or LCB) as per section 8.7.3. A portion 

of the infra-patellar fat pad was excised as part of accessing the medial femoral 

condyle. The IFP was transported to the lab, the stromal vascular fraction obtained 

(8.1.5.2) and then ovine pericytes and adventitial cells purified using FACS (8.3.2 

and 8.3.3.4). Cells were cultured and re-inserted using techniques to replicate one of 

the two commercially available techniques of MACI or ChondroCelect (8.7.4). 

Cell tracking was performed by transfecting ovine adventitial cells with a GFP 

emitting virus (8.2.5). Transfection was confrimed using combined phase and 

fluorescent microscopy (8.6.1.2) and the transfection rate determined usind flow 

cytommetry with cells that had not been transfected used as the controls (8.3.2). 

The animals were culled in keeping with University protocols and osteochondral 

specimens were excised leaving a cuff of at least 2 cm around the area of cartilage 

repair. The excised osteochondral blocks that had had transfected cells inserted were 

imaged using a confocal laser scanning microscope to identify any retained cells 

(8.6.1.2). Samples were fixed, decalcified, embedded in parafin (8.1.5.1) and stained 

for histochemical analysis (8.4.2).  

6.4 Results 
6.4.1 Ex vivo pilot data 
Prior to the use of animals, the surgical technique of creating an articular cartilage 

defect was trialled using cadaveric stifle joints. 

6.4.1.1  Creation of superficial articular cartilage defect 
The stifle joint of a freshly culled sheep was exposed. Figure 6-1 shows a partial 

thickness articular cartilage defect being created using an 8mm punch biopsy to score 

the defect circumference followed by a 4mm dermal curette to remove the cartilage. 

The aim was to remove cartilage without breaching the sub-chondral plate. 
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Figure 6-1 – Defects were made on the medial femoral condyle (white arrow) using an 
8mmpunch biopsy (blue handle, left image) to score the cartilage down to the subchondral bone 
(middle). A ring curette (green handle, right) was then used to remove the articular catilage and 
create the final defect (black arrow) 

The condyle was excised, fixed and decalcified in EDTA. The decalcified sections 

were embedded in paraffin and sectioned. The tissue sections were stained and 

images were acquired using a Zeiss Observer, the microscope software was used to 

create composite images to allow visualisation of the entire cross section of the 

femoral condyle. Figure 6-2 shows sections taken through the defect made in the 

femoral condyle. A variety of histochemical stains were trialled to determine their 

effectiveness. 

The subchondral bone had a deeper orange colouration due to increased uptake of the 

esoin compared to the articular cartilage due to differneces in the extracellular 

matrix, a dark band was seen around the tidemark of the cartilage. Masson’s 

Trichrome produced a blue stain for the collagen of both the cartilage and the bone. 

Alcian blue stained the sulphated proteoglycans of the articular cartilage a pale blue, 

an orange band at the osteochondral junction was also seen. Picrosirius Red stained 

the collagen of the articular cartilage red as expected under light microscopy, the 

trabecular bone stained green indicating the presence of collagen III73,270. The 

Toluidine Blue staining was specific to the cartilage and stained a deep blue-purple 

colour. The Safranin O did not stain the cartilage but the counter stain still stained 

the trabecular bone blue. 
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Figure 6-2 - Histochemical staining of a superficial articular cartilage defect. Haematoxylin and 
eosin (top left), Masson’s Trichrome (top right), Alcian blue (middle left), Picrosirius Red 
(middle right), Toluidine Blue (bottom left) and Safranin O (bottom right). Scale bars = 2mm. 

 
Figure 6-3 - Superficial articular cartilage defect created using a punch biopsy and curette. The 
articular cartilage has stained blue (blue arrow) and the tidemark (orange arrow). The base of 
the defect is indcated by the black arrow. Scale bar = 1mm. 

Despite an 8mm defect being created, the defect appeared smaller as the sections 

were taken towards the edge of the defect rather across the middle. Figure 6-3 shows 

a cross section of the articular cartilage defect and clearly demonstrated that the 

defect did not extend through the tidemark (orange) to the sub-chondral bone.  
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The use of H&E and Masson’s Trichrome was subsequently used to assess 

cellularity, Picrosirius Red to identify collagen and Alcian blue for proteoglycans. 

6.4.2 Autologous PSC repair of a superficial cartilage defect 
The first pilot surgery was to create a single articular cartilage defect on the medial 

femoral condyle and to harvest the tissue required to obtain ovine PSCs and was 

designated S1. 

6.4.2.1  Defect creation and tissue harvest 
The animal was anaesthetised as per section 8.7.2. Figure 6-4 demonstrates the steps 

taken to remove the IFP and gain access to the stifle joint.  

  

  

  
Figure 6-4 – The hind limb was shaved over the stifle joint (A) andd the tissues incised to expose 
the patella tendon (B). A medial parapatellar incision was made to reveal the infrapatellar fat 
pad which was then excised (bottom left) to reveal the underlying medial femoral condyle (D). 
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Excision of the IFP allowed excellent visualisation of the medial femoral condyle. 

Flexion and extension of the stifle joint allowed the entire condyle to be accessed. 

6.4.2.2  Cell Isolation and proliferation 
The portion of the IFP that was excised was processed to the stromal vascular 

fraction and stained for FACS cell sorting as per sections 8.1.4.2 and 8.3.3.4. Figure 

6-5 demonstrates the gating strategy used to isolate the pericytes and adventitial cells 

from the IFP of S1. 

 
Figure 6-5 – The intial gate in the top left plot isolated events likely to represent cells followed 
by isolation of single cells (top middle). Live CD45- cells were selected using anti-CD45 
antibodies and DAPI. The selection of pericytes and adventitial cells (bottom left) was based on 
FMO controls for anti-CD146 (bottom middle) and anti-CD34 antibodies (bottom right). 

The sorted cells were re-analysed to determine the purity of the cell sort. Eighty-four 

per cent of the events in the pericyte check were considered likely to represent cells; 

this figure was 90% for the adventitial cells. The cells within the gates in the left 

hand plots in Figure 6-6 all demonstrated the appropriate markers for either pericytes 

or adventitial cells (right hand plots). 
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Figure 6-6 – Ovine pericytes (top row) and adventitial cells (bottom row) isolated from S1 were 
analysed immediately after sorting. The left hand plots used the same cell selection gate and 
showed there was a proportion of debris that may have represented cell debris in the bottom left 
of each plot, the percentage of events in the cell selection gates are shown. the fluorescent gates 
used to select the cells was used for analysis and showed that all of the re-analysed cells were 
either CD146+ of CD34+. 

A total of 9,146 oPSCs were collected using flow cytomtery. The cells were placed 

in a single well of a 24-well plate. It took three passages and 20 days for the cells to 

become 80% confluent in eight T75 flasks. The cells were then pre-differentiated in 

chondrogenic media for 14 days (Hyclone, ThermoScientific). 

6.4.2.3  Loading cells onto ChondroGide membrane 
The ovine perivascular sem cells (oPSCSs) were trypsinsied and counted, 2x106 cells 

were re-suspended in 100µl DMEM and were pipetted in single drops onto a 2cm2 

piece of ChondroGide membrane. This was repeated twice, one for surgical insertion 

and the other for imaging and cell counting using confocal laser scanning 

microscopy. Both membranes were incubated in media for 48hrs, the membrane for 

CLSM evaluation was stained using CMFDA and PI. Images were collected using 

the x10 and x63 objectives (Figure 6-7). Cell counting of a single image estimated 

that the cells were seeded at a density of 1.07x106/cm2 with a viability of 89% live 

cells. These data confirmed an efficient seeding of live cells on the membrane with a 
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density comparable to the MACI membranes in Chapter 2 but with a higher 

percentage of live cells (89% vs. 80%). 

  
Figure 6-7 – The cells isoalted in 6.4.2.2 were proliferated, applied to a collagen membrane and 
stained with CMFDA (green) and propidium iodide (red). The image on the left demonstrated 
that live cells were successfully loaded onto the collagen matrix, the cell cytoplasm (green) 
demonstrates the cell shape in the right image. Scale bars: left = 200µm, right = 50µm. 

6.4.2.4  Surgical Repair 
At approximately six weeks the second repair surgery took place. The joint was 

accessed through the old incision and a significant amount of scarring was noted. 

The defect was located and fibrous material excised. The defect was debrided to a 

stable rim of cartilage and a template created to cut the cell-seeded membrane to 

shape. The defect was dried and the membrane inserted using Tisseel fibrin glue to 

secure it in place. Despite using the same surgical technique as in humans the 

membrane did not attach to the defect as normal. By using fibrin glue on the 

membrane and around the edge of the defect after insertion to seal it the membrane 

did attach.  

6.4.2.5  Outcome 
Six weeks following surgical repair the sheep was sacrificed and the medial femoral 

condyle excised. A piece of tissue that was likely to represent undigested 

ChondroGide membrane was seen in the defect on macroscopic inspection. The 

condyle was snap frozen using liquid nitrogen and stored at -80°C. The intention was 

to section the condyle using a diamond microtome blade without having to wait 2-3 
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months for the condyle to decalcify. Unfortunately because the condyle had not been 

decalcified the attempt at sectioning destroyed the specimen and no sections could be 

obtained to confirm the presence of the membrane. 

6.4.3 Autologous pericyte repair of a superficial articular 
cartilage repair 

The University of Edinburgh veterinary staff required that repair of a superficial 

defect was conducted on a second animal prior to trialling a bilateral model to ensure 

that the levels of morbidity encountered in S1 were typical. This animal was 

designated S2. 

6.4.3.1  Defect creation and tissue harvest 
A more medial approach was made to the stifle joint than with S1. The aim of this 

was to allow an approach to be made for the repair through a less scarred surgical 

field. The defect was created and the IFP harvested in an identical manner to S1. 

6.4.3.2  Cell isolation and proliferation 
The portion of the excised IFP was processed to the SVF and stained for FACS cell 

sorting. Figure 6-8 demonstrates the gating strategy used to isolate the pericytes and 

adventitial cells. 

 
Figure 6-8 – The intial gate in the left plot isolated events likely to represent cells followed by 
isolation of single cells (not shown). Live CD45- cells were selected using anti-CD45 antibodies 
and DAPI. The selection of pericytes and adventitial cells (right) was based on FMO controls 
(not shown). 

For unknown reasons there was no CD34 staining on the cells, therefore only the 

pericytes were collected and proliferated. Despite only 351 pericytes being isolated 

they took approximately four weeks to be 80% confluent in four T75 flasks. They 
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were then pre-differentiated in chondrogenic media for 2 weeks. The cells were 

imaged whilst undergoing chondrogenic pre-differentiation (Figure 6-9). 

 
Figure 6-9 – Phase microscopy of ovine PSCs that were pre-differentiated in chondrogenic 
media. Even at low magnification the cells appeared to have changed from their fibrobalstic 
appearance (Figure 5-25) to become more rounded. Scale bar = 200µm. 

The cells appeared to become more rounded and did not continue to proliferate to 

full confluence after the chondrogenic media was introduced. 

6.4.3.3  Surgical repair 
An incision was made lateral to the previous approach in an attempt to avoid scarred 

tissue. Once the patella and the patella tendon were exposed the surgical field was 

developed medially and an arthrotomy performed. 

Despite extra precautions, such as thorough haemostasis and minimal handling of the 

membrane, the same problems were encountered when attempting to attach the 

collagen membrane into the defect. As it appeared to be a problem with the calcified 

cartilage at the base of the defect lacking roughness, a Steinman pin was used to 

score the base of the defect. This gave a rougher surface on which to attach the 

membrane. 

6.4.3.4  Outcome 
After six weeks the sheep was culled and the femoral condyle removed. The condyle 

was processed in an identical manner to the trial piece of cartilage in 6.4.1.1 by 

decalcification (approximately three months), embedding in paraffin and sectioning. 
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Sections were stained with H&E, Masson’s Trichrome, Alcian blue and Picrosirius 

Red. Figure 6-10 shows a cross section of the condyle through the defect stained with 

Picrosirius red. Collagen fibres (red) can be seen in the articular cartilage and extend 

into the defect. Within the collagen in the defect there was also an area of 

ossification. It appeared that the use of the Steinman pin had led to a breach into the 

subchondral bone. 

 
Figure 6-10 - Cross section of S2 femoral condyle through the defect stained with Picrosirius 
Red. Normal cartialge (red arrow) with the underlying bone (green arrow) have an 
osteochondral defect (black arrow) with a partial fibro-cartilage repair at the base (orange). 
Scale bar = 2mm. 

The images in Figure 6-11 show the osteochondral defect using multiple 

histochemical stains. The H&E and Masson’s Trichrome stains show the distribution 

of the cellular and extra-cellular matrix components of the repair. The Alcian Blue 

staining demonstrated that the part of the defect filled with extra-cellular matrix had 

a degree of sulphated proteoglycans with a similar intensity of staining to the 

superficial articular cartilage. The defect was filled with collagen fibres surrounding 

a more cellular ossified area as demonstrated by the green and red areas on the 

Picrosirius red image. 

Figure 6-12 illustrates the difference between the articular cartilage distant to the 

defect and the extra-cellular matrix filling the base of the defect. These images show 

that whilst the defect did contain a collagenous matrix it did not have the zonal 

architecture that is associated with normal articular cartilage. 
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Figure 6-11 - Osteochondral defect of S2 stained with H&E (top left), Masson’s Trichrome (top 
right), Alcian Blue (bottom left) and PSR (bottom right). Sulphated proteoglycans were present 
in the repair tissue (blue arrows), some ossification was seen (green arrow) within the fibro-
cartilage repair tissue (red arrow). Scale bars = 1mm. 

  
Figure 6-12 - Comparison of uninjured articular cartilage (left) and the extracellular matrix at 
the base of the defect (right) stained with Picrosirius Red. The reapir tissue was highly cellular 
and disorganised compared to the uninjured cartilage. Scale bars = 100µm. 
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6.4.4 Autologous repair of bilateral defects using collagen 
membrane or hydrogel 

Following two surgeries on a single limb that had not caused the animals an 

unacceptable degree of morbidity, permission was given by the University of 

Edinburgh veterinary staff to test a bilateral model which was designated S3. 

6.4.4.1  Defect creation and tissue harvest 
Both stifle joints were approached using medial para-patellar approaches. Due to the 

previous problems attaching the collagen membrane and penetration of the 

subchondral bone with the Steinman pin, the defects were deepened using an air-

powered burr (Figure 6-13). The bases of the defects were examined to determine if 

any bleeding could be seen that would indicate breaching the subchondral bone, none 

was identified. 

  
Figure 6-13 - Use of electronic burr (black arrow) was used on the femoral condyle (white 
arrow) to deepen the defects. A deeper defect with a dry base can be seen in the right-hand 
image (grey arrow). 

Following surgery, S3 was less mobile than either S1 or S2. This may have been due 

to the bilateral surgery, the deeper defects or a combination of the two. S3 was 

reviewed by both the veterinary staff and the candidate, no surgical issues could be 

found apart from probable discomfort, a non-steroidal anti-inflammatory drug 

(NSAID) was given for 5 days and there were no further concerns about the animal’s 

welfare.  
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6.4.4.2  Cell isolation and proliferation 
Separate cell sorts were conducted for the IFP of each stifle joint. Figure 6-14 shows 

the final plots used to select the adventitial cells from each fat pad as well as the full 

minus one control. There were 3,354 and 14,804 cells isolated from the left and right 

fat pads respectively despite similar sized biopsies being harvested. As it was an 

autologous model using adventitial cells for both repairs the cells were combined for 

culture proliferation. 

 
Figure 6-14 – Live CD45- single cells were selected using the same methodology as in Figure 6-5. 
Selection of adventitial cells from the infra-patellar fat pads of the left (left) and right (middle) 
stifle joints were based on the full minus one control shown on the right. 

6.4.4.3  Cell transfection 
Once the cells had proliferated, so that they were approximately 80% confluent in a 

T75 flask, they were transfected with a green fluorescence protein virus (GFP). 

Images were collected simultaneously using the Zeiss Observer microscope using 

phase microscopy and green fluorescence. Cells not used for the surgical repair were 

analysed using flow cytometry to determine the transfection rate, adventitial cells 

that had not been transfected were used as a negative control.  

The images in Figure 6-15 demonstrated that after 24hrs the transfection rate 

appeared low but by day six the majority of the cells imaged were GFP positive. The 

transfection rate calculated on flow cytometry was almost 90%. 

6.4.4.4  Loading cells into hydrogel 
One of the aims of the third pilot surgery was to determine the potential of using a 

hydrogel to deliver the cells into the defect. Hyaluronic acid and gelatin based extra-

cellular matrix has been used in a previous study and allowed the hydrogel (loaded 
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with cells) to cross-link once introduced into the defect271,272. The HyStem®-C 

hydrogel kit was kindly donated by EsiBio.  

  

 
Figure 6-15 – Following GFP transfection the cells were imaged using phase and fluorescent 
microscopy. The GFP signal (green) on day 1 (top left) demonstrated that a small proportion of 
the cells were expressing GFP, by day six the majority were expressing GFP (top right). FACS 
analysis demonstrated a transfection rate of 88.8%, GFP emission in blue and control in red. 

Cells were suspended in a mixture of Gelin-S® and Glycosil®, when the hydrogel 

was required to set it was mixed with Extralink® and gelation occurred over the 

following 30min. Before proceeding to surgery, GFP transfected cells were loaded 

into 500µl of the hydrogel at concentrations of 1x103, 2x103, 5x103, 10x103 and 

20x103 cells per microlitre and allowed to set. 

Images were taken through the visible z-axis of the hydrogel using a Zeiss Axioskop 

510 confocal laser-scanning microscope and displayed as extended focus images for 

each of the concentrations in Figure 6-16. As the cells did not appear overcrowded at 

the higher concentration this was used for the surgical repair. A spinning disk CLSM 

was used to image a single cell within the hydrogel at 2,000 cells per microlitre 

(Figure 6-16 bottom right, methods section 8.6.2). 
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Figure 6-16 - GFP transfected adventitial cells loaded into the hydrogel and imaged using 
confocal laser-scanning microscopes are shown in green. The distribution and density of cells is 
indicated in each of the images. High magnification of a single cells demonstrates the GFP 
emission and intracellular organelles (botttom right). Scale bars = 200µm. 

6.4.4.5  Surgical repair 
The surgical repairs were both conducted using the GFP transfected ovine adventitial 

cells. The defect being repaired using the hydrogel was approached first. Three 

million cells were pelleted and re-suspended in 120µl of the Gelin-S® and Glycosil®, 

when mixed with 30µl of Extralink® there was a total of 150µl at a density of 2x104 

cells/µl. Once the gel was at a suitable viscosity it was pipetted into the defect and 

left to set whilst the contralateral limb was operated on. 

The same number of cells were pelleted for the contralateral side but had been re-

suspended in 150µl of phenol free DMEM (transport media used by Genzyme for 

MACI membranes). The defect was prepared and as the shape was still an 8mm 

circle, a punch biopsy was used to cut out a piece of ChondroGide membrane. The 

cells were then pipetted in single drops onto the membrane. The membrane was then 

press fitted into the defect and the edges secured with Tisseel glue (Figure 6-17). 

This was left to dry whilst the contralateral limb was checked and closed. Finally the 

side repaired with the collagen membrane was closed. 
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Figure 6-17 – Exposure of the defect revealed some cartilaginous material at the edge of the 
defect (black arrow). This was removed back to a stable vertical edge and the ChondroGide 
membrane inserted (white arrow). Once in place the membrnae was glued int place. 

Additional non-steroidal anti-inflammatories were administered post-operatively to 

avoid the discomfort that was experienced during the first operation. No issues with 

discomfort were seen following the repair surgery. 

6.4.4.6  Outcomes 
At four weeks following surgery S3 was culled and both femoral condyles excised as 

osteochondral blocks. 

6.4.4.6.1 CLSM imaging of tracked cells 

As 90% of the implanted cells were transfected for a GFP emitting virus (Figure 

6-15) the femoral condyles were imaged using a confocal microscope within two 

hours of excision. The condlyes were excised and the confocal microscope set to 

detect GFP emission. The area of the defect was then scanned to detect any GFP 

emission. As the tissue had not been stained with any antibodies or fluorophores any 

positive cells were from the implanted cells or their progeny. 



Perivascular stem cells and articular cartilage repair 

In vivo modelling of autologous PSCs for articular cartilage repair   184 

  
Figure 6-18 - Tracked GFP cells in the defect treated using the cell-loaded hydrogel (green). 
Lower magnifiaction (left image) revealed numerous GFP+ve cells, higher magnification 
demonstrated that the cells were not rounded like chondrocytes (right). Scale bars: left = 300, 
right = 30µm 

No GFP positive cells were found in the defect where the MACI membrane had been 

implanted (images not shown). GFP positive cells were found in the defect treated 

using the cell-loaded hydrogel (Figure 6-18). 

The left hand image in Figure 6-18 shows a lower magnification view of multiple 

cells retained in the cartilage defect. These cells were not as dense as they were in the 

in vitro hydrogel tests in Figure 6-16. The image of the single cell illustrated that the 

cell did not have the typical rounded appearance of a chondrocyte. 

6.4.4.6.2 Histology 

Following confocal microscopy imaging the femoral condyles were fixed, 

decalcified, sectioned and stained for H&E, Masson’s Trichrome, Alcian blue and 

Picrosirius red.  

No residual hydrogel or collagen membrane was seen in the defects after four weeks 

despite the cells being tracked in situ using GFP. The use of the burr deepened the 

defects through to the subchondral bone but did not result in the same collagen 

matrix deposition seen with S2. No signs of cellular repair were seen in either defect. 
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Figure 6-19 – Osteochondral sections taken from S3 at four weeks post surgical repair. Images 
were taken of the condyle using the hydrogel (left) and the collagen membrane (right). Sections 
were stained with Masson’s Trichrome (top), Picrosirius Red (bottom). Scale bars = 1mm.  

Osteochondral sections were taken approximately every 200µm across the defect 

repaired using the hydrogel. The sections were stained using H&E as well as a 

monoclonal antibody to GFP, unfortunately the antigen retrieval process associated 

with the GFP staining damaged the tissue to a degree that it could not be imaged. 

6.5 Discussion 
The data presented in this chapter demonstrated that the ovine model for perivascular 

stem cells developed in Chapter 5 was viable for autologous articular cartilage repair. 

Ovine pericytes and adventitial cells were isolated from the IFP; no problems were 

encountered with cell isolation or proliferation (Figure 6-5, Figure 6-8 and Figure 

6-14). The PSCs were also combined after FACS isolation and cultured as mixed 

PSCs as per Chapters 3 and 4. Cells underwent a period of culture differentiation 

prior to insertion to encourage a chondrogenic phenotype (Figure 6-9)92,122. No 

quantifiable data were obtained on the effect of this ‘pre-differentiation’ from these 

pilot data. 

The surgical model was associated with some technical difficulties. Access to the 

infra-patellar fat pad and the medial femoral condyle was easy to obtain through the 

medial para-patellar approach that was utilised (Figure 6-1). The punch biopsy and 

dermal curette were a reliable way of creating a superficial articular cartilage defect. 

The punch biopsy allowed an accurate border and the dermal curette being sharp 
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enough to remove cartilage but was unable to penetrate the calcified cartilage (Figure 

6-3). The use of a Steinmann pin to roughen the cartilage eliceted a microfracture 

with penetration of the sub-chondral bone and formation of a fibro-cartilage repair 

(Figure 6-10). The use of an air powered burr allowed deeper defects to be created 

without inducing a microfracture type response (Figure 6-19). These data are useful 

for planning of future in vivo cartilage repair studies. 

The pilot surgeries were planned in accordance with University of Edinburgh 

veterinary service to establish the required level of data to plan future studies. 

Despite the creation of bilateral defects appearing to cause increased pain in S3 this 

was easily overcome with additional peri-operative analgesia. For the bilateral repair 

surgery increased analgesia was used pre-emptively and no issues were encountered. 

Based upon this evidence the veterinary surgeons considered that it would be 

acceptable to undertake bilateral surgery in future studies. This was in keeping with 

the bilateral surgeries performed by Orth et al84,99,273. This will allow the use of 

internal controls and reduce the number of animals in future research. 

The cartilage repair surgery for S1 and S2 were conducted with one of the 

candidate’s supervisors who has a cartilage repair practice using matrix-applied ACI 

(LCB). The main issue encountered with the surgical model was the problem of 

insertion and retention of the collagen membranes. This was an unexpected 

complication as it has not been encountered or considered an issue within the 

supervisor’s clinical practice. During the surgery for S1 a degree of bleeding was 

encountered which caused problems ensuring a dry bed was achieved prior to 

insertion of the membrane. Other factors considered were the depth of the defects 

and the roughness of the calcified cartilage. The problem was not with delamination 

and the membrane was not proud after insertion. Attempts to roughen the defect 

resulted in a microfracture which would make determining the effect that could be 

attributed to the implated cells hard to interpret. The air powered burr created a 

deeper and rougher surface to attach the membrane to without these difficulties. The 

literature was reviewed and the surgical technique of MACI by other authors 

reviewed. Jones et al used identical methodology using Tisseel fibrin glue and did 
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not describe problems with implantation122,190. A possible way to prevent the 

problem of fixation would be to suture the membrane to the surrounding cartilage. 

Insertion methods mimicking both MACI and ChondroCelect were used. CLSM 

confirmed attachment in the MACI group with good cell viability (Figure 6-7). No 

difference was noted with surgical preparation time or insertion. As the membrane 

was dry and stiff prior to applying the cells with the ChondroCelect method the 

membrane was easier to cut to shape. The other insertion technique was using a 

hydrogel that cross linked in situ that had previously been described by Liu et al 

(2006) for osteochondral defects190,272.  

Hydrogels based on hyaluronic acid and collagen I have been used in rabbits185,272 

and sheep92,200 to deliver bone marrow derived MSCs. The hydrogel was easy to use 

and was able to insert a greater number of cells than the collagen membrane. The 

main difficulty was judging the viscosity so that the hydrogel remained in the defect 

when inserted but was not too viscous that it could not be inserted. The 8mm circular 

defects used had a surface area of 50mm2, as the density of the cells on the collagen 

membrane was approximately 1x106 cells/cm2 this meant that approximately 5x105 

cells would be inserted when the collagen membranes were used. The sheep’s 

cartilage was approximately 1mm thick to the calcified cartilage (Figure 6-12, giving 

a defect volume of 50mm3. The cells in the hydrogel were loaded at 20,000 cells/µl. 

This means about 1x106cells were inserted using the hydrogel. There was even 

potential to load more cells if research found this to be beneficial, this extra capacity 

was not demonstrated with the collagen membrane as the cells were in a monolayer 

and already occupied all of the available space (Figure 6-7). 

Implanted cells were successfully tracked ex vivo using the GFP virus and CLSM. 

GFP emitting cells were identified at the base of the articular cartilage defect four 

weeks after insertion of the hydrogel (Figure 6-18) despite no repair tissue being 

demonstrated on histology (Figure 6-19). The high magnification image of the single 

GFP emitting cell did not have a rounded appearance of a chondrocyte. This might 

be due to stem cells acting more as trophic mediators274 rather than engraftment and 

differentiation. 
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Ude et al (2012) used PKH26 as a cell tracker to label sheep bone-marrow and 

adipose MSCs in vitro and in vivo264. Retention reduced to below 10% after six 

passages in vitro. They injected cells into the stifle joint following creation of a 

cartilage defect and then imaged across the defect image after six weeks. The images 

presented in their study show fluorescent events with a large amount of background 

fluorescence suggesting over exposure and signal amplification. According to the 

scale bars on their figures the size of the cells would be approximately 1-5µm across, 

the cell imaged in Figure 6-18 was approximately 20µm in diameter with 

cytoplasmic extensions reaching a further 30µm. These data along with the over 

exposure by Ude et al suggest that what they found were not the labelled cells but 

auto-fluorescent debris. 

Whilst GFP emitting cells were identified at the base of the cartilage defect, they 

were fewer in number than the amount inserted and they were not uniformly spread 

across the defect. Possible explanations for this include a relative inexperience in 

judging the viscosity of the hydrogel prior to insertion; insertion when the hydrogel 

was too viscous would lead to it running out of the defect. Using higher densities 

would also allow a greater number of cells to be inserted with minimal hydrogel. The 

other possibility was that the cells migrated from the defect.  

Despite not being intended outcomes for the chapter, different methods of preparing 

and staining the excised osteochondral were trialled. To try to avoid the long 

decalcification process S1 was snap frozen and sectioned using a cryostat. 

Unfortunately this did not work and destroyed a valuable sample in the process. The 

specimens that were fixed and then decalcified took approximately three months in 

EDTA to decalcify before they were ready to be sectioned due to their thickness. 

Despite the long processing time the architecture and staining were clear (Figure 

6-2). The size of the specimens could be reduced further in the future as long as the 

defect and the underlying sub-chondral bone were not affected. 

A variety of histochemical stains that have been used in cartilage studies were 

trialled to determine how well they worked in these specimens. To assess the overall 

architecture H&E and Masson’s Trichrome were used and both demonstrated clear 
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staining and identification of the separate layers in the osteochondral sections. The 

Alcian blue and PSR stains allowed clear differentiation between the zones 

throughout the osteochondral sections. The Alcian blue showed clear blue staining of 

the articular cartilage and a distinct tidemark and the PSR stained the collagen of 

articular cartilage and the fibrocartilage of S2 with a red / orange that was distinct to 

the green of the subchondral bone. The Safranin O and Toluidine Blue did not 

differentiate the different zones and were not used further. This combination of 

H&E, Masson’s Trichrome, PSR and Alcian blue allowed comprehensive assessment 

of the surgical repair. 
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Chapter 7: Discussion and Conclusions 
7.1 Discussion 
Cartilage defects and degeneration remain an area of unmet clinical need with a 

significant economic burden on society. The ability to treat focal lesions effectively  

in younger patients to reduce debilitating symptoms and prevent progression to 

arthritis, or at least to delay it so that only a single arthroplasty would be required and 

to treat established arthritis in older patients without the need for implantation of 

joint prostheses would represent a significant step in the treatment of articular 

cartilage. In order for cells to play a part in an alternative technique, there are a 

distinct number of questions that need to be answered to optimise and therefore 

increase the chances of repairs being successful. 

The first is the most appropriate cell to use. Autologous chondrocytes were reported 

by Brittberg et al66 over 20 years ago and have been shown to be more effective than 

osteochondral autografting71. When compared to microfracture, autologous 

chondrocytes have shown improved results at two years (MACI)72 but no difference 

at five years (ACI and ChondroCelect)73,275. The data presented in Chapter 2 assessed 

the identity and phenotype of the cells implanted on the MACI membranes. 

Genzyme use the expression of HAPLN1 to confirm that their cells were 

chondrocytes133. The data confirmed that the MACI cells were chondrocytes with 

expression of HAPLN1, ACAN and SOX9 but that they were not functioning in the 

same way as articular chondrocytes. They were down-regulated for COL2A1, SOX9 

and ACAN but up-regulated for the fibroblastic marker COL1A1 compared to RNA 

from uncultured articular chondrocytes. This suggested a degree of de-differentiation 

associated with their ex vivo expansion. These data are in keeping with previous 

research that demonstrated a change in the chondrocyte phenotype in vitro276. These 

data suggest that due to their de-differentiation autologous culture proliferated 

chondrocytes might not be the ideal choice for implantation. There is also a need to 

sacrifice articular cartilage from the same joint. These areas of cartilage where the 

biopsies are taken from are described as ‘minimally weight-bearing’ but articular 

cartilage is not maintained where there are no contact stresses. Chondrocytes from 
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mature cartilage have previously been shown to have age related deterioration with 

telomere shortening and associated senescence15. Whilst the harvested cartilage may 

look macroscopically normal there could be a degree of dysfunction within the cells, 

which are then proliferated in culture and re-inserted. 

If autologous chondrocytes are not optimal then stem cells with the potential to form 

chondrocytes could be a viable alternative. The most commonly researched cells in 

the literature are mesenchymal stem cells. Previous research has shown that 

perivascular stem cells are the natural ancestors of MSCs47,84 and that they display 

greater immaturity with increased expression of markers of ‘stemness’ (OCT4 and 

SOX2) with increased engraftment potential103. 

The chondrogenic potential of perivascular stem cells has been demonstrated 

previously84,99,102. The data presented in this thesis is the first data I am aware of that 

quantifies the chondrogenic potential and is also the first to compare them to MSCs. 

Despite both pericytes and adventitial cells being located perivascularly in vivo they 

are distinct cell populations. There are no published data to my knowledge 

comparing their differentiation potential. The data presented in Chapter 4 suggested 

that pericytes, adventitial cells and mixed PSCs all demonstrated increased 

chondrogenic potential compared to culture-derived MSCs from the same tissue, 

there was minimal difference between pericytes and adventitial cells. PSCs had 

greater expression of COL2A1, SOX9 and ACAN. Despite having approximately four 

to seven times greater expression this did not reach statistical significance (Section 

4.4.3.4 and Table 4-7). This was likely due to small group numbers, particularly with 

the MSC control. These data suggested that prospectively identifying perivascular 

stem cells and purifying them using fluorescence-activated cell sorting conferred an 

advantage to deriving cells by adherence to plastic. This is in keeping with previous 

research assessing bone regeneration in a mouse calvarial model105. It remains 

unknown if it is the selection of the perivascular stem cells or the purification 

secondary to their processing that confers this advantage.  

This thesis compared adult stem cells either as MSCs or PSCs. Foetal cells are 

commonly used in research but are not currently used in clinical practice, possibly 
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due to ethical concerns. Alternative sources for allogeneic cells include umbilical 

cord and placenta. Disease transmission has been reported when viable cells remain 

in bone and tendon allografts277. Despite the relatively low risks when using 

allogeneic tissue in orthopaedics, the candidate believes that most patients would 

prefer autologous cells if possible. The alternative to autologous MSC/PSCs could be 

induced pluripotent stem (iPS) cells derived from dermal fibroblasts that could then 

be differentiated to chondrocytes278. The use of iPS cells would represent a single 

stage procedure but their use is relatively recent and the efficacy and safety of these 

manipulated cells requires further research. If autologous adult stem cells are to be 

used there is little agreement in the literature about the source of the cells to be used. 

Commonly proposed sources for chondrogenesis include bone marrow, adipose 

tissue and synovium.  

The bone marrow used for research is commonly obtained during orthopaedic 

surgery, typically during preparation of the proximal femur in hip replacements. The 

bone marrow samples in this thesis were collected from the distal femur during knee 

replacement. The bone marrow derived cells demonstrated the same MSC markers as 

the adipose derived cells (Figure 3-26) but during the pellet culture they consistently 

created significantly smaller pellets (Figure 4-9), as all the pellets started with 

approxiamtely the same number of cells the difference in size suggested that less 

matrix was created under identical conditions. Pellet culture is a well-established and 

commonly used differentiation method. The data on pellet sizes in Chapter 4 

demonstrated that the bone marrow MSCs made significantly smaller pellets than 

either MSCs or PSCs from the infra-patellar fat pad. Unfortunately, data was not 

available to verify this difference from the micromass cultures due to infections and 

sample numbers. One limitation of using the femur as a source of cells is that this is 

unlikely to be the source if the technique were translated to clinical practice. Bone 

marrow aspirates are typically taken from the pelvis. Some comparative data has 

been presented but the conclusion that the pelvis remains the optimal site was based 

upon the ability of cells to grow, not on their ability to differentiate91. 

Adipose tissue remains an easily accessible source that can be harvested with 

minimal morbidity. Previous research using human tissue has concentrated on 
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subcutaneous fat or the infra-patellar fat pad. Lopa et al (2014) found that MSCs 

from the IFP had significantly greater potential for forming cartilage compared to 

patient matched subcutaneous fat90. IFP-MSCs expressed significantly higher levels 

of COL2A1, ACAN, COMP and SOX9 with lower levels of COL1A1 and COL10A1. 

A monoclonal antibody was developed by Nayak et al (1988) and was used to 

identify pericytes in the retina of rhesus monkeys279. It was subsequently used by 

Andreeva et al (1998) to identify pericytes in human blood vessels from the aorta to 

microvessels280. Khan et al (2008) reported identifying the pericyte marker 3G5 on 

tissue sections and a small proportion of culture-derived MSCs obtained from 

samples of IFP149. The localisation of 3G5 by Khan et al (2008) appeared to be 

around the tunica adventitia of small arterioles rather than adjacent to the endothelial 

layer in smaller vessels that would be in keeping with localising pericytes. They also 

described positive staining of 1-20% of cultured cells for 3G5. Despite these reports, 

pericytes and adventitial cells had not been identified in tissue sections of the infra-

patellar fat pad accurately nor had they been prospectively sorted using flow 

cytometry prior to the data in Chapter 3. 

The phenotype of the harvested cells was initially investigated using multi-channel 

FACS analysis. This demonstrated that all of the cell sub-groups displayed the 

common MSC markers CD44, CD90 and CD105 (Figure 3-26). Surprisingly the 

pericytes did not express CD146. This was confirmed using all of the available 

pericyte samples and multiple anti-CD146 antibodies (Figure 3-25). The purity of the 

original cell sorts were reviewed to ensure that the correct cells had been gated and 

collected. Previous unpublished data from our laboratory group had demonstrated 

that pericytes could eventually lose their CD146 expression at higher passages 

(>P10). All of the samples in this thesis were between P4 and P8. Genotyping of the 

pericytes did reveal positive expression of the pericyte markers CD146, NG2 and 

PDGFRβ (Figure 3-33). The negative expression of CD146 on flow cytometry from 

IFP derived pericytes was also found in the ovine pericytes despite pericytes derived 

from bone marrow strongly expressing CD146. The reason for this remains unclear. 
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Attempts to identify the location of classical MSC markers such as CD44, CD73, 

CD90 and CD105 in tissue sections were unsuccessful. The individual stains seemed 

to be specific but once they were trialled with dual stains the pattern became 

inconsistent with the individual stains making confirmation of the location 

problematic. It was therefore not possible to determine the co-localisation of MSC 

and PSC markers as intended. This might mean that attempts to sort cells from 

freshly digested tissue using MSC rather than PSC markers would be unsuccessful 

although this was not investigated as part of this thesis.  

Despite there being minimal demonstrable difference in the surface markers of the 

cultured cell groups, the focus was whether or not they were functionally different. 

The data in Chapter 5 directly compared MSCs to PSCs from the infra-patellar fat 

pad using a micromass culture and found that PSCs had greater expression of 

COL2A1, ACAN and SOX9 compared to MSCs (Table 4-7). These data combined 

with the findings of Lopa et al (2014) suggested that prospectively identifying PSCs 

from the infra-patellar fat pad may be the optimal source of autologous stem cells for 

cartilage repair. The data did not reach statistical significance (4.4.3.4) though and 

future research would benefit from comparing patient MSC and PSC matched 

samples of bone marrow, subcutaneous fat and IFP in greater numbers to confirm or 

refute these findings.  

De Bari et al (2001) demonstrated that multipotent MSCs could be obtained from 

small biopsies of synovial membrane (10-50mg)162. The infra-patellar fat pad is an 

intra-articular but extra-synovial structure within the knee joint. This meant that 

when the samples were harvested from within the joint they contained the synovial 

membrane as well as the underlying fat. The histology sections in Chapter 3 

demonstrated that the surface of the fat pad has a very thin synovial lining that is 

densely populated with blood vessels. Immunohistochemistry confirmed the presence 

of perivascular stem cells within the synovium. De Bari et al (2001) did not perform 

any histology or immunohistochemistry of their samples and it was likely that they 

were using MSCs derived in culture from PSCs. 
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A limitation of using the IFP was that it required an arthrotomy to obtain the tissue. 

The successful harvesting of both MSCs and PSCs using an arthroscopic shaver in 

Chapter 3 demonstrated that it was viable for orthopaedic surgeons to harvest tissue 

from the infra-patellar fat pad to obtain stem cells for regenerative medicine. The 

significance of this is that if a chondral lesion is found at arthroscopy the surgeon can 

obtain a tissue biopsy during the same procedure. If the chondral lesion is diagnosed 

on MRI scan then tissue can be harvested electively, this gives the surgeon the 

opportunity to visualise the joint prior to repair surgery and to assess the lesion / 

defect fully.  

The use of co-cultures of MSCs and mature chondrocytes to increase chondrogenic 

potential has demonstrated the trophic effect and subsequent loss of MSCs within 

pellet cultures262. It has also led to increased chondrocyte proliferation and matrix 

production263,265. If co-cultures are shown to lead to improved cartilage repair then 

the surgeon could easily harvest a small piece of articular cartilage during the 

arthroscopy to obtain the IFP tissue. The samples would then be sent to the 

laboratory to be prepared for insertion at a second operation. 

The next issue following cell selection and source is how the cells are prepared ex 

vivo. The use of ex vivo culture is subjected to much more scrutiny by regulatory 

bodies than ‘minimally manipulated’ methods. Despite bone marrow being 

commonly used the numbers of cells that are obtained are relatively low compared to 

adipose tissue. James et al (2012) reported the total number of cells in the stromal 

vascular fraction of 100ml lipoaspirate to be 40x106 (range 10-70x106). The mean 

proportion of pericytes and adventitial cells was 19.5% and 23.8% respectively105. 

Using these means would equate to a yield of 7.8x104 pericytes and 9.52x104 

adventitial cells per 1ml lipoaspirate. The number of pericytes and adventitial cells 

obtained from the IFP in Chapter 3 was calculated per gram of tissue before 

digestion as 7.9x103 pericytes and 20.8x103 adventitial cells. There were 

approximately ten times fewer pericytes and five times less adventitial cells if 1ml is 

considered to be equivalent to 1g. This difference could be due to the increased 

weight from fibrous tissue within the IFP that would not be collected by 

lipoaspiration. Differences in digestion methods and cell gating could also contribute 
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to the difference. There is less infra-patellar fat pad compared to subcutaneous fat 

meaning that the total number of harvested cells was likely to be lower. For IFP to be 

used as a source the cells are likely to require ex vivo proliferation to obtain the 

numbers required for regenerative procedures.  

The requirement for culture introduces a complexity that is not required when using 

freshly collected cells without proliferation. The candidate believes that the view that 

uncultured cells are ‘minimally manipulated’ and so they are safer is overly 

simplistic. Techniques where stem cells are removed from their in vivo location by 

enzymatic digestion means that they are devoid of the regulatory signals that control 

them. As Zhao et al (2014) demonstrated, it was the multi-potent stem cells that were 

released from the perivascular niche during repair47. As the cells are multi-potent and 

are re-implanted or injected without any form of cellular or chemical stimuli to 

regulate their action there is no way to know how they will respond to being in an 

alien environment. 

Marquass et al (2011) showed that MSCs without pre-differentiation did no better 

than untreated controls92. When they underwent two weeks of pre-differentiation 

they did significantly better than the untreated controls or articular chondrocytes. 

These data suggested that multi-potent stem cells required a degree of pre-

differentiation to ensure that they perform in the desired manner. This may mean that 

a period in culture is unavoidable. Alternative methods such as using biomaterials 

and mechanotransduction have been proposed as alternatives to chemical induction 

associated with cell culture to regulate stem cell growth and differentiation268. The 

potential to insert cells in a biomaterial that would induce chondrogenesis could 

remove the necessity for chemical pre-differentiation. 

This idea leads onto the methods used for the implantation of cells for articular 

cartilage repair. As discussed in the introduction, possible methods include injection 

or surgical implantation. Despite numerous clinical studies the evidence for injection 

being an efficacious delivery method is lacking. Surgical implantation can be split 

into cell covers, cell carriers and the implantation of engineered tissue. 
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The data in Chapter 2 assessing the viability of chondrocytes on MACI membranes 

demonstrated, despite having a large proportion of viable cells prior to surgery, that 

almost half would be dead following insertion. Although the implications of this are 

uncertain, as is the optimal density of cells for insertion, the loss of almost half the 

cells goes against the reason for implanting live cells. ChondroCelect use autologous 

chondrocytes but the membrane is cut to shape prior to the application of the 

chondrocytes. As the majority of the cell death on the MACI membranes was around 

the periphery and caused by cutting the use of ChondroCelect could lead to a greater 

number of live cells being implanted although ChondroCelect has showed no 

significant benefit to microfracture at five years73. 

The data on cell tracking presented in Chapter 6 demonstrated that the encapsulation 

of cells in a hydrogel was a viable way to implant and retain cells in articular 

cartilage defects (Figure 6-18). No cells were found in the contralateral defect that 

had been treated with identical cells loaded onto a collagen membrane. The reason 

for this remains unclear. Either the membrane became dislodged following closure or 

the cells migrated from the defect within four weeks. As the collagen membrane was 

not detected it suggested that the membrane was displaced. Cells have been shown to 

persist in the defect at three weeks following ACI in a goat model using PKH26271 

which suggests that either the membrane detached or that applying cells to a collagen 

matrix is not as efficient as traditional ACI. Jones et al (2008) demonstrated a 

cellular component to MACI repair at 12 weeks122 that despite having no cell 

tracking were likely to represent the effect of MACI insertion, suggesting that the 

membrane detached in the animal S3 (6.4.4.6.1). Given the problems encountered 

whilst implanting membranes in Chapter 7 it demonstrated that the use of a hydrogel 

was an easier and more reliable method although this was based on a small number 

of procedures. 

7.2 Conclusions 
This thesis has demonstrated and quantified limitations with the current technique of 

matrix-applied autologous chondrocyte implantation. Perivascular stem cells within 

the infra-patellar fat pad have been identified on tissue sections and isolated using 
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fluorescence-activated cell sorting. These cells have been characterised using 

immunocytochemistry, flow cytometry and polymerase chain reaction. Their ability 

to form bone, cartilage and fat was confirmed in vitro and the chondrogenic potential 

quantitatively compared to that of mesenchymal stem cells using quantitative real-

time polymerase chain reaction. Perivascular stem cells demonstrated increased 

expression of the chondrogenic markers of COL2A1, ACAN and SOX9. An 

autologous large animal was developed for investigating perivascular stem cells. This 

was validated with in vivo implantation and GFP cell tracking. 

7.3 Future research 
Much of the data presented in this thesis forms the pilot data for future research. This 

represents the first data in assessing perivascular stem cells for articular cartilage 

repair. The next stages are to verify or refute the in vitro data obtained on 

comparison of PSCs to MSCs. If PSCs are confirmed as a superior cell population 

for chondrogenesis then the source and ex vivo conditions to optimise them will need 

to be determined. Following this in vivo data will be required using the autologous 

large animal model that is now available prior to human clinical trials. 
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Chapter 8: Appendix A: Materials and Methods 
This chapter details the general methods used throughout the thesis. Where variations 

have been used they are detailed in the relevant experimental chapter. 

8.1 Acquisition and processing of tissue samples 
8.1.1 Ethical approvals 
Advice was sought from the South East Scotland Research Ethics Committee for the 

use of residual membranes from patients undergoing matrix-applied autologous 

chondrocyte implantation (MACI). NHS ethical approval was not required as long as 

the study involved the use of non-identifiable material, including cells, in accordance 

with donor consent. 

Ethical approval for the collection of human tissue samples along with their storage 

and subsequent use was covered by existing ethical approval. The South East 

Scotland Research Ethics Committee approved the tissue bank in November 2010 

(reference number 10/S1103/45). 

The collection of sheep cadaveric tissue did not require prior approval or licence. 

The collection of samples during in vivo testing came under a Home Office licence 

and is discussed in 8.7.1. 

8.1.2  Matrix-applied autologous chondrocyte membranes 
The cell-seeded membranes used in Chapter 2 were obtained from patients 

undergoing a MACI repair to the knee or ankle. Samples were transported to the 

laboratory in the media provided by Genzyme (Geel, Belgium) (serum-free, phenol-

free Dulbecco’s Modified Eagle’s Medium). Patients were consented prior to surgery 

for study of material that would normally be discarded. All samples were incinerated 

following analysis. 

MACI membranes were created by arthroscopically harvesting cartilage from the 

minimally weight-bearing area of the joint. These biopsies were sent to Genzyme 

(Geel, Belgium) where the extracellular matrix was digested and the released cells 

proliferated in culture until there were approximately 1-2x107 cells available to seed 
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onto a 4x5cm porcine collagen I/III membrane (density approx. 0.5-1x106/cm2) using 

proprietary technology. Genzyme retained a 1x5cm section for quality control checks 

and the remaining 3x5cm piece was transferred to the surgeon for implantation. All 

of the matrices were delivered within 48 hours of the cell seeding process being 

completed. There was a period of approximately six weeks from biopsy to 

implantation. 

8.1.2.1  Cell harvest from MACI membranes 
Cells were detached from residual membranes by incubation with 1ml 0.05% trypsin 

/ ethylenediaminetetraacetic acid (EDTA, Life Technologies) at 37°C, 5% CO2 for 

5min. A cell scraper was used to help remove any cells that were still attached. 

Dulbecco’s Modified Eagle Medium GlutaMAX (DMEM, Life Technologies) was 

added to a total volume of 20ml and the suspension passed through a 70µm filter. 

Cells were centrifuged at 1,000rpm for 5min to form a pellet. The supernatant was 

aspirated and discarded and the cell pellets re-suspended in 20% Foetal Bovine 

Serum (FBS, Life Technologies) / DMEM / 1% Penicillin-Streptomycin (PS, Life 

Technologies). 

8.1.2.2  Effects of mechanical trauma 
Membranes were subjected to several experimental protocols to represent various 

surgical stages throughout the MACI procedure. These groups along with the 

conditions that were applied and the stage this represented during the MACI 

insertion are detailed in Table 8-1. The second and third groups were obtained during 

surgery and the last two modelled the possible adverse effects of surgery ex vivo. For 

the final group (5) a piece of handled membrane was covered with a piece of paper 

with a hole in it and was deliberately crushed once using a pair of forceps to 

represent the effects of ‘heavy handling’. The hole allowed accurate identification of 

the area injured when it was imaged.  
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Group Experimental conditioning of the membrane Surgical stage modelled 

1 Prior to handling during surgery Delivery grade membrane 

2 After handling to allow cutting out of membrane 

for repair 

Minimal amount of handling 

required during surgery 

3 Edge of the residual membrane adjacent to where a 

piece has been cut out 

The edge of the edge of the inserted 

membrane 

4 Duplicate piece of membrane cut out and thumb 

pressure applied ex vivo 

Membrane on insertion and after 

being thumbed into place 

5 Residual, handled membrane, crushed with forceps Inadvertent ‘heavy’ handling 

Table 8-1 – Experimental groups use to assess MACI membranes. Experimental groups are 
described with the conditioning they underwent and the stage they represented. 

8.1.2.3  Effect of hyperosmolar solutions 
The osmolarity of phosphate buffered saline was altered by adding sucrose and 

measured using an Advanced Micro Osmometer (Model 3300, Advanced 

Instruments); 1g sucrose in 100ml approximately increased osmolarity 30mOsm. 

MACI membranes were incubated in Phosphate Buffered Saline (PBS, 1 tablet 

dissolved in 500ml dH2O, Life Technologies) at a given osmolarity for 10min at 

room temperature (RT); PBS was used instead of DMEM due to its lower starting 

osmolarity. The membranes were cut with surgical scissors identical to those used to 

cut the membranes during surgery. Staining media were made up as described in 

section 8.4.1 and the osmolarity altered to the same as the PBS by adding sucrose. 

Osmolarities were confirmed using the osmometer. The membranes were then 

stained and fixed as per section 8.4.1. 

8.1.3 Human tissue  
8.1.3.1  Infra-patellar fat pad 
Macroscopically intact pieces of the infra-patellar fat pad (IFP) were obtained as 

waste tissue from patients undergoing total knee replacements (TKR). Specimens 

processed for histology were fixed in 4% formalin and embedded in paraffin. 

Specimens processed to obtain cells were transferred to a sterile specimen container 

containing DMEM / 20% FBS / 1% PS and kept at 4°C until processed later the same 

day. The specimens were transferred to a sterile hood, removed from the media and 
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placed in a petri dish. A cryostat blade was used to separate the fat from the fibrous 

tissue (Figure 8-1). 

   
Figure 8-1 – Removal of adipose tissue from the infra-patellar fat pad. Specimen harvested from 
a patient under going knee replacement (A). After the IFP had been processed the fibrous 
remains (B) and the adipose tissue (C) were separated.  

Arthroscopic shavings were obtained from patients undergoing either debridement of 

the IFP due to impingement or partial excision to allow adequate visualisation whilst 

undertaking arthroscopic anterior cruciate ligament (ACL) reconstruction. The knee 

joint was inflated with 0.9% saline and an arthroscope introduced thorough a lateral 

para-patellar portal incision. A 4.5mm shaver was introduced through a medial para-

patellar portal and the IFP resected. The arthroscopic shavings were collected in a 

pre-sterilised suction liner in 0.9% saline. This was kept at 4°C until processed the 

same day. 

The suction liner was transferred to a sterile hood and opened using a scalpel. The 

tissue was separated from the fluid by passing the suspension through a sterilised 

laboratory sieve. The tissue was then transferred to a Nalgene pot and weighed 

(Figure 8-2). 
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Figure 8-2 – The arthroscopically shaved infra-patellar fat pad was collected (top left) and then 
passed through a sieve to remove the fluid (top rigth and bottom left). The retained IFP was 
then placed into a Nalgene pot for enzymatic digestion (bottom right).  

8.1.3.2  Bone marrow 
Bone marrow was collected during total knee replacements (TKR) when the distal 

femur was resected and the femoral canal aspirated to prevent pressurisation and 

embolisation of fat. Instead of discarding, the bone marrow was collected using a 

syringe and placed in 10mls DMEM / 20% FBS / 1% PS in a T75 culture flask.  

8.1.3.3  Articular cartilage 
Human articular cartilage was obtained from the lateral femoral condyle of a patient 

undergoing a total knee replacement for medial compartment osteoarthritis. As the 

lateral compartment was relatively spared from osteoarthritis the articular cartilage 

appeared macroscopically normal. The cartilage was minced using a scalpel and 
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digested overnight in DMEM supplemented with 10% FBS, 1% PS and 0.05% 

collagenases I, II and IV at 37°C and 150rpm. The digest was diluted with DMEM 

and strained sequentially through 100, 70 and 40µm filters before the cells were 

pelleted. 

8.1.4 Ovine samples 
The majority of the data presented in Chapter 6 were from cells obtained from 

freshly culled sheep. Sheep were obtained from The University of Edinburgh’s 

Marshall Building’s large animal facility and from the Roslin Institute. 

8.1.4.1  Cadaveric tissue 
The animals provided by The University of Edinburgh and the Roslin Institute were 

culled from alternative experiments. Animals were sacrificed and tissue harvested 

within 1hr. Tissue samples were placed in DMEM / 10% FBS / 1% PS for transport 

to the laboratory. Samples included subcutaneous fat, the infra-patellar fat pad, 

muscle (hind limb, quadriceps), bone marrow (sternum), liver, spleen, kidney, 

myocardium, lung and pancreas. Placenta was also obtained when available. 

8.1.4.2  Live tissue biopsy 
During surgery, the stifle joints were accessed through a medial para-patellar 

arthrotomy. This provided access to the IFP, which was dissected from the patellar 

tendon. These samples were transported to the laboratory in 10% FBS / DMEM / 1% 

PS and transferred to a sterile hood. Samples were washed twice in PBS to remove 

excess media and blood. The IFP was then processed in one of two ways. If the fat 

was solid it was passed through a fine grater to obtain small pieces that were almost 

liquid. If the fat was looser, it was scraped away from the fibrous tissue using a 

cryostat blade in the same way as human IFP from TKR patients. 

8.1.5 Tissue processing 
8.1.5.1  Tissue fixation and sectioning 
Tissue samples were resected so that they were less than 2cm3 to ensure rapid and 

complete fixation or freezing. Samples were fixed in 4% formalin (40% buffered 

formalin (x10 stock) diluted 1:10 in distilled water (dH2O)) and embedded in 
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paraffin or were embedded in optimal cutting temperature media (OCT, VWR 

Chemicals) and snap frozen. Osteochondral specimens were fixed in 4% formalin 

and decalcified in 10% EDTA in PBS (pH 7.2) prior to paraffin embedding. 

To snap freeze, the samples were placed into an aluminium foil ‘boat’ and covered 

with OCT. Isopentane was placed in a glass beaker in a metal bowl containing liquid 

nitrogen. The specimens were then snap frozen by immersion in the isopentane. 

Samples were removed as soon as the OCT was opaque and frozen and stored at        

-80°C prior to sectioning. Sections 7µm thick were cut using a cryostat and applied 

to slides. Slides were stored at -80°C prior to staining. 

Tissue that was fixed in 4% formalin were placed in Tissue-Tek® cassettes (Sakura 

Finetek). Samples were processed using a Leica ASP processor using sequential 

alcohol, xylene and paraffin wax steps.  Tissues were subsequently embedded into 

molten wax and allowed to solidify on a cold plate.  

8.1.5.2  Isolation of the stromal vascular fraction 
Tissue samples were transferred to autoclaved Nalgene pots and covered with 10-

20ml digestion media. The digestion media consisted of 10% FBS / DMEM / 1% PS 

supplemented with collagenases. Human samples were supplemented with 1% 

collagenase II (Invitrogen) in keeping with existing protocols. All ovine tissue was 

digested with 0.5% collagenases I, II and IV (Invitrogen). The Nalgene pots were 

then transferred to a shaking water bath at 37°C and 150 rpm. Human samples were 

digested for 40min and sheep samples for 60min. The digested solutions were 

transferred to 50ml centrifuge tubes and an equal volume of DMEM added.  

The digested suspension was centrifuged at 1,800rpm for 10min to stratify the 

constituents of the digestion. The supernatant, which included adipocytes and oily fat 

in adipose samples, was aspirated and discarded. The pellets were re-suspended in 

25ml 2% FBS / PBS (5mM EDTA). The tissue suspensions were successively 

filtered through a 200µm nylon mesh and then 100, 70 and 40µm cell strainers. The 

strained suspensions were centrifuged at 1,500rpm for 10min. The supernatant was 
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aspirated and discarded and the pellets re-suspended in 1ml 20% FBS / DMEM / 1% 

PS. 

To obtain perivascular stem cells, the SVF pellets were processed using flow 

cytometry as per section 8.3. To obtain culture-derived MSCs further media was 

added to the SVF and then placed directly into culture. 

8.2 Cell culture 
The cell culture conditions were from existing protocols in Professor Péault’s 

laboratories based on the work of Crisan et al (2008) and Corselli et al (2012) 84,99. 

8.2.1 Culture conditions 
FACS sorted cells were collected in 300µl endothelial cell growth media (EGM-2, 

Lonza) as pericytes (CD31-CD34-CD45-CD146+), adventitial cells (CD34+CD45-

CD146-), combined PSCs (pericytes and adventitial cells) or ROR2+ cells.  

Wells and flasks were pre-coated with 0.2% (w/v) gelatin (Calbiochem) for 10 min at 

4°C. Cells were plated at a density of 4x104/cm2 in EGM-2 and cultured at 37°C, 5% 

CO2. The EGM-2 medium was changed after 7 days and then every 4 days after that 

until the cells reached 90-100% confluency. From passage 1 (P1) onwards all cells 

were cultured in DMEM / 20% FBS / 1% PS. 

8.2.2 Cell passage 
The growth medium was aspirated and discarded and the cells were washed twice 

with PBS. Trypsin-EDTA (0.05%) was added and the plate incubated at 37°C, 5% 

CO2 for 3 to 5min until >90% of the cells were mobilised. Complete media was 

added to the plate / flask and the cell suspension transferred to a 15ml centrifuge 

tube. The cells were pelleted by centrifuging at 1,000rpm for 5min. The supernatant 

was aspirated and discarded and the pellet re-suspended in DMEM / 20% FBS / 1% 

PS. Early passage cells were seeded at an approximate density of 2x104 cells/cm2 and 

later passage cells at approximately 5x104 cells/cm2.  
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8.2.3 Cell counting 
Cells pellets were re-suspended in 1ml media for counting, if there were too may 

cells to count accurately, the cells were diluted further. Equal volumes of cell 

suspension and 0.4% trypan blue (Life Technologies) were mixed (20μl each), 10μl 

of this mixture was placed on a haemocytometer and the cells counted (trypan blue 

uptake indicated dead cells which were not included in the count). 

8.2.4 Freezing and thawing for long-term storage 
Cultured cells were frozen and stored for later use as necessary. Cells were 

trypsinised, pelleted (1,000prm for 5min) and re-suspended in 1ml freezing media 

(FBS / 10% dimethyl sulphoxide (DMSO)). The cell suspensions were transferred to 

a cryotube and placed in a container containing isopentane at room temperature. This 

was then cooled in an -80oC freezer. The isopentane insulated the cells so they froze 

as slowly as possible. Cells were transferred to liquid nitrogen for longer-term 

storage as required. 

To thaw, each vial was submerged in a water bath at 37°C up to the rim of the cap.  

Just before the cell suspension had completely thawed, the outside was disinfected 

with 70% ethanol and transferred to a sterile hood. The thawed cell suspension was 

transferred to a 15ml centrifuge tube and 10ml of DMEM / 50% FBS / 1% PS added. 

Cell pellets were formed by centrifuging at 1,000 rpm for 5 minutes. The supernatant 

was aspirated and discarded and the pellet re-suspended in 1ml DMEM / 20% FBS / 

1% PS.  The suspension was transferred to a T75 culture flask and made up to 10ml 

culture media. 

8.2.5 Transfection 
An emerald Green Fluorescent Protein (eGFP) lentivirus under the control of a 

cytomegalovirus promoter was kindly donated by James Baily, University of 

Edinburgh. The genetically modified lentivirus particles were created by James Baily 

in Professor Andrew Baker’s laboratory at the University of Glasgow.  

The virus was stored at -80°C and the final virus titre was calculated to be 4.35x106 

infectious units/µl. Perivascular stem cells were transfected at approximately 80% 
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confluence. The culture media was aspirated and discarded and the cells washed 

twice in PBS. Serum-free media (5ml) was mixed with 1µl virus for every 0.8-

1.0x106 cells giving a multiplicity of infection of approximately five. The cells were 

incubated at 37°C for 4-5hrs. DMEM supplemented with 20% FBS / 1% PS (5ml) 

was added and the cells incubated over night. The following morning the cells were 

washed twice in PBS and the media replaced. 

8.2.6 Culture for immunocytochemistry 
Coverslips (18mm) were sterilised in ethanol and allowed to air dry in a sterile hood 

before being placed into individual wells of a 12-well plate. Cells were proliferated 

in monolayer, trypsinised and counted. Approximately 2x104 cells were placed in 

each well in 2ml DMEM / 20% FBS / 1% PS until 50-70% confluent. The media was 

removed and the wells washed twice with PBS. The cells were fixed in 400µl 100% 

ice-cold methanol for 10min. The methanol was washed off and the wells kept in 

PBS at 4°C prior to staining (maximum 48hrs). 

8.2.7 Mesenchymal lineage differentiation 
Cells were proliferated in T75 flasks, trypsinised at approximately 80% confluency, 

re-suspended in DMEM / 20% FBS / 1% PS and counted using a haemocytometer. 

8.2.7.1  Osteogenic and adipogenic differentiation 
Monolayer differentiation was undertaken using 20 wells of a 24-well plate, 10 wells 

were used for growth media (DMEM / 10% FBS / 1% PS) and ten for differentiation 

media (HyClone AdvanceSTEM osteogenic and adipogenic media, GE Life 

Sciences). Each of the ten wells were split into five for ribonucleic acid (RNA) 

extraction and five for functional staining. The cells were diluted to a concentration 

of 2x104/ml and 1ml added to each well. Plates were incubated at 37oC, 5% CO2 

until they were 50-70% confluent at which point they were considered to be at day 0 

of the differentiation course. Plates were taken at day 0 as controls. The media were 

removed from those plates undergoing differentiation and replaced with 1ml of either 

growth (DMEM / 10% FBS / 1% PS) or differentiation media. The media were 

changed twice weekly for 21 days. 
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8.2.7.2  Chondrogenic differentiation 
8.2.7.2.1 Pellet culture 

Three-dimensional pellet culture was used for chondrogenic differentiation. After 

cell counting, the cells were re-suspended in either chondrogenic media (HyClone 

AdvanceSTEM, GE Life Sciences) or DMEM / 10% FBS / 1% PS at a concentration 

of 6x105 cells/ml and 500µl pipetted into an individual well of a 96-well v-bottom 

plate. Cells were pelleted by centrifugation at 800rpm for 5min followed by 

incubation at 37°C, 5% CO2. Six pellets were used for growth media controls and six 

for differentiation media. Of the six, three were used for RNA extraction and three 

for functional staining. The media was changed twice weekly by centrifuging the 

plates at 800 rpm for 5min, the media was then aspirated and discarded and replaced 

with fresh media. After media changes the pellets were gently agitated to ensure that 

they were not adherent to the plastic. The pellets were cultured for 21 days. 

8.2.7.2.2 Polyglycolic acid scaffold culture 

The use of polyglycolic acid (PGA) scaffolds to tissue engineer 3D cartilage used 

methods from Professor Anthony Hollander’s laboratory at the University of 

Bristol190. Non-woven Biofelt PGA scaffolds (2mm thickness, 45mg/cc density; 

punched into 5mm diameter discs) were obtained from Biomedical Structures 

(Rhode Island, USA). They were sterilised with ethylene oxide by Andersen 

Caledonia, (Bellshill, North Lanarkshire, Scotland). PGA scaffolds were placed in a 

petri dish with 100% ethanol and left for 5min to remove any contaminants from the 

ethylene oxide sterilisation. The ethanol was aspirated and the scaffolds washed three 

times in PBS. All scaffolds were coated with 1ml of 100µg/ml fibronectin in a single 

well of a 12-well plate for 30min. The scaffolds were then separated and left to dry 

overnight. 

Autoclaved 1% agarose gel was warmed using a microwave, 500µl was added to the 

central wells of a 24-well plate and left to solidify at room temperature. A single 

fibronectin-coated scaffold was added to each of the agarose-coated wells. The 

scaffolds were immersed in stem cell proliferation media (445ml DMEM, 50ml FBS, 

5ml Pen/Strep, 250ng FGF-2 (PeproTech, 100-18B))190 and all bubbles removed. 

Cells were re-suspended at a density of 3x105/30µl in stem cell proliferation 
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medium. The media was removed from the wells containing the scaffolds, including 

using a pipette to suck the media out of the scaffolds until they turned from pink to 

white. The empty scaffolds were moved to the middle of the well and tipped on their 

side using a pipette tip. The 30µl cell suspension was slowly added to the scaffolds                                    

which were then laid flat. The outside wells of the 24-well plate were filled with 

autoclaved water containing 1% PS and 1% amphotericin B (Sigma A2942) to 

minimise evaporation and infection. The seeded scaffolds were incubated over night 

at 37°C, 5% CO2. 

The following day the scaffolds were turned over and left in the incubator for a 

further 2hrs to distribute the cells evenly. The proliferation media was changed for 

1ml differentiation media (Insulin-Transferrin-Selenium (ITS) Basal Medium (485ml 

DMEM, 5ml PS, 5ml 100mM sodium pyruvate (Sigma S8636), 5ml 100x ITS (Life 

Technologies 41400-045)) containing 1µl/ml dexamethasone (100µM, Sigma 

D4902), ascorbic acid 2-phosphate (80mM, Sigma A8960) and recombinant human 

transforming growth factor (TGF)-β3 (10µg/ml, R&D Systems 243-B3)). The plates 

were incubated on a rotating platform at 50rpm. The media was changed on days 3 

and 5. On day 10 the media was changed but included 1µl/ml insulin. The media was 

then changed every 2-3 days with this media for a total of 35 days. 

8.2.7.2.3 Micromass cultures 

The micromasss cultures were based on the methods of Zhu et al (2014)185 and used 

the media described in 8.2.7.2.2. The micromasses were formed by re-suspending 

5x105 cells in 30µl of the chondrogenic media described in 8.2.7.2.2. The cell 

suspension was gently pipetted into the middle of a single well of a 24-well plate. 

The cells were left overnight at 37°C, 5% CO2 before adding an additional 1ml of 

chondrogenic media. The media was changed every 2-3 days for 21 days. 

8.2.7.3  Myogenic differentiation 
Muscle differentiation was undertaken in 6-well plates coated with Matrigel. The 

Matrigel was thawed overnight on ice at 4°C and then diluted 1:80 in cold DMEM 

(4°C), 1ml was added to each well. The plates were incubated at 37°C, 5% CO2 for 

30min. The Matrigel was aspirated and discarded. Muscle proliferation media (PM)  
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(DMEM / 10% FBS /10% horse serum / 1% chick embryo-extract / 1% PS) was 

added to each well, aspirated and discarded. Cells re-suspended in muscle 

proliferation media (5x104 cells in 3ml) were added to each well and incubated at 

37°C, 5% CO2 until 70%–80% confluent. The muscle proliferation media was then 

changed to a muscle fusion media (FM) (DMEM / 1% FBS /1% horse serum / 0.1% 

chick embryo-extract / 1% PS). The muscle fusion media was changed twice weekly 

until multinucleated cells were observed at approximately three weeks. 

8.3 Flow cytometry 
8.3.1 Cell staining 
Cells were obtained from tissue SVF or from cell pellets from trypsinised cultured 

cells. 

8.3.1.1  Conjugated antibodies 
The cell pellets were blocked in 10% mouse serum in PBS and left at room 

temperature for 20min, 100µl for analysis and 500µl for cell sorting. Antibodies were 

added to the cell suspension in the dark at a dilution of 1:100 unless otherwise stated. 

The cells were incubated for 20min on ice in the dark. The cells were washed in 2ml 

of PBS and centrifuged at 1,000rpm for 5min. The supernatant was aspirated and 

discarded and the pellet re-suspended in 2% FBS/PBS, 300µl for analysis and 500µl 

for cell sorts. 

For each antibody a compensation tube was set up using a single drop of positive 

compensation beads (BD Biosciences) diluted with 70µl 2% FBS/PBS and stained in 

an identical manner to the cells. This was re-suspended in a final volume of 270µl 

and a single droplet of negative control beads added just prior to FACS analysis or 

sorting. 

8.3.1.2  Unconjugated antibodies 
When antibodies were unavailable conjugated to a fluorophore a multi-step protocol 

was used. Cell pellets were blocked with 10% serum-PBS, using the serum of the 

host species of the primary antibody, for 20min at room temperature. The primary 

antibody was added and the cells incubated for 20min on ice. The cells were washed 
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in 2ml of PBS and centrifuged at 1,000rpm for 5min. The supernatant was aspirated 

and discarded and the pellet re-suspended in 2% FBS/PBS. The cells were stained 

with a secondary antibody raised against the host species of the primary antibody 

(i.e. primary mouse anti-human and secondary goat anti-mouse) conjugated with a 

fluorophore. 

8.3.1.3  Combined staining 
Prior to conjugation of the unconjugated antibodies a three-step staining process was 

used to allow multiple staining using both conjugated and unconjugated antibodies. 

The cells were blocked with 10% serum of the host species of the unconjugated 

antibody, stained, washed and re-suspended in 2% FBS/PBS. This was then stained 

with a secondary antibody specific to the host species of the primary unconjugated 

antibody. Following a further wash the cells were blocked with 10% serum of the 

host species of the primary conjugated antibodies (typically mouse serum). The cells 

were incubated for a further 20min on ice in the dark. The cells were then washed, 

centrifuged and re-suspended for analysis or sorting. 

8.3.1.4  Conjugation of antibodies 
Two antibodies were only available unconjugated, these were mouse anti-sheep 

CD34 (Abcam, ab129551) and the mouse anti-human ROR2 (R&D Systems, 

MAB2064). These antibodies were conjugated with a FITC fluorophore using 

Abcam’s EasyLink conjugation kit (ab102884). Conjugation was performed by 

mixing 100µl of the antibody with 10µl of the modifier reagent and gently mixing by 

pipetting. The vial containing the lysophilised FITC mix was briefly centrifuged to 

ensure all of the mixture was at the bottom of the vial. The lysophilised powder was 

then re-suspended in the antibody / modifier mixture and mixed by pipetting. This 

was left at room temperature over night in the dark. The reaction was stopped by 

adding 10µl of the  quencher reagent, mixed by pipetting. The FITC conjugated 

antibodies were ready to use after 30min and were stored at 4°C for further use. 

8.3.2 Cell analysis and sorting 
All fluorescence-activated cell sorting analysis was conducted on an LSR Fortessa™ 

and all cell sorting using a FACS Aria II™ (BD Biosciences). The candidate 
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conducted all of the FACS analyses and set up the gating strategy used for cell 

sorting. In keeping with Univeristy of Edinburgh protocols the FACA Aria II™ cell 

sorting was supervised by one of the flow cytometry technicians. 

Each run was set up using an unstained sample to calibrate the voltages for the 

forward and side scatter. An initial gate was placed to obtain the events that were 

likely to represent cells. The left image on Figure 8-3 shows this selection and the 

exclusion of debris in the bottom left of the plot. To exclude doublets, and therefore 

false positive or negative co-staining, side scatter height was plotted against side 

scatter area. Doublets had a disproportionately large area for their height and were 

excluded based on this ratio. DAPI was added just prior to analysis / sorting to 

identify dead cells as prolonged exposure can lead to live cell uptake. 

 
Figure 8-3 - FACS analysis of cultured cells. Selection of cells was based on their size (left), 
exclusion of doublets (middle) and exclusion of dead cells by only selecting events that were 
DAPI negative (right). 

Once single live cells had been selected, voltages were set for the fluorescence 

channels. An unstained sample and / or a negative control were used to set the auto-

fluorescence to an amplitude of approximately 102. The stained sample was then 

checked to ensure it was not so bright that it was off the scale. If this occurred, the x-

axis was set to bi-exponential and the voltage reduced further so that both the 

negative and positive peaks fitted on the same scale (Figure 8-4). 

Once all fluorescent voltages were set, compensation was set up for each channel 

using beads stained with a single antibody. As well as allowing compensation to be 

set up accurately for each run it demonstrated if the antibodies were working 

allowing confidence in negative staining during the analysis / sorting. 
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Figure 8-4 - Set up of fluorescent voltage for analysis of GFP transfected cells. In the left image 
the control sample was set to a fluorescence of 102 but when the positive sample was analysed a 
large proportion of the cells were too bright to fit on the scale. In the right image the voltage has 
been reduced and a bi-exponential x-axis used to visualise the signal from the control sample. 

 
Figure 8-5 – Use of compensation beads to set voltages and compensation. Selection of beads 
based upon their size (left) and differentiation between negative and positive beads (right) are 
displayed. The peaks in the right hand plot represent densities of events at a particular 
fluorescence. 

After the compensation had been applied, the samples were run and a minimum of 

10,000 events collected per sample. As well as a stained sample, an unstained sample 

of cells was always run as a negative control. Additional controls were run using 

isotypes and ‘full minus one’ (FMO) controls. FMOs contained all of the 

fluorophores except the one of interest, this meant that the difference when the 

sample contained the fluorophore could be attrributed to a single fluorophore. 

Typically isotypes were used for multi-colour analysis and FMOs were used for cell 

sorting and when isotypes were unavailable. Unstained, isotypes and FMOs in 

analysis were used to compare the cell populations in subsequent analyses. For 

FACS sorting a control for each fluorophore in EGM-2 and cultured as per section 

8.2.1. 
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Figure 8-6 - The use of full minus one (FMO) controls to determine the true level of positive 
fluorescence. Gates were created based on the FMO for CD31 (middle) and CD45 (right). These 
gates were then pasted onto the stained sample to define the level of true staining. A selection 
gate was then placed to include or exclude either truly positive or negative cells. 

8.3.3 Specific antibody panels used 
8.3.3.1  Human perivascular stem cell sorting panel 
Human perivascular stem cells were sorted by live single cell selection followed by 

exclusion of endothelial (CD31-PE) and haematopoietic cells (CD45-APC-Cy7). 

Pericytes were then selected by CD146+CD34- and adventitial cells by CD146-

CD34+ (CD146-AF647, CD34-FITC). Figure 8-7 demonstrated the excitation and 

emission of the fluorophores used. Emission filters defined by their median value and  

  

  
Figure 8-7 - Fluorophore panel used to select perivascular stem cells. Each figure represents 
excitation by a separate laser. The ultraviolet laser (355nm) is top left, the blue laser (488nm 
(top right), the yellow/green laser (561nm) bottom left and the red laser (638/640nm) bottom 
right. 
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Antibody Fluorophore Excitation (nm) Emission (nm) Host Species Clone Dilution Company Catalogue Number 

CD31 PE 561 582/15 Mouse L133.1 1:100 BD Biosciences 340297 

CD34 FITC 488 525/50 Mouse 581 1:100 BD Biosciences 555821 

CD34 PE 561 582/15 Mouse BIRMA-K3 1:100 Dako R1725 

CD34 PerCP 488 610/14 Mouse 581 1:100 Abcam ab119840 

CD44 AF700 640 730/45 Mouse G44-26 1:100 BD Biosciences 561289 

CD45 APC-Cy7 640 780/60 Mouse HI30 1:100 BD Biosciences 557748 

CD56 PE-Cy7 561 780/60 Mouse B159 1:100 BD Biosciences 560916 

CD90 FITC 488 525/50 Mouse 5E10 1:100 BD Biosciences 555595 

CD105 PE-Cf594 561 610/20 Mouse 266 1:200 BD Biosciences 562380 

CD144 PerCPCy5.5 488 710/50 Mouse 55-7H1 1:100 BD Biosciences 561566 

CD146 BV711 405 610/20 Mouse P1H12 1:100 BD Biosciences 563186 

CD146 FITC 488 525/50 Mouse P1H12 1:100 Life Tecnologies A18338 

CD146 APC 640 670/14 Mouse 541-10B2 1:100 Miltnyi Biotec 130-092-849 

CD146 AF647 640 670/14 Mouse ME-9F1 1:100 BD Biosciences 562230 

ROR2 Unconjugated - - Mouse 231512 1:100 R&D Systems MAB2064 

Table 8-2 - Details of the anti-human flow cytometry antibodies.
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range, 450/50nm indicates a range of 425-475nm. DAPI was excited by the 355nm 

laser and emission detected at 450/50nm (top left). The blue laser (488nm) excited 

FITC and PE but only the emission from the FITC at 525/50nm was detected. The 

yellow/green laser (561nm) excited PE (582/15nm). The red laser (FACS Aria II 

638nm / Fortessa LSR 640nm) excited AF647 (670/14nm) and APC-Cy7 

(780/60nm). The anti-human antibodies used for flow cytometry are summarised in 

Table 8-2. 

8.3.3.2  Human mesenchymal staining 
To determine co-expression of surface antigens on cultured cells a multi-coloured 

panel was used. Perivascular stem cell markers (CD146-AF647 and CD34-PE) and 

mesenchymal stem cell markers (CD44-AF700, CD90-FITC and CD105-PE-Cf594) 

were both analysed. Markers to determine the presence of endothelial (CD144-

PerCP-Cy5.5), haematopoietic (CD45-APC-Cy7) and myoendothelial (CD56-PE-

Cy7) cells were also included. DAPI was used for dead cell exclusion.  

The only fluorophore excited by the UV laser was DAPI. The blue laser excited a 

number of fluorophores but only the emission for FITC and PerCP-Cy5.5 were 

detected and these emission filters were distinctly separate (525/50nm and 710/50nm 

respectively). The yellow / green laser excited PE, PE-Cf594 and PE-Cy7. The 

bottom left image in Figure 8-8 demonstrates excitation by the yellow/green laser, 

there appeared to be crossover of the emission detection between PE and PE-Cf594 

because the PE gate is set at 582/42nm rather than 582/15nm. This was because 

software used to create these graphs was pre-set and could not be altered. By using 

the narrower 582/15nm emission filter this cross-over was eliminated. The red laser 

excited AF647 (670/14nm), AF700 (730/45nm) and APC-Cy7 (780/60nm). This 

meant that there was a slight crossover at the upper end of the AF700 emission filter 

(707-752nm) and the lower end of the APC-Cy7 emission filter (750-810nm) that 

required compensation. 
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Figure 8-8 – Multi-colour antibody panel used for the analysis of cultured cells. The emission 
spectra for each of the fluorophores used are demonstrated for each of the four lasers used: 
355nm (top left), 488nm (top right), 561nm (bottom left) and 638/640nm (bottom right).  

8.3.3.3  Human anti-ROR2 antibody 
An unconjugated antibody to receptor tyrosine kinase-like orphan receptor 2 (ROR2) 

was used to prospectively identify ROR2+ cells at the same time as sorting PSCs. 

The ROR2 antibody was conjugated with a FITC fluorophore as described in 8.3.1.4. 

To allow the use of this antibody the CD34-FITC in the PSC panel of antibodies in 

8.3.3.1 was changed to CD34-PerCP. PerCP was also excited by the blue laser but its 

emission filter had a greater wavelength (610/14nm, Figure 8-9). 

 
Figure 8-9 - Blue laser excitation and detection of ROR2-FITC (green) and CD34-PerCP (red) 
antibodies. The remainder to the laser settings remained the same. 

8.3.3.4  Ovine perivascular stem cells 
Ovine perivascular stem cells were initially sorted by selection of single live cells 

and exclusion of CD45+ cells (anti-ovine CD45-PE). Pericytes were then selected by 

CD146+CD34- and adventitial cells by CD146-CD34+ (anti-human CD146-AF647,  
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Figure 8-10 - Antibody panel used for the soring of ovine PSCs. The emission spectra for each of 
the fluorophores used are demonstrated for each of the four lasers used: 355nm (top left), 
488nm (top right), 561nm (bottom left) and 638/640nm (bottom right).  

anti-ovine CD34-FITC). DAPI was detected using the ultraviolet laser, FITC the blue 

laser, PE the yellow / green laser and AF647 using the red laser (Figure 8-10). 

8.3.4 Data analysis 
Analysis was performed using FlowJo (vX.0.6, Tree Star, Ashland OR, US). 

Analysis used negative controls (either an unstained sample, the relevant isotype or 

an FMO) to determine the levels of true positive or negative staining. 

8.4 Histology 
8.4.1 Live and dead cell staining of MACI membranes 
Samples were incubated within 2hrs of collection with live and dead cell fluorescent 

stains using 5-chloromethylfluorescein diacetate (CMFDA) and propidium iodide 

(PI) respectively (Invitrogen, Paisley, UK). CMFDA stained the cytoplasm of live 

cells and PI the nuclei of dead cells. The staining media consisted of DMEM with 

CMFDA (43µM) and PI (6µM) (100µg CMFDA in 40µl DMSO and 20µg PI 

(1µg/µl) in 5ml DMEM). The membranes were incubated in the dark at 37°C, 5% 

CO2 for 45min. The membranes were washed three times with PBS and fixed in 10% 

formalin in the dark at RT for 30min. After a further PBS wash, the membranes were 

stored in PBS in the dark at 4°C until analysis. All samples were imaged within 24 

hours of staining. 
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8.4.2 Histochemical staining of tissue sections 
Histochemical staining was carried out by the staff at the University of Edinburgh 

Shared University Research Facilities (SURF). Sections were incubated at 55°C over 

night, de-waxed (xylene 5min three times) and rehydrated (100% ethanol 2min three 

times, 95, 80 and 50% ethanol 2min each and then washed under running water). 

Slides were stained as per the sections below and then dehydrated (50, 80 and 95% 

ethanol for 30s each and 100% ethanol for 2min three times) and mounted using 

xylene. All stages were carried out at room temperature unless otherwise stated. 

8.4.2.1  Haematoxylin and eosin 
Slides were incubated in Harris haematoxylin (Sigma-Aldrich) for 5min and then 

washed under running water. They were differentiated in 1% hydrochloric acid in  

ethanol and transferred to a dish of Scott’s tap water substitute (Sigma, x10 

concentration diluted 1:10 in deionised water)  for 2min until the tissue sections 

turned blue. Slides were counter-stained in eosin (Sigma-Aldrich) for 2min and were 

washed briefly under running water.  

8.4.2.2  Masson’s Trichrome 
Masson’s trichrome stains were performed using a kit from TCS Biosciences 

(HS773). Sections were mordanted in Bouin solution over night and then washed 

until free of yellow colouration. Sections were stained with Wiegert’s iron 

haematoxylin for 5min, washed in running water, stained with Trichrome and rinsed 

in distilled water. Sections were treated with phosphotungstic / phosphomolybdic 

acid solution (50:50) for 5min. Sections were counter-stained in Aniline Blue for 

5min, immersed in 1% acetic acid and washed in water. 

8.4.2.3  Alcian blue 
Alcian blue was made by dissolving 1g Alcian blue 8GX in 90mls distilled water and 

approximately 10mls 1M hydrochloric acid (HCl) until the pH reached 1.0 and 3.0. 

pH of 1.0 and 3.0 were used as the specificity of Alcian blue changes with a more 

alkaline pH200. Sections were stained in Alcian blue for 20min, removed and washed 

in running water for 30s. 
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8.4.2.4  Picrosirius red 
Picrosirius red (PSR) solution was made using sirius red F3B (0.1%) in saturated 

aqueous picric acid. Sections were placed in PSR solution for 2hrs, removed and 

washed in running water for 30s. 

8.4.2.5  Safranin O 
Slides were immersed in Weigert’s haematoxylin for 3min and rinsed under running 

tap water. Slides were briefly differentiated in acid aclohol (<15s, 1% hydrochloric 

acid prepared in 70% ethanol) and rinsed under running tap water. Slides were 

stained with 0.02% aqueous fast green (prepared in dH2O) for 3min and then washed 

briefly in 1% acetic acid and air-dried. They were counter stained in 0.1% aqueous 

Safranin O (prepared in 1% acetic acid) for 3min and finally rinsed in 95% ethanol. 

Cartilage was orange/red, nuclei were black and cytoplasm green. 

8.4.2.6  Toluidine Blue 
Slides were placed in 1% Toluidine Blue in water (Sigma-Aldrich) for 4-5 min and 

washed briefly in running tap water. 

8.4.3 Immunohistochemistry 
Immunohistochemistry (IHC) of tissue sections was performed manually by the 

candidate and also by the SURF staff using a Leica Bond staining robot.  

8.4.4  Manual immunohistochemistry staining 
Slides were brought to room temperature and fresh frozen sections fixed in an ice-

cold bath of methanol and acetone (50:50) for 10min. Slides were air dried for 5min 

at room temperature prior to being washed (each washing step consisted of three 

5min washes at 50rpm on a rotating platform, once with PBS / Tween (0.5mL/L 

Tween 20 pH 7.4) and twice with PBS alone). Slides were incubated with protein 

block (DAKO) for 1hr at room temperature and then washed. Slides were incubated 

with Avidin D for 15min followed by a PBS wash followed by incubation with 

Biotin for 15min followed by a further PBS wash. Sections were incubated with the 

primary antibody in antibody diluent (DAKO) overnight at 4°C. The following day 

sections were washed and incubated with a biotinylated secondary antibody against 
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the host species of the primary antibody (i.e. goat anti-mouse for a primary antibody 

raised in mice) diluted 1:1000 in antibody diluent (DAKO) for 1hr at rom 

temperature. Sections were incubated with streptavidin-AF488 or streptavidin–

AF555 (Invitrogen) diluted 1:1000 in antibody diluent for 1hr at room temperature. 

The sections were washed for a final time and mounted with a single drop of DAPI 

mounting media and then cover slipped. Stained sections were stored at 4°C in the 

dark until imaged. 

For primary antibodies conjugated with a fluorophore the sections were incubated 

overnight as per the unconjugated antibodies, washed and then mounted with the 

DAPI fluoromount. 

For multiple stains, primary antibodies raised in different species were used where 

possible. The primary and secondary antibodies were incubated at the same time (i.e. 

primary mouse anti-human and rabbit anti-human with secondary goat anti-mouse 

and goat anti-rabbit). If the primary antibodies were raised in the same species 

sequential staining was undertaken to prevent cross-labeling by the secondary 

antibodies (i.e. primary antibody one, secondary antibody one, primary antibody two, 

secondary antibody two). 

8.4.4.1  Automated immunohistochemistry staining 
All automated staining was carried out by the staff at the Shared University Research 

Facilities. Tyramide Signal Amplification™ was carried out using a Leica BOND 

MAX staining robot. Slides were initially blocked with hydrogen peroxidase (1:10 in 

BOND wash (BW)) for 10min and then in serum for 10min (type dependent on 

secondary antibody host species). Sections were stained with the primary antibody 

for 30 min followed by a horseradish peroxidase secondary for 30 min (1:50 dilution 

in serum, goat anti-rabbit (Abcam, ab7171) and goat anti-mouse (Abcam, ab6823)). 

Tyramide amplification was carried out for 10min (1:50 in own diluent) followed by 

DAPI staining for 10min (1:1000 in Bond Wash). 

As the primary antibodies had not been used on the automated system previously a 

set of optimization steps were required. This included a variety of antibody 



Perivascular stem cells and articular cartilage repair 

Materials and Methods   223 

concentrations with or without retrieval. For single stains retrieval was carried out at 

the start using a pressure cooker prior to the above protocol. The primary anitbodies 

used to identify perivascular, endothelial and mesenchymal antigens in human tissue 

are detailed in Table 8-3. 

Once all antibodies were optimised for use, dual and triple stains were carried out. 

This involved running the tyramide protocols described above sequentially. DAPI 

was only used after the final antibody had been stained, this step was replaced with a 

further Bond Wash wash after the earlier antibodies. If the first antibody required 

retrieval this was performed prior to mounting. If subsequent antibodies required 

retrieval this was carried out on the Leica BOND MAX robot using the Leica 

Epitope retrieval solution 1 (AR9661) at 37°C after the prior tyramide protocol. 

FITC, Cy3 and Cy5 tyramide kits were used depending on the number antibodies 

required (NEL741B001KT, NEL744B001KT, NEL745B001KT, Perkin Elmer). 

The emission spectra for the secondary fluorophores used with the automated 

staining protocols are demonstrated in Figure 8-11. Whilst there was a degree of 

crossover this was reduced by using filters to separate the emission signals.  

 
Figure 8-11 - Emission spectra of fluorophores used for immunohistochemical staining. DAPI 
(blue), FITC (green), Cy3 (yellow) and Cy5 (red). 
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Antibody Clone Concentration Company Product Code 

Perivascular 

CD146 EPR3207(2) 1:2000 Abcam ab134065 

CD34 QBEND-10 1:100 Abcam ab8536 

NG2 9.2.27 1:50 BD biosciences 554275 

αSMA- FITC 1A4 1:2000 Sigma F3777 

PDGFRβ Y92 1:20000 Abcam ab32570 

Endothelial 

CD31 Polyclonal 1:150 Abcam ab28364 

CD144 Polyclonal 1:4000 Thermo PA1-84328 

vWF- FITC Polyclonal 1:10000 US Biological V2700-01C 

Mesenchymal 

CD44 G44-26(C26) 1:2000 BD Biosciences 550392 

CD90 5E10 n/a BD Biosciences 555594 

CD73 7G2 1:250 Invitrogen 41-0200 

CD105 SN6 1:100 Invitrogen MHCD10500 

Table 8-3 - Antibodies used for immunohistochemistry. The antigen they were raised against as 
well as the specific clone and the concentration as well as manufacturers details are included. 

8.4.5 Immunocytochemistry 
PBS was removed and the cells permeabilised with 0.05% Triton-PBS for 3min at 

room temperature, the cells were washed three times with PBS and then blocked with 

Protein Block (Dako) for 1hr at room temperature. Cells were washed in PBS and 

incubated with the primary antibody overnight at 4°C. The following morning the 

wells were washed three times for 5min, once with PBS-Tween and twice with PBS. 

Cells were incubated with the secondary antibody for 1hr at room temperature in the 

dark. After a further three washes the cover slips were removed and any excess fluid 

removed. The cover slips were mounted onto slides using DAPI fluoromount and 

allowed to air dry for 1hr in the dark before being fixed in place with an adhesive. 
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8.4.6 Functional staining for mesenchymal differentiation  
Plate wells were prepared for staining with one 5min wash in PBS. The cells were 

fixed with 4% paraformaldehyde for 10 min at room temperature followed by three 

5min PBS washes. If the wells were not stained immediately they were stored with 

1ml PBS at 4°C. Pellets were placed into Optimal Cutting Temperature media, 

frozen on dry ice and stored at -80°C. Sections 7µm thick were then cut using a 

cryostat and applied to slides for staining. 

8.4.6.1  Alizarin Red 
Osteogenic differentiation was determined by using Alizarin red to form a bi-

refringent complex with calcium deposits. Alizarin Red Solution was made by 

adding 2g Alizarin Red S (C.I. 58005) with 100mL dH20. This was thoroughly 

mixed and the pH altered to 4.1-4.3 with 10% ammonium hydroxide. The wells were 

stained with 1ml Alizarin red solution for approximately 30min at room temperature 

to produce red-orange staining with calcium. Excess stain was removed by washing 

four times with dH20. 

8.4.6.2  Oil red O 
Adipogenic differentiation was assessed using Oil Red O. A stock solution was 

prepared by mixing 0.7g Oil Red O (Sigma O-062) with 200ml isopropanol. This 

was stirred overnight and then passed through a 0.2μm filter. The stock solution was 

stored at 4oC. The working solution was made by adding six parts stock solution to 

four parts distilled water (dH20). This was mixed and left at room temperature for 

20min before being passed through a 0.2μm filter. The wells were washed twice with 

dH20 and then dehydrated with 60% isopropanol for 5min at room temperature. The 

isopropanol was removed and the wells dried without washing. The cells were 

stained with 1ml Oil Red O solution for 10 minutes at room temperature. Excess 

stain was removed by washing four times with dH2O. 

8.4.6.3  Alcian blue 
Chondrogenic differentiation was indicated by Alcian Blue staining for 

proteoglycans. Slides or wells were incubated with acetic acid for 3min at room 
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temperature followed by Alcian blue for 30min. Excess stain was removed using 

acetic acid and the slides were washed three times with dH2O. 

8.5 Molecular biology 
8.5.1 RNA extraction and quantification 
RNA was extracted using TRIzol® (Life Technologies) and phase separation 

followed by spin columns for purification. Cells in monolayer were washed with 

PBS, which was then aspirated and discarded, and TRIzol was added directly to the 

wells (100µl for a single well of a 24-well plate). After 3min a pipette tip was used to 

scrape the surface of the wells and the TRIzol was aspirated and collectively added 

to an RNase free 1.5ml Eppendorf tube. Cell pellets were combined (minimum of 

three) and any excess media removed, 500µl TRIzol was added and the pellets 

disrupted using an ultra-sonicator. Samples were stored at -80°C and RNA extracted 

in batches. 

Samples were thawed on ice and 200µl chloroform was added per 1ml TRIzol, these 

were then shaken by hand for 20s, left at room temperature for 2-3 minutes and then 

centrifuged at 12,000rpm for 20min at 4°C. The top, clear layer containing the RNA 

(approx. 200µl) was transferred to an RNase free 2ml Eppendorf ensuring the middle 

protein layer and bottom layer were left behind. 

An RNeasy Micro Kit (Qiagen) utilising spin columns was used to purify the RNA. 

The spin columns were transferred to new collection tubes after each spin. RLT 

buffer (700µl) and 100% ethanol (500µl) were added to each sample. The sample 

was then transferred to the columns in two separate aliquots and spun at 10,000rpm 

for 30s for each aliquot. The samples were washed with 350μl RW1 washing buffer 

and then centrifuged at 10,000rpm for 30s. 80μl DNAse with buffer was added (10µl 

DNAse + 70µl RDD buffer) and was left for 10min at room temperature. The spin 

columns were washed sequentially with 350μl RW1, 500μl RPE and 500μl 80% 

ethanol. The columns were centrifuged at 10,000rpm for 30 seconds after the RW1 

and RPE and for 2min after the 80% ethanol. The spin columns were centrifuged at 

10,000rpm for 5min with their lids off. The column tubes were transferred to 1.5ml 

Eppendorf tubes and 14μl RNase free water was added and left at room temperature 
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for 5min. The column was centrifuged at 10,000rpm for 1min to elute the RNA. This 

step was then repeated. This left 24µl as the spin columns absorbed roughly 2µl per 

elution. 

NanoDrop® (Thermo Scientific) ultraviolet absorbance was used to calculate the 

quantity and quality of RNA. The baseline was set using 2μl of the RNase free water 

used for RNA elution. Measurements were performed using 2μl of the samples. 

Absorbance wavelength of nucleic acids (260nm), protein (280nm) and contaminants 

(230nm) were recorded along with the RNA to protein ratio (1.6-2.0 equating to 

good quality RNA extraction). 

8.5.2 Reverse transcription 
Superscript® III Reverse Transcriptase was used to convert RNA to complemetary 

deoxyribonucleic acid (cDNA). A total of 500ng to 5µg was diluted to a total volume 

of 12µl with RNAse free water. 1µl random primers and 1µl 10mM dNTP mix were 

added. The mixture was denatured at 65°C for 5min and cooled on ice for at least 

1min. A cDNA synthesis mix consisting 4µl First Strand Buffer (5x concentration), 

1µl 0.1M DTT and 1µl Superscript III® reverse transcriptase enzyme. cDNA was 

synthesised by incubation at 25°C for 10min, 50°C for 60 minutes and termination of 

the reaction by heating to 70°C for 15min. The cDNA was cooled to 4°C and kept in 

the fridge for short-term use and -20°C for longer-term storage. 

8.5.3 Polymerase chain reaction 
Polymerase chain reaction (PCR) primers were provided by Bioline as a lysophilised 

powder and were reconstituted to a stock concentration of 100µM. A working 

concentration of 10µM was made by adding 5µl left and 5µl right primers to 90µl 

RNase free water.  PCR was performed using MyTaq™ DNA polymerase (Bioline). 

The reaction mixture consisted of 5µl MyTaq Reaction Buffer (5x), 2µl cDNA, 1µl 

primers (10µM, final concentration 0.4µM), 0.25µl MyTaq DNA polymerase and 

16.75µl RNase free water. 
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8.5.3.1  Polymerase chain reaction primers 
To gentoype cells the surface markers that are used to sort perivascular stem cells 

(CD31, CD45, CD34 and CD146) as well as additional pericyte markers (NG2 and 

PDGFRβ) were used (Table 8-4).  

Gene Sequence Product Size 

CD31 F GAA GTA CGG ATC TAT GAC TCA 495 
 R GTG AGT CAC TTG AAT GGT GCA 

CD34 F CAT CAC TGG CTA TTT CCT GAT 439 
 R AGC CGA ATG TGT AAA GGA CAG 

CD45 F CAT GTA CTG CTC CTG ATA AGA 660 
 R GCC TAC ACT TGA CAT GCA TAC 

CD146 F AAG CAACC TCA GCC ATG TCG 435 
 R CTC GAC TCC ACA GTC TGG GAC 

NG2 F GCT TTG ACC CTG ACT ATG TTG 195 
 R TCC AGA GTA GAG CTG CAG CA 

PDGFRβ F CAG TAA GGA GGA CTT CCT GGA 171 
 R CCT GAG AGA TCT GTG GTT CCA 

ACTB F CCT CGC CTT TGC CGA TCC 205 
 R GGA ATC CTT CTG ACC CAT GC 

Table 8-4 - Standard polymerase chain reaction primers for cell genotyping. Genes are 
displayed with forward and reverse sequences with their predicted product size in base pairs. 

To determine mesenchymal differentiation common genes associated with 

chondrogeneis, osteogeneis, adipogeneis and myogenesis were identified and 

obtained (Table 8-5). 
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Gene Sequence Product Size 

Chondrogenesis 

COL2A1 F GGA AAC TTT GCT GCC CAG ATG  

 

167 
R TCA CCA GGT TCA CCA GGA TTG C  

 SOX9 F ACA TCT CCC CCA ACG CCA TC  

 

173 
R TCG CTT CAG GTC AGC CTT GC  

 ACAN F TGC GGG TCA ACA GTG CCT ATC  

 

182 
R CAC GAT GCC TTT CAC CAC GAC  

 HAPLN1 F CAA CCA GTG CCT GTG TTT GG 

 

286 
R TAT TGG TCC CTG TGG GGT CT 

 SZP F CTC CTT TTT ACA GCA AGG GCG 

 

705 
R ATT ATC CAG CCC GCT TCC AG 

 Osteogenesis 

RUNX2 F ACT GGG CCC TTT TTC AGA 317 
R GCG GAA GCA TTC TGG AA 

ALPL F TCA GAA GCT CAA CAC CAA CG 199 
R GTC AGG GAC CTG GGC ATT 

BGLAP F GCC TTT GTG TCC AAG C 315 
R GGA CCC CAC ATC CAT AG 

Adipogenesis 

PPARG F TGA ATG TGA AGC CCA TTG AA 161 

R CTG CAG TAG CTG CAC GTG TT  

Myogenesis 

MYOD1 F GGG AAG AGT GCG GCG GTG TCG AG 448 
R TCC GAG AAG GGT GCT GCG TGG AA 

MHC1 F TGT GAA TGC CAA ATG TGC TT 751 
R GTG GAG CTG GGT ATC CTT GA 

Reference Gene 

ACTB F CCT CGC CTT TGC CGA TCC 205 

R GGA ATC CTT CTG ACC CAT GC 

Table 8-5 – Standard polymerase chain reaction primers used to determine mesenchymal 
differentiation. Genes are displayed with forward and reverse sequences with their predicted 
product size in base pairs. 
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8.5.4 Gel electrophoresis 
A 100ml 2% agarose gel was used to run PCR product with a molecular weight 

(MW) less than 1kb. Gels were prepared by dissolving 2g agarose in 100ml 1x TAE 

buffer (Tris base, acetic acid and EDTA, Invitrogen TAE 10x diluted 1:10 in dH2O) 

by heating in the microwave until all the agarose had dissolved. Gel Red (10µl) was 

added (10,000x concentration, Biotium 41003). The gel was loaded into a gel-casting 

tray, sample combs inserted and allowed to solidify at room temperature. The tray 

was then placed in an elctrophoresis tank, covered in 1x TAE and the combs 

removed. 

The cDNA was diluted to 10µl with RNase free water and was mixed with loading 

dye (2µl, 6x conc.) and pipetted into a sample well. A low molecular weight DNA 

ladder was run to allow the identification of band sizes. The electrophoresis was run 

at 110v for 1hr. Gels were removed from their casting trays and trans-illuminated 

using a UV light box. 

8.5.5 Quantitative real-time PCR 
8.5.5.1  qPCR primers 
Gene sequences were identified and primers designed using Roche’s Universal Probe 

Library Assay Design Center (http://lifescience.roche.com/shop/CategoryDisplay?ca 

talogId=10001&tab=&identifier=Universal+Probe+Library). Primers were 

preferentially chosen to be intron spanning with a product size of approximately 100 

base pairs (bp) long (Table 8-6). 

Primers were obtained lysophilised  and reconstituted to a stock concentraion of 

100µM using RNase free water. Working solutions were made by adding 5µl 

forward and 5µl reverse primers to 190µl RNase free water (5µM). When diluted 5x 

in the reaction mixture this gave a final concentraion of 1µM. 

8.5.5.2  qPCR protocol 
Quantitative real-time PCR was carried out using a Lightcycler® 480 (Roche Life 

Sciences). cDNA was inserted into a 384-well plate in triplicate (2µl per well). 

Primer specific mixtures were created for all samples containing: 5µl SYBR green 
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Gene Sequence Product Size 

COL1A1 F GGA ACA CCT CGC TCT CCA 63 

 R GGG ATT CCC TGG ACC TAA AG 

COL2A1 F CAG AGG GCA ATA GCA GGT TC 77 

 R AGT CTT GCC CCA CTT ACC G 

SOX9 F GTA CCC GCA CTT GCA CAA C 74 

 R TCT CGC TCT CGT TCA GAA GTC 

ACAN F CCT CCC CTT CAC GTG TAA AA 64 

 R GCT CCG CTT CTG TAG TCT GC 

GAPDH F AGC CAC ATC GCT CAG ACA C 66 

 R GCC CAA TAC GAC CAA ATC C 

HPRT1 F GTA GCC CTC TGT GTG CTC AA 82 

 R TCA CTA TTT CTA TTC AT GCT TTG ATG 

ACTB F ATT GGC AAT GAG CGG TTC 79 

 R CGT GGA TGC CAC AGG ACT 

Table 8-6 – Quantitative real-time PCR primers used to analyse chondrogenic differentiation. 
Genes are displayed with forward and reverse sequences with their predicted product size in 
base pairs. 

master mix (2x concentration), 2µl primers (right and left 5µM diluted to a final 

concentration of 1µM) and 1µl RNase free water.  The primer mix was then added to 

each of the wells (8µl/well). The plate was sealed using a sealing foil. Plates were 

stored at 4°C prior to analysis (less than 2hrs). 

The qPCR run protocol consisted of an initial pre-incubation of 95°C for 5min 

followed by 45 amplification cycles (95°C 10s, 60°C 10s, 72°C 5s with a  single 

detection). Melt curve analysis was run by heating from 65-97°C with five 

acquisisions per °C. 

8.6 Imaging 
8.6.1 Zeiss Axioskop 510 CLSM 
8.6.1.1  Live and dead cell imaging of MACI membranes 
A Zeiss Axioskop 510 (Carl Zeiss Ltd, Welwyn Garden City, UK) Confocal Laser 

Scanning Microscope (CLSM) was used to image cell cytoplasm (CMFDA) of viable 

cells and the cell nuclei of non-vaible cells (PI) on MACI membranes. The x10 

objective was used to obtain images for cell counting and the x63 objective for 

higher magnification to observe cell phenotype. The CMFDA was excited using an 
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Argon laser at 488nm and the emission detected using a bandpass filter at 525/50nm. 

Propidium iodide was excited using a helium-neon laser at 543nm and detected with 

a long-pass filter at >560nm. An average of two readings was used for each pixel to 

reduce background signal. The gain and amplifier settings were adjusted to allow the 

maximal use of the detectable range. Axial images were collected throughout the 

entire fluorescently visible z-axis at intervals of 5.7µm for the x10 objective and 

0.75µm for the x63 objective.  

  
Figure 8-12 – Fluorescent signal from CMFDA (green) and propidium iodide (PI, red/orange) 
for detecting live and dead cells. Laser emission (left image – blue line 488nm; right image – 
green line 563nm, fluorophore excitation (dotted lines) and detection filters (shaded areas) are 
displayed for CMFDA (left) and PI (right). 

Images were taken from the middle of the membranes apart from specimens 

examining cut edges. Five images were obtained for each of the groups being 

analysed. Where possible each image within a group was from a different patient. 

Due to the varying amount of membrane available this was not possible for all 

images.  

8.6.1.2  eGFP transfected cells 
eGFP transfected cells were imaged using the same acquisition protocol used for 

CMFDA in section 8.6.1.1 with excitation at 488nm and a peak emission at 507nm 

(525/50nm bandpass filter). For the hydrogel encapsulated cells optical sections were 

taken at 5.7µm throughout the z-axis. The cells implated in Chapter 7 were identified 

using the x10 objective and imaged using optical slices every 5.7µm. Higher 

magnification images acquired optical sections 0.75µm apart. 

8.6.2 Andor XDi Revolution Spinning disk CLSM 
Transfected cells were imaged with an Andor XDi Revolution Spinning disk 

Confocal (Andor Technology Ltd, Belfast, UK) using an Olympus UPLSAPO 

40x/0.95 water immersion objective with a sampling rate of 0.2 µm x 0.2µm x 
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0.37µm.  GFP was excited at 488 nm and signal collected with a  bandpass filter 

between 500-550 nm. 

8.6.3 Nikon A1R Film CLSM 
Images were acquired with a Nikon A1R confocal microscope (Nikon, Kingston 

upon Thames, Surrey, UK) using a x10/0.3 Air Plan Apo Lambda objective and a 

CFI Apo Lambda S 40x/1.2 water immersion lens.  For multi-colour images a 

channel series protocol was used to minimize bleed through; CMFDA was excited at 

488 nm and signal collected from 500 – 550 nm and propidium iodide was excited at 

561 and signal collected from 570 – 620 nm with a sampling rate of 0.5 µm x 0.5 µm 

x 10 µm for the low magnification images.  Nikon Elements (Nikon, Kingston upon 

Thames, Surrey, UK) large image acquisition protocol was used for collecting and 

reconstructing large field of view images through z. 

8.6.4 Zeiss Axio Observer  
8.6.4.1  Colour images 
Histochemical stains on slides and plate wells (i.e. H&E and Alizarin Red) were 

imaged using bright-field setting and a colour camera with the Zeiss Observer 

Microscope. Images were selected and brought into focus. The exposure time 

calculated and the image white-balanced manually by selecting part of the image 

known to be blank.  

8.6.4.2  Fluorescent and grey scale images 
Phase contrast and fluorescent images of cells in culture were obtained using a single 

channel grey scale camera. The fluorescent imaging was used for  

immunocytochemistry and GFP transfected cells.  

Immunocytochemistry was undertaken with a secondary antibody conjugated to 

FITC and DAPI was used for nuclear staining. After the desired objective was 

selected the cells were brought into focus and the exposure time calculated to make 

the maximal use of the grey-scale available. The images were then recorded 

sequentially and merged to create a composite image. 
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GFP transfected cells were imaged with a combination of fluorescent and phase 

microscopy. The objective was selected and the cells brought into focus in the phase 

microscopy channel. The exposure time was calculated and saved. The exposure time 

for the GFP channel was then calculated in the same focal plane. The images were 

taken sequentially and merged to create a composite image. 

8.6.5 Olympus BX61 fluorescence microscope 
The Olympus BX61 fluorescence microscope was used to image 

immunohistochemistry of tissue sections. The relevant objective was selected and the 

image brought into focus. The exposure time, contrast and brightness were set and 

saved for each channel to be used (DAPI, FITC, Cy3 and Cy5). The image was then 

captured with each channel being recorded sequentially and merged to create a 

composite image. 

8.6.6 Image analysis 
8.6.6.1  Quantification of live and dead cells 
Image analysis and three-dimensional reconstruction of cells was performed with 

Volocity 6.1 software (Perkin Elmer Ltd., Massachusetts, USA). Cell quantification 

was performed on images obtained using the x10 objective on the Zeiss 510 CLSM. 

Images were imported to Volocity and a region of interest (900x900µm) was 

imposed on each image except for the group visualizing the cut edge. 

Quantification of live and dead cells was calculated using a cell counting protocol 

based on object size and voxel intensity threshholding. Objects were identified using 

the green (cytoplasm of viable cells) and red (nuclei of non-viable cells) channels 

based on their voxel intensity.  The upper limit was set at 100% and the lower limit 

set at approximately 5-8%. An example of this is demonstrated in Figure 8-13, the 

peak to the left represented no signal, which was the most frequent occurrence in the 

images. Once objects had been designated they were displayed using a histogram to 

help to determine the size of the objects of interest. 
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Figure 8-13 - Selection of voxel intensity excluding the most common event, minimal signal 
indicated by the peak (left image). Object size was displayed by frequency of size in µm3, the 
mean of the cell population is shown by the black arrow (right image). 

The histograms generated by Volocity for object size (right-hand image, Figure 8-13) 

and fluorescent intensity were used to exclude objects that were unlikely to represent 

cells or nuclei. Images were then examined to determine that all of the objects of 

interest had been included. Figure 8-14 demonstrates the selection of green objects 

highlighted in yellow. Magnified images were then examined to determine that all 

objects of interest were included. The settings were adjusted until all objects of 

interest, and only the objects of interest, were selected. This was done for both 

channels (red and green) and saved as the automated protocol. this was then applied 

to all images to reduce selction bias between the images. 

  
Figure 8-14 – Object selection using automated protocols base on voxel intensity thresh-holding. 
Regions of interest were selected (left), magnified (right) and visually inspected to ensure that 
the correct objects were identified. 

The number of live and dead cells along with the exact area of the region of interest 

were outputted from the automated counting protocol. Size and intensity data were 

also recorded and examined to ensure accuracy of the results. These data were used 

to calculate the cell density (total number of cells/area) and percentage of cell death 

(number of live cells/total number of cells x100). 
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8.7 In vivo surgery 
8.7.1 Home Office licence and experimental protocols 
The candidate obtained a personal licence under the Animals (Scientific Procedures) 

Act 1986 (PIL 60/13992). All animal procedures were carried out under Protocol 15 

of Professor Hamish Simpson’s project licence (PPL 60/4052). Individual 

experimental protocols were submitted the University of Edinburgh’s Named 

Veterinary Surgeon (NVS) for the Marshall Building large animal facility for review 

to ensure all experiments were in keeping with the licences and to ensure animal 

welfare. 

8.7.2 Anaesthetic and analgesia 
Sheep were induced with propofol (5-6mg/kg) and maintained on 2-3% isoflurane 

(Abbot Laboratories Ltd.). Velergesic (Buprenorphine, Reckett Benckiser Healthcare 

Ltd.) was used for post-operative analgesia (14µg/kg) for 3-4 days. Streptacare 

(Procaine Penicillin, 20% Dihydrostreptomycin, Animalcare Ltd) was given as 

prophylactic antibiotics (1ml/25kg) for 5-7 days. 

8.7.3 Operative technique 
The sheep were placed in the supine position, for unilateral surgery the contra-lateral 

limb was secured away from the surgical field. The wool was sheared and the skin 

prepared with a Betadine / alcohol solution. The hoof was placed in a sterile bag and 

the limb draped. 

The stifle joints were opened using a midline incision followed by a medial 

parapatellar arthrotomy. The infra-patellar fat pad was excised with a scalpel and 

placed in DMEM / 10% FBS / 1% PS for transport to the laboratory. Thorough 

haemostasis was carried out using bipolar diathermy. The medial femoral condyle 

(MFC) was exposed by flexion of the stifle joint and a circular lesion made in the 

cartilage using a punch biopsy. The cartilage was then excised using a 4mm ring 

curette. In later experiments these defects were deepened using an air-powered burr. 

The defect bed was carefully examined to determine if there was bleeding indicating 

a breach in the sub-chondral plate. 
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The arthrotomy was closed with a continuous 1 Vicryl suture and the subcutaneous 

fat with a running 2/0 Vicryl suture. The skin was closed with deep dermal and sub-

cuticular 2/0 Vicryl sutures. The wound was cleaned with Betadine spray and left 

without a dressing. 

8.7.4 Cell-based repair preparation 
8.7.4.1  Matrix-applied autologous chondrocyte implantation 
The cell-loaded collagen membranes were prepared using two separate methods to 

duplicate techniques currently used in clinical practice. In both techniques cells were 

grown ex vivo trypsinised, pelleted and re-suspended in 1ml DMEM for counting. 

The first method mimicked Genzyme’s method of delivering the cells for surgery 

pre-seeded on the membrane. This was done by pipetting the cells onto the 

ChondroGide membrane at a density of 1x106 cells per cm2. The membranes were 

left to incubate in a 12-well plate for 4hrs prior to adding additional culture media. 

The cell membranes were left for 48-72hrs prior to re-insertion. During surgery the 

cartilage defect was debrided back to a stable rim and a template made to fill the 

defect. The membrane was then cut to shape and glued into place using Tisseel fibrin 

glue (Baxter).  

The second method was based on TiGenix’s ChondroCelect procedure. Cells were 

transported to surgery in 100µl phenol-free DMEM as this is used as the transport 

media for MACI membranes provided by Genzyme. The articular cartilage defect 

was debrided back to a stable rim, and the membrane cut to fit the defect. Cells were 

then pipetted onto the membrane at an approximate density of 1x106 cells per cm2. 

The membrane was then placed into the defect and the edges sealed with Tisseel 

fibrin glue. 

8.7.4.2  Hydrogel encapsulated cells 
In situ crosslinking of cells encapsulated in a hydrogel was performed using 

HyStem®-C Hydrogel Kit (Esi Bio, GS313). Under aseptic conditions the Glycosil® 

(thiol-modified hyaluronan) and Gelin-S (thiol-modified gelatin) vials were 

reconstituted using 1ml of the provided deionised-degassed water. The vials were left 
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horizontally on a roller at room temperature until the powder had fully dissolved 

(approx. 40min). Cells were re-suspended at 1x106 in 100µl of a 1:1 mixture of the 

Glycosil and Gelin-S. The Extralink vial was re-constituted by adding 500µl 

deionised-degassed  water and inverting several times. These were taken to theatre 

and kept on ice until required. Once surgery was underway they were brought back 

to room temperature. Once the defect was debrided the cell suspension was mixed 

with 25µl Extralink by pipetting. The mixture was allowed to cross-link for at least 

10min. Once the viscosity was high enough to allow the hydrogel to remain in the 

defect it was pipetted in slowly and left for at least 30min to cross-link in situ. 

8.8 Statistical analyses 
Specific statistical tests are detailed in the experimental chapters. All statistical 

analyses were performed using Statistical Package for the Social Sciences (SPSS) 

(IBM, version 21). A p-value <0.05 assumed significance. 
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ABSTRACT: Cell viability is crucial for effective cell-based cartilage repair. The aim of this study was to determine the effect of
handling the membrane during matrix-induced autologous chondrocyte implantation surgery on the viability of implanted
chondrocytes. Images were acquired under five conditions: (i) Pre-operative; (ii) Handled during surgery; (iii) Cut edge; (iv) Thumb
pressure applied; (v) Heavily grasped with forceps. Live and dead cell stains were used. Images were obtained for cell counting and
morphology. Mean cell density was 6.60!105 cells/cm2 (5.74–7.11!105) in specimens that did not have significant trauma decreasing
significantly in specimens that had been grasped with forceps (p<0.001) or cut (p¼ 0.004). Cell viability on delivery grade membrane
was 75.1%(72.4–77.8%). This dropped to 67.4%(64.1–69.7%) after handling (p¼0.002), 56.3%(51.5–61.6%) after being thumbed
(p< 0.001) and 28.8%(24.7–31.2%) after crushing with forceps (p<0.001). When cut with scissors there was a band of cell death
approximately 275mm in width where cell viability decreased to 13.7%(10.2–18.2%, p<0.001). Higher magnification revealed cells
without the typical rounded appearance of chondrocytes. We found that confocal laser-scanning microscope (CLSM) can be used to
quantify and image the fine morphology of cells on a matrix-induced autologous chondrocyte implantation (MACI) membrane. Careful
handling of the membrane is essential to minimise chondrocyte death during surgery. ! 2014. Orthopaedic Research Society. Published
by Wiley Periodicals, Inc. J Orthop Res

Keywords: MACI; confocal microscopy; cell viability; knee; chondrocyte

Autologous chondrocyte implantation (ACI) was first
reported by Brittberg et al. (1994) for the repair of full
thickness articular cartilage defects of the knee.1 In
this technique, mature chondrocytes are released from
an autologous cartilage biopsy, expanded ex vivo in
culture and then re-inserted under a periosteal flap.
Since then, ten-year results from a prospective ran-
domized control trial have demonstrated improved
results for ACI compared to mosaicplasty.2

ACI using periosteum as a cover for the cells can
result in hypertrophy of the graft.3 First generation
ACI was also unable to address uncontained articular
cartilage defects at the margin of joints effectively.
Accordingly, alternative carriers, including type I/III
collagen membranes, were introduced to mitigate
these effects. This evolved into matrix-induced autolo-
gous chondrocyte implantation (MACI),4 where the
autologous cultured cells were seeded onto a collagen
I/III membrane in the laboratory and delivered to the
surgeon as a construct. Genzyme (Geel, Belgium) term
their collagen membrane ACI-MaixTM a similar mem-
brane is available without cells as Chondro-Gide1

(Geilstlich Pharma AG, Wolhusen, Switzerland). It
has a bilayer structure with a compact smooth surface
that is impermeable to cells which prevents the cells
diffusing into the synovial fluid. The other layer has a
loose porous nature that favours cell invasion and
attachment. This environment has been shown to
encourage chondrocyte phenotype and production of
collagen II and glycosaminoglycans.5,6 The membrane

is cut to shape at the time of surgery and can be
secured in place with Tisseel fibrin glue (Baxter, IL,
US). Bartlett et al. (2005) found no difference in their
prospective randomised study between ACI and MACI
at one year.7 The SUMMIT trial has demonstrated
superior clinical results of MACI compared to micro-
fracture at two years.8 MACI is technically simpler
and able to address uncontained defects at the margin
of the knee, hence has gained popularity.

The reasons why cartilage repairs may fail to
integrate with host cartilage, and therefore fail clini-
cally, have been the subject of a recent review.9 One
key factor is that mechanical trauma causes chondro-
cyte death as there is a band of cell death when native
cartilage is cut.10 Gigante et al. (2007) used a colori-
metric assay of MTT (dimethylthiazol-diphenyltetrazol
bromide) and estimated the density of live cells seeded
onto a collagen membrane to be 5–110!103 cells/cm2

despite an initial seeding density of 1! 106 cells/cm2.11

However, there was considerable variability in the
density of cells on the membrane, the live cells were
not individually identified and therefore the proportion
of dead cells could not be evaluated.

Confocal laser scanning microscopy (CLSM) has
been used to evaluate the viability of chondrocytes in
articular cartilage using fluorescent indicators which
label living or dead cells.12–15 CLSM has also been
used in vivo to evaluate the effect of MACI16 but has
not, to our knowledge, been used to visualise the cells
on the membrane ex vivo. The effects of trauma12 and
resulting zones of chondrocyte death and mechanisms
of chondroprotection13 have been assessed in cartilage.
We are not aware of any published data using CLSM
to evaluate the density and viability of the chondro-
cytes seeded onto on a MACI membrane. Nor are we
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aware of any published data on the effects of the
mechanical trauma that would be expected during
surgery.

The primary aim of this study was to quantify the
number of live and dead cells on the collagen mem-
branes used for MACI, and to determine the effects of
the MACI implantation, on chondrocyte viability and
density. We hypothesised that confocal microscopy
would permit the quantification of chondrocyte densi-
ty, viability and morphology of individual cells on
MACI membranes, and that the actions required to
implant a MACI membrane would cause chondrocyte
death.

MATERIALS AND METHODS
The cell-seeded membranes used for this study were obtained
from five patients undergoing a MACI repair to the knee or
ankle. All patients were under the age of 40 years old.
Patients were consented prior to surgery for study of materi-
al that would normally be discarded. All samples were
incinerated following analysis. Consultation with the local
ethics committee confirmed that ethical approval was not
required to study non-identifiable material in accordance
with donor consent.

Cartilage was harvested arthroscopically from the mini-
mally weight-bearing area of the ipsilateral knee. The
biopsies were sent to Genzyme where the extracellular
matrix was digested, the released cells were expanded in
culture and then seeded onto a collagen I/III membrane
using proprietary technology. The cells were expanded until
there were approximately 1–2! 107 cells available to seed
onto a 4! 5 cm collagen membrane (density approx. 0.5–
1! 106/cm2). A 1! 5 cm section was removed by Genzyme
(for quality control checks) and the remaining 3! 5 cm piece
was transferred to the surgeon for implantation. The quality
checks include quantitative real-time polymerase chain
reaction for identity (chondrogenic marker HAPLN1, syno-
vial/fibroblastic marker MFAP5) and potency (aggrecan).17

All of the matrices were delivered in the normal manner
within 48h of the cell seeding process being completed.
There was a period of approximately six weeks from biopsy
to implantation.

MACI membranes were subjected to several experimental
protocols to represent various surgical stages throughout the
MACI procedure. These groups along with the conditions
that were applied, and what stage this represented during

the MACI insertion are detailed in Table 1 and demonstrated
in Figure 1. The first group represents the membrane as it is
delivered to the surgeon. The second and third groups were
obtained during surgery and the last two modeled the
possible adverse effects of surgery ex vivo. For the final
group5 a piece of handled membrane was covered with a
piece of paper with a hole in it and was deliberately crushed
once using a pair of forceps to represent the effects of ‘heavy
handling’. The hole allowed accurate identification of the
area injured when it came to imaging.

Images were taken from the middle of the membranes
apart from specimens examining cut edges. Five images were
obtained for each of the groups being analysed. Where
possible, each image within a group was from a different
patient. Due to the varying amount of membrane available
this was not possible for all images. Membranes were
prepared by one of the authors (LCB) and three other
surgeons (see acknowledgements).

Samples were collected during or immediately after
surgery and kept in their transport media until stained. All
samples were incubated within 2 h of collection with live and
dead cell fluorescent stains using 5-chloromethylfluorescein
diacetate (CMFDA) and propidium iodide (PI) respectively
(Invitrogen, Paisley, UK). CMFDA stains the cytoplasm of
live cells and the PI stains the nuclei of dead cells. The
staining media was prepared by dissolving 100mg CMFDA in
dimethyl sulphoxide; this was then added to Dulbecco’s
Modified Eagle Medium (Gibco1, Edinburgh, The United
Kingdom) with 20mg PI. The final concentration of CMFDA
and PI were 43mM and 6mM respectively. The membranes

Table 1. The Groups That Were Used in the Study Clarified by the Modeling They Underwent and What This
Represents in the MACI Insertion

Group Experimental Conditioning of the Membrane Surgical Stage Modeled

1 Prior to handing during surgery Delivery grade membrane
2 After handling to allow cutting out of membrane

for repair
Minimal amount of handling required during
surgery

3 Edge of the residual membrane adjacent to where
a piece has been cut out

The edge of the edge of the inserted membrane

4 Duplicate piece of membrane cut out and thumb
pressure applied ex vivo

Membrane on insertion and after being thumbed
into place

5 Residual, handled membrane, crushed with
forceps

Inadvertent ‘heavy’ handling

Figure 1. Diagram demonstrating the samples taken and the
experimental conditions applied.
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were incubated in the dark at 37˚C and 5% CO2 for 45min.
The membranes were then carefully washed three times
with phosphate buffered saline (PBS) and fixed in 10%
formalin in the dark at RT for 30min. After further washing
with PBS, the membranes were stored in PBS in the dark at
4˚C until analysis. All samples were imaged within 24h of
staining.

Imaging was performed using a Zeiss Axioskop LSM 510
(Carl Zeiss Ltd, Welwyn Garden City, UK) confocal laser-
scanning microscope (CLSM). The x10 objective was used to
determine the overall appearance and for cell counting to
determine the density and viability of the chondrocytes. The
x63 objective was used to determine the fine morphology of
the chondrocytes. A multi-track protocol involving argon and
helium–neon laser excitation, bandpass filters (500nm to
550nm) and long-pass filters (> 560nm) allowed separation
and measurement of the fluorescence emitted from CMFDA
(lex¼ 488nm, lem¼ 517nm) and PI (lex¼ 543nm, lem
¼ 650nm). Axial images were collected throughout the entire
fluorescently visible z-axis at intervals of 5.7mm for the !10
objective and 0.75mm for the x!63 objective.

Image analysis and three-dimensional reconstruction of
the cells were performed with Velocity 6.1 software (Perkin

Elmer Ltd., Massachusetts, USA). The same region of interest
(900! 900mm) was used for cell counting in all samples except
for the group visualizing the cut edge (Fig. 2). The images
with a cut edge were split into three sections: (i) No cells; (ii)
Majority dead cells; (iii) Majority live cells. The method used
to create these sections is demonstrated in Figure 2A, where
lines were drawn between section one and two (line 1) and
between sections two and three (line 2). The width between
these two lines was used to represent the band of cell death.
A third line was drawn the same distance into section three
for comparison of the adjacent membrane (line 3).

Quantification of live and dead cells were calculated using
a cell counting protocol based on cell size and voxel intensity
thresholding.12,13,15,18,19 The protocol was set by a single
investigator (PH) and kept constant between images; the cell
count was then completely automated. These data were used
to calculate the cell density (total number of cells/area) and
percentage of cell death (number of live cells/total number of
cells !100). These data are presented as the mean and the
range.

Data were analysed using multivariate analysis of varia-
tion (MANOVA). Levene’s test for equality was used to
determine homogeneity of variance. Significant values were
subsequently followed up using one-way univariate analysis
of variation (ANOVA). Tukey’s post hoc test was used to

Figure 2. Image of a cut edge of a MACI membrane visualised
using the x10 objective. This represents the circumferential
border of the construct to be inserted into the cartilage defect.
The cut edge is at the bottom of the image in (A) and on the left
in (B). (A) !10 magnification demonstrating the lines used to
measure the cut and adjacent regions of interest (B) 3D
reconstruction of the same piece demonstrating deformation of
the edge of the membrane. Scale bar¼150mm.

Figure 3. Appearance of cells upon delivery imaged at !10
magnification. (A) Extended focus view demonstrating distribu-
tion in the x–y plane (B) 3D reconstruction to illustrate the cell
distribution in the z axis. Note that the membrane is not
fluorescently labeled and therefore cannot be seen beneath the
cells. Scale bar¼ 150mm.
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determine significance between groups. All data analysis was
performed using SPSS (IBM, version 21). A p-value <0.05
assumed significance.

RESULTS
Chondrocytes were visualised on the membrane using
x10 and !63 objectives (Figs. 2–6). The collagen
membrane does not stain with the fluorescent probes
used in this study so only the cells were visible. Using
these images we quantified the number of live and
dead cells and observed their morphology.

The delivery grade membrane (Fig. 3A) showed a
heterogeneous distribution of live and dead chondro-
cytes. There were relatively few nuclei from dead cells

and they were not localised to a particular area. The
3D reconstruction that visualised the cells from the
side (x-z axis) demonstrated a flat profile (Fig. 3B).
Figures 4A and B demonstrate a sample that had been
handled during surgery and imaged at x10 and x63
magnification respectively. The image taken at x10
magnification demonstrates increased cell death com-
pared to the delivery grade seen in Figure 3. The
higher magnification allowed visualisation of the cell
morphology. The stained cytoplasm demonstrated cells
that did not exhibit the spherical shape that would
normally be expected from mature chondrocytes with-
in native cartilage.20 To ensure the membrane fits
precisely during a MACI, the membrane is cut to
shape during surgery. The images in Figure 2 were
from the residual cut edge where the membrane was
removed for the repair. There was a zone of cell death
around the perimeter that was measured three times
in each of the images with a cut edge; the mean width
of the cut area was 275mm (197–364mm). The 3D
reconstruction in Figure 2B is from a specimen with a
cut edge. This demonstrates that the cells are not flat
as they are when they are delivered (Fig. 3B). As the
membrane structure is consistent this difference is
probably due to cutting rather than variation in
membrane structure.

Tisseel fibrin glue is used to attach the MACI
membrane into the articular cartilage defect and the
membrane is then secured into place using firm
pressure, usually from the thumb. This pressure was
duplicated and can be seen in Figure 5. Some areas
demonstrated minimal difference to a piece that had
not been thumbed whilst others demonstrated in-
creased cell death.

Figure 4. MACI membrane that had been handled during
surgery and a sample collected prior to the repair piece being
taken. (A) Magnification at !10 demonstrating increased dead
chondrocytes compared to Figure 2 (B) Magnification at x63
showing cells without the typical rounded appearance of chon-
drocytes. Scale bars¼150mm and 20mm respectively.

Figure 5. Images from the middle of a membrane after being
handled, cut into shape and then pressed with a thumb to
duplicate the effect of being secured into the cartilage defect.
Scale bar¼150mm.
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A piece of the handled membrane was deliberately
crushed between the tips of fine forceps. This area was
labelled to allow accurate identification at the time of
imaging. This piece is shown in Figure 6 and demon-
strates increased cell death compared to the piece that
was handled. Areas adjacent to this were visualised as
controls and no difference was found compared to
handled membrane.

All assumptions were met for the use of MANOVA for
statistical analysis. Using Pillai’s trace, there was a
significant effect of mechanical trauma on the cell density
and viability, V¼ 1.93, F(10, 48)¼131.9, p< 0.001. Lev-
ene’s test demonstrated homogeneity of variance for both
dependent variables (cell density p¼ 0.316, cell viability
p¼ 0.519). Subsequent univariate ANOVAs revealed
significant effects on both cell density, F(5, 24)¼132.8,
p< 0.001, and cell viability, F(5, 24)¼379.4, p<0.001.
Tukey’s post hoc analysis was used to determine signifi-
cant differences between the groups.

Cell viabilities for each group are displayed in
Table 2. Comparisons between delivery grade and
handled membranes are shown as well as between the
handled membrane and all the other groups. The data
show that there was a significant decrease from 75.1%

to 67.4% in the cell viability after the membrane has
been handled (p¼ 0.002). As the membrane has to be
handled during surgery, this was the specimen used
as baseline for comparison to the other test conditions.
There was a significant decrease from 67.4% to 56.3%
after thumb pressure had been applied to the mem-
brane (p< 0.001). The cell viability in the area where
the handled membrane was cut decreased to 13.7%
(p< 0.001), the area adjacent to this also significantly
decreased to 61.3% (p¼0.023). Where the membranes
had been crushed the viability dropped to 28.8%
(p< 0.001). The cell viabilities are displayed in Fig-
ure 7.

Cell densities for each group are displayed in
Table 3. Comparisons between delivery grade and
handled membranes are shown as well as between the
handled membrane and all the other groups. The cell
density (live and dead) was 6.60!105 cells/cm2 (range
5.74–7.11!105) for those membranes that had not
received significant trauma (delivery, handled,
thumbed, adjacent zone). There was no significant
difference in cell density after the membranes had
been handled (p¼ 0.324). There were significant
decreases in cell density compared to the handled
membranes when the membranes were subjected to
cutting (p¼0.004) or crushing (p<0.001) but not
when thumbed into place (p¼0.5). Cell densities are
displayed in Figure 8.

DISCUSSION
The percentage of viable cells was 75.1% when the
membrane was delivered to the surgeon; this is higher
than the minimum 70% that is guaranteed by Gen-
zyme. There was a greater proportion of dead cells as
the membranes were subjected to the conditions they
would undergo during surgery with the final viability
averaging 56.3%. This would equate to an average of
3.61! 105/cm2 live cells being implanted. The rele-
vance of this figure remains uncertain as the optimal
density of cells for cartilage repair has not yet been
determined.

When the effect of ‘heavy handling’ was modelled
there was a significant decrease in both the cell
viability and density (Fig. 6). Our method to represent
heavy handling was crude, but it effectively demon-
strates what can happen if accidents or inadvertent
grasping occur. It is likely that there will be a
spectrum of cell death (such as the handled piece in

Figure 6. Membrane grasped with toothed forceps to simulate
the effect of heavy or inadvertent handling (x10). There is a
decreased cell density with a higher proportion of dead cells (see
pooled data in Table 2). Scale bar¼ 150mm.

Table 2. The Percentage of all Cells That Were Live are Presented as Mean (range)

Group 1 Percentage Live Cells (%, range) Group 2 Percentage Live Cells (%, range) p-value

Delivery 75.1 (72.4–77.8) Handled 67.4 (64.1–69.7) 0.002
Handled 67.4 (64.1–69.7) Thumbed 56.3 (51.5–61.6) <0.001

Adjacent 61.3 (58.7–63.6) 0.023
Cut 13.7 (10.2–18.2) <0.001

Crushed 28.8 (24.7–31.2) <0.001

Differences between the conditions in groups 1 and 2 were analysed using Tukey’s Post Hoc analysis.
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Fig. 5) between the delivery grade membrane (Fig. 3A)
and the crushed specimen (Fig. 6) during surgery.

The band of cell death associated with cutting was
an average of 275mm wide. As the membrane has to
be cut to shape for insertion there will be a band of
cell death around the edge of the implanted con-
struct. It has previously been shown that there is an
area of cell death when articular cartilage is cut
with a scalpel.10 As the defect that is to be repaired
has to be debrided back to a stable rim to insert the
MACI, it is likely that there will be a circumferential
zone of cell death in the native cartilage. There will
therefore be a band of cell death where lateral
integration is supposed to occur and this may be a
confounding factor for long-term integration. The
clinical significance of the zone of cell death is
unknown.

This study demonstrated that the cells are not in a
monolayer on the MACI membrane and that the dead
cells were found closer to the membrane. One possible
explanation could be that the deeper cells are less able
to obtain nutrition from the culture and transport
media during the process of cell seeding and delivery.
As these cells will be the furthest away from the defect
when the membrane is fixed in situ the importance of
this remains uncertain.

Our data demonstrate that the number of cells
seeded onto the membrane were in the range expected
by Genzyme (our study 0.66! 106, Genzyme 0.5–
1.0!106). This is greater than the density of 5–
110! 103/cm2 that was reported by Gigante et al.
(2007) who used a colorimetric assay to quantify cell
viability.11 The density of cells decreased significantly
when the membrane was subjected to trauma such as
heavy grasping and cutting (Table 3). This suggests
that whilst the cells are sensitive to mechanical
trauma it takes a considerable force to displace them
from the membrane.

The high magnification images demonstrated that
the chondrocytes on the matrix appear more flattened
and spindle-like than typical rounded chondrocytes
found in mature articular cartilage (Fig. 4B).21 Possi-
ble reasons for the cells not appearing as typical
chondrocytes include time in culture, culture condi-
tions and a lack of normal mechanical loading. Zheng
et al.22 used scanning and transmission electron
microscopy to image the cells seeded on MACI mem-
branes. They observed rounded cells more typical of
chondrocytes. The reasons for this difference are
unclear; a possible explanation could be the different
preparation methods between the two techniques.
Higher magnification of samples means that smaller

Figure 7. Comparison of cell viability by group. Five images
were analysed for each group and presented as mean with
standard error bars. MANOVA with Tukey’s post hoc analysis $¼
p<0.05, $$¼ p<0.01, $$$ ¼ p<0.001.

Table 3. Density of Cells Per cm2 Presented as Mean (range)

Group 1 Density (x105/cm2, range) Group 2 Density (cells x105/cm2, range) p-value

Delivery 6.34 (6.02–6.21) Handled 6.85 (6.70–7.11) 0.324
Handled 6.85 (6.70–7.11) Thumbed 6.42 (5.74–6.39) 0.500

Adjacent 6.81 (6.42–7.26) 1.000
Cut 5.83 (4.91–6.48) 0.004
Crushed 1.66 (1.32–2.03) <0.001

Differences between the conditions in groups 1 and 2 were analysed using Tukey’s Post Hoc analysis.

Figure 8. Density of the total number of cells on the membrane
(live and dead). Five images were analysed for each group and
presented as mean with standard error bars. MANOVA with
Tukey’s post hoc analysis $$ ¼p<0.01, $$$ ¼p<0.001.
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areas are imaged, which might not account for vari-
ability in cell phenotype across the entire membrane.
Despite the cells not having a typical chondrocyte
appearance, Genzymes’ quality checks17 and Zheng
et al.22 data suggest that the cells express a chondro-
cytic phenotype.

Obtaining images of sufficient definition and clarity
to allow cell counting and assessment of morphology
meant that relatively small areas were assessed. The
limitation of this is that the images obtained may not
fully represent the entire membrane. The setting up of
the automated counting protocol requires a degree of
subjectivity that can produce inter-experiment varia-
tion unless the settings are constant. These settings
were maintained throughout our analysis and so this
is not considered a factor in our results. Whilst
handling and crushing are subject to variation this is
also true in the clinical setting. Our results demon-
strated a spectrum of damage that we feel reflects the
possible damage that can occur during surgery.

Another potential limitation of this study is the
relatively short time the cells were incubated prior to
analysis. Previous studies have demonstrated that
insults can result in time-dependent loss of cell viabili-
ty.12 It is possible that cell viability would decrease
further after insertion.

This study demonstrates that confocal microscopy
can be used to image chondrocytes on a MACI
membrane. It has shown that whilst a degree of cell
death is inevitable with the insertion of a MACI
membrane there was still a large population of viable
cells delivered into the cartilage defect. Our data
highlight that surgeons should avoid repetitive han-
dling and accidental grasping of the cell seeded
membrane being inserted with instruments to maxi-
mize the number of live cells to repair the defect.
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