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RÉSUMÉ 

La réparation du cartilage a été depuis de nombreuses années une priorité de la recherche 

orthopédique, car les lésions du cartilage conduisent régulièrement au développement de 

maladies arthritiques des articulations, qui touchent environ 19,3% de la population canadienne. 

Avec l’augmentation constante du nombre de Canadiens diagnostiqués avec un type d’arthrites, il 

y a un besoin important pour un traitement efficace qui permette de contrôler les douleurs 

articulaires et de retarder de ce fait le remplacement total de l’articulation, qui est une procédure 

chirurgicale coûteuse. La stimulation de la moelle osseuse est une des techniques chirurgicales 

communément utilisées pour induire la régénération du cartilage, cependant celle-ci ne conduit 

pas toujours à la création d’un cartilage hyalin, mais plutôt à la création d’un fibrocartilage qui 

n’a pas les propriétés mécaniques nécessaires pour subvenir à la fonction motrice du genou sur le 

long terme. Des implants à base de chitosane utilisés en combinaison avec une stimulation de la 

moelle osseuse peuvent améliorer significativement la qualité de la réparation en recrutant et en 

activant des cellules immunitaires au site de réparation dans le tissu cartilagineux. Par ailleurs, 

des études cliniques ont montré que les dispositifs médicaux à base de chitosane, tel que le BST-

CarGel®, étaient en mesure d’induire une réparation plus hyaline que la technique chirurgicale 

de stimulation de la moelle osseuse seule, cependant le résultat reste variable et les raisons de 

cette variabilité ne sont toujours pas comprises. La destruction du cartilage articulaire a été la 

marque principale des maladies arthritiques depuis des décennies, cependant des études récentes 

ont montré que l’arthrose et l’arthrite rhumatoïde touchent aussi les autres tissus conjonctifs de 

l’articulation, conduisant ainsi à définir ces maladies comme des maladies de l’articulation 

entière. L’ inflammation de la membrane synoviale a été notamment identifiée comme un facteur 

important dans les pathologies des maladies arthritiques, mais son rôle dans le processus de 

réparation du cartilage n´a pas encore été identifié. 

Dans des études récentes, des oligomères de chitosane ont été identifiés comme ayant un 

effet anti-inflammatoire sur les macrophages. Ces cellules immunitaires sont présentes sur le site 

de la réparation, mais elles résident aussi dans la membrane synoviale avec les cellules synoviales 

de type fibroblastique qui fournissent des cytokines et de l’acide hyaluronique au liquide 

synovial. Le liquide synovial fournit des éléments nutritifs aux tissus non vascularisés de 

l´articulation et démontre des propriétés chondro-protectrices qui favorisent un mouvement sans 
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friction de l’articulation grâce à sa viscosité. L’objet principal de ce travail doctoral a été de 

rechercher les facteurs qui régulent la production d’acide hyaluronique (HA) par les cellules 

synoviales et de développer une solution injectable innovante à base d’oligomères de chitosane 

capable de maintenir le niveau d’HA dans le liquide synovial tout en créant un macro 

environnement intra articulaire favorable à la régénération hyaline du cartilage. Ainsi, cette thèse 

doctorale présente trois études principales : 

Chapitre 1 – Pour mieux comprendre les mécanismes de production de HA, des cultures in vitro 

de cellules synoviales de type fibroblaste (FLS) humaines ont été stimulées par des cytokines et 

des facteurs de croissance couramment trouvés dans les articulations inflammées. Nous avons 

testé l’hypothèse selon laquelle les cytokines, qui sont connues pour augmenter la production de 

HA dans les FLS, pourraient aussi réguler l´activité de l’enzyme UDP-glucose déshydrogénase 

(UDPGD), une enzyme clé dans la synthèse du HA. Dans cette étude, nous avons développé une 

nouvelle méthode de coloration enzymatique in situ pour détecter l´activité d´UDPGD dans les 

cultures primaires de FLS, qui a été adaptée de protocoles de coloration pour les tissus 

synoviaux. Les résultats montrent que la production de HA était déclenchée dans les FLS par des 

cytokines inflammatoires, morphogénétiques et anaboliques et était qualitativement non corrélée 

avec l’ activité d´UDPGD. L´activité d´UDPGD était plutôt régulée par un contact cellulaire qui 

pourrait expliquer comment le manque de contact cellulaire des synoviocytes pendant 

l´inflammation du genou conduit à un manque d´activité d´UDPGD sans affecter les taux de HA. 

Chapitre 2 (article soumis) – L’histologie de tissus méniscaux non fixés a été utilisée pour 

étudier la microarchitecture de la matrice extracellulaire méniscale et pour caractériser les 

changements structuraux survenant dans le ménisque à la suite d’interventions chirurgicales sur 

le genou. Dans le ménisque, des fibres en forme de bobines, que nous surnommons « inter-tie 

coils », ont été identifiées comme étant des sous-structures des fibres circonférentielles de 

collagène, et disparaissent lors de la fixation à base de formol du tissue méniscal. Nous avons 

testé l’hypothèse selon laquelle les « inter-tie coils » sont modifiées à la suite d’une intervention 

chirurgicale sur le genou et dans les ménisques fibrillés. Les résultats ont montré que l´épaisseur 

de ces fibres était de temps en temps modifiée suivant des dommages aux ménisques et ou des 

chirurgies du genou impliquant des techniques de stimulation de moelle osseuse, ce qui est 

compatible avec la notion que l’articulation se comporte comme un organe complet. 
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Chapitre 3 – Finalement, un modèle in vivo de lésion chronique du cartilage développé chez le 

lapin a été utilisé pour étudier la réponse de la membrane synoviale à la technique de stimulation 

de la moelle osseuse dans la trochlée du fémur pour évaluer l’ innocuité et l’efficacité de 

matériaux à base de chitosane injectés de manière intra articulaire comme une nouvelle thérapie 

anti-inflammatoire post chirurgicale visant à favoriser la réparation du cartilage. Dans cette étude 

pilote, les hypothèses testées étaient que des injections hebdomadaires de différentes 

formulations de chitosane administrées post opération allaient préserver le niveau de HA dans le 

liquide synovial et réduire le niveau d´inflammation de la membrane synoviale tout en facilitant 

la réparation du cartilage. Cette étude est la première à notre connaissance à étudier les effets de 

la stimulation de la moelle osseuse et d’ injections intra articulaires de chitosanes sur le cartilage, 

le liquide synovial et la membrane synoviale. Après un délai de trois semaines post stimulation 

de la moelle osseuse, les défauts microperforés étaient encore en cours de réparation du tissu. 

Trois lapins ont été utilisés pour caractériser le modèle choisi, soit un genou pour connaitre l’état 

de la lésion chronique à 1 semaine après la stimulation de la moelle osseuse par micro-perforation 

(équivalent à 35 jours), et le genou contre-latéral laissé intact comme comparatif. Les résultats 

ont montré que les défauts chroniques à 28 jours ont peu ou pas d’effet sur l’effusion du genou et 

sur le niveau normal de HA dans le liquide synovial, alors qu’à 35 jours, les niveaux de HA ont 

augmenté significativement par rapport à ceux des genoux intacts. Les injections intra articulaires 

de certaines formulations de chitosane ont maintenues des niveaux élevés de HA jusqu’à trois 

semaines après stimulation et ont démontré une capacité à recruter des cellules inflammatoires 

dans le liquide synovial au-delà du niveau observé dans le genou intact. La membrane synoviale 

a été très réactive à la stimulation de la moelle osseuse à une semaine et à trois semaines post 

opération. La membrane a subi un changement étonnant d’un tissu adipeux vers un tissu fibreux 

aréolaire, avec une hyperplasie significative, une infiltration importante de macrophages RAM-

11+ et AM-3K+ et une augmentation de la vascularisation indépendamment des conditions 

d’injection intra articulaire. Cette étude a contribué à approfondir notre connaissance du 

microenvironnement synovial après une intervention chirurgicale et a permis de mettre en 

lumière la réponse complexe de la membrane synoviale après la stimulation de la moelle osseuse. 

En résumé, cette thèse doctorale montre que le liquide synovial, la membrane synoviale et 

le ménisque sont changés par l’inflammation de l’articulation et pendant le processus de 

réparation. Comme il a été montré dans les pathologies et les blessures de l’articulation du genou, 
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les résultats de cette thèse montrent qu’il est important de considérer le genou comme un organe 

complet afin de comprendre les mécanismes de réparation. Par ailleurs, les travaux de cette thèse 

suggèrent que des formulations spécifiques à base de chitosane, connues pour induire la 

production de cytokines anti-inflammatoires chez les macrophages, peuvent potentiellement 

servir dans la conception d’une thérapie post opératoire sous forme d’injection intra articulaire. 
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ABSTRACT 

Cartilage repair therapies have been a focus of orthopaedic research for the past decades, since 

cartilage lesions lead to arthritic joint diseases, which burden approximately 19.3% of the 

Canadian population. As the number of Canadians diagnosed with arthritic disease is expected to 

rise, there is an urgent need for effective alternative treatment to manage joint pain and to delay 

the costly undergoing of total joint replacement. Bone marrow stimulation is one of most 

common surgical procedure performed to induce cartilage regeneration, however repair often 

leads to fibrocartilage instead of hyaline cartilage, which cannot support the mechanical function 

of the knee long-term. When combined with bone marrow stimulation, chitosan-based implants 

can be used to improve the quality of tissue repair by recruiting and activating immune cells in 

the repairing cartilage tissue. Clinical studies have shown that chitosan-based medical devices, 

such as BST-CarGel®, provide a more “hyaline-like” repair in comparison to the surgical 

technique alone, however outcomes remain variable and the root causes of failed repair are not 

yet understood. The destruction of articular cartilage has been the hallmark of arthritic diseases 

for decades, however recent studies have shown that osteoarthritis and rheumatoid arthritis 

pathologies also affect the other connective tissues of the joint, making it a whole joint disease. 

The synovial membrane inflammation has notably been identified as an important factor in the 

pathology of arthritic diseases, but its role in the articular cartilage repair process has not yet been 

defined.  

In recent studies, chitosan oligomers were reported to have anti-inflammatory effects on 

macrophages. These immune cells are recruited to the repair site but they are also present in the 

synovial membrane along with fibroblast-like synoviocytes that both supplement the synovial 

fluid with cytokines and hyaluronic acid (HA). The synovial fluid is responsible for providing 

nutrients to the avascular connectives tissues of the joint and has chondro-protective properties 

supporting the frictionless motion of the joint thanks to its viscous properties. Thus, the main 

purpose of this doctoral project was to investigate factors that regulate synovial membrane HA 

production and to develop a novel injectable chitosan-based oligomer therapy able to maintain 

HA levels of the synovial fluid, while creating an intra-articular macro-environment in the whole 

joint favorable to hyaline cartilage regeneration. This doctoral thesis presents three main studies.  
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Chapter 1 – To further our understanding on HA production, in vitro cultures of primary human 

synoviocyte-like fibroblasts (FLS) were stimulated by cytokines and growth factors commonly 

found in the joint cavity during inflammation. We tested the hypothesis that cytokines known to 

increase FLS HA release would also upregulate the enzymatic activity in FLS of UDP-glucose 

dehydrogenase (UDPGD), a key enzyme in HA synthesis. In this study, we developed a novel in 

situ enzyme staining method to detect UDPGD activity in primary FLS monolayer and aggregate 

cultures, adapted from a staining protocol in synovial tissue. Results showed that HA production 

was induced in FLS by inflammatory, morphogenetic and anabolic cytokines and was 

qualitatively unrelated to UDPGD activity. UDPGD activity was up-regulated by cell-cell 

contact, which could explain how loss of synoviocyte cell-cell contact during knee inflammation 

leads to depressed UDPGD activity in knees with higher synovial fluid HA levels.  

Chapter 2 (Submitted article) – Histology of unfixed meniscal tissue was used to study 

microarchitecture of the meniscal extra-cellular matrix and to characterize structural changes 

occurring within the meniscus following surgical interventions. In the meniscus, inter-tie coils 

were identified as substructures of circumferential collagen fibers, that are lost with formalin 

fixation. We tested the hypothesis that inter-tie coils thickness is altered following surgical 

interventions on the knee and in fibrillated menisci. Results showed that inter-tie coil thickness 

was sporadically altered following meniscal damage or knee surgery involving bone marrow 

stimulation, which is consistent with the notion that the knee joint responds to inflammation as 

one whole organ. 

Chapter 3 – Finally, a chronic cartilage lesion in vivo rabbit model was used to investigate the 

synovial membrane’s response to bone marrow stimulation in the femoral trochlea and to 

evaluate the safety and efficacy of intra-articular (IA) injected chitosan materials as a potential 

novel anti-inflammatory post-surgical articular cartilage repair therapy. In this pilot study, the 

hypotheses tested were that weekly injections of chitosan formulations administered post-

operatively would preserve synovial fluid HA levels and high molecular weight, and reduce 

synovial membrane inflammation score, all the while improving cartilage repair. This study is the 

first to our knowledge to collectively study the effect of bone marrow stimulation and IA-injected 

chitosan formulations on the cartilage, the synovial fluid and the synovial membrane. At 3 weeks 

post-bone marrow stimulation, microdrilled cartilage defects were at the stage of ongoing repair. 

Three rabbits were used to characterize the model, namely one knee with a chronic defect at 1 
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week of being treated with bone marrow stimulation by microdrilling, compared to the 

contralateral intact knee. Results showed that the 28-days chronic defect has little effect on knee 

effusion or HA levels in the synovial fluid, while at 1-week following bone marrow stimulation 

HA levels were significantly increased compared to the intact knees. IA-injections of certain 

chitosan structures maintained high HA levels at 3-weeks post-operative and were found to 

induce significant recruitment of inflammatory cells into the synovial fluid, above the levels seen 

in intact knee joints. The synovial membrane was highly responsive to bone marrow stimulation 

at 1 week and 3 weeks post-operation. The synovial membrane underwent a striking change from 

an adipose type to a more fibrous areolar type, with significant hyperplasia, increased 

macrophage infiltration and increased vascularity irrespectively of IA-injected condition. This 

study contributed to furthering our understanding of synovial microenvironment following 

surgical interventions and to reveal the complex response of the synovial membrane to BMS.  

All together, this doctoral thesis shows that the synovial fluid, the synovial membrane and the 

meniscus are altered in the cases of joint inflammation and in the process of cartilage repair. As it 

has been shown in pathology and injury, the findings of this doctoral thesis support the notion 

that the knee should be treated as a whole organ in case of repair. And finally, this work suggests 

that specific chitosan formulations, known to induce a higher release of anti-inflammatory 

cytokines in macrophages, could potentially serve in the design of a post-surgical therapeutic IA-

injection. 
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CHAPTER 1 INTRODUCTION 

Biomaterials are used in orthopaedic research to find tissue-engineered alternatives for 

diseased or defective connective tissues of synovial joints by either replacing or repairing the 

targeted tissues. Synovial joints are the articulated parts of the skeleton at the junction of two 

long bones permitting movement in one or more directions while bearing the considerable load 

involved [1]. A synovial joint is a complex system that regroups several connective tissues, 

including articular cartilage, ligaments, a synovial membrane and intra-articular separators such 

as menisci in some joints [1]. Each of these tissues has unique biological and mechanical 

properties that enable the effortless motion of synovial joints and that contribute to homeostasis 

within the joint microenvironment [2]. For example, articular cartilage provides resistance against 

compression and shear stress [3, 4], whereas menisci reduce contact pressure and support load 

transmission within the joint [5]. Because of their essential role in locomotion, any damage to the 

synovial joints’ tissues, induced by excessive mechanical strain (e.g. sport injury, obesity) or by 

wear and aging, can cause major disabilities and result in chronic joint diseases, such as 

osteoarthritis (OA) or rheumatoid arthritis (RA) [6]. 

OA and RA are arthritic diseases mainly characterized by the progressive loss of articular 

cartilage, the remodeling and thickening of the subchondral bone, the formation of osteophytes, 

and the inflammation of the synovial membrane [6, 7]. Arthritic diseases are the most common 

chronic health condition in Canada, diagnosed in 19.3% of the Canadian adult population in 2017 

[8, 9]. Typical clinical symptoms of this family of diseases are joint stiffness and pain, limited 

range of motion in the affected joint, as well as crepitus during joint motion or swelling of the 

joint, and are typically diagnosed radiographically through the narrowing of the joint space and 

the formation of osteophytes [10]. These symptoms often lead to disabilities both in daily 

activities and in work function, consequently reducing the quality of life of the people affected by 

arthritis [10]. Arthritic diseases affect mainly the middle-aged and the elderly population [11], 

with statistics showing that 85% of Canadians diagnosed with arthritis are over 50 years old [8]. 

A collection of studies have demonstrated that Canadians affected by OA are more likely to leave 

the work force because of disabilities caused by OA [12-14], and that OA was the strongest 

contributor to walking difficulties when it affected either the hip or the knee [15]. Anticipated 

cost for the next decade of general nonparticipation in the labor force due to OA can be estimated 
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to 17.5 billion Canadian dollars per year in terms of work productivity loss, due to OA-linked 

disabilities within the Canadian work force [11, 13]. Between 2003 and 2010, the number of 

Canadians diagnosed with a form of arthritis has increased from 2.9 million to 3.6 million, which 

represents an increase of 24% in the population affected by OA, while the adult population only 

increased by 12% [16]. Economic models have shown that health care costs associated with OA 

increased by 40% during the same period and that the main driver of cost was the portion of OA 

patients undergoing total joint replacement, accounting for 34% of the cost difference between 

2003 and 2010 [16]. With 5.7 million Canadians diagnosed with a form of arthritis in 2017 and 

numbers expected to rise further [8], effective alternative treatments and therapies are required to 

preserve the joint health, to manage joint pain and to delay the undergoing of total joint 

replacement surgery for OA patients, which has a major impact on the Canadian economy.  

The hallmark of arthritic diseases is the progressive destruction of articular cartilage [6], 

thus one focus of orthopedic research is to find tissue-engineered alternatives to total joint 

replacement by aiming to repair or replace the articular cartilage in the diseased or damaged 

joints. Articular cartilage is a smooth and lubricated connective tissue covering the end of the two 

long bones of a synovial joint, and allows the low-friction motion of the joint [3, 4, 17]. Articular 

cartilage is commonly known to be void of blood vessels, of nerve endings and of lymphatics 

vessels, and to harbor a sparse population of cells (chondrocytes) within a meshwork of type II 

collagen fibers and proteoglycans [3, 4, 17]. Chondrocytes are highly specialized cells and are 

said to help synthesize, assemble, organize and maintain the complex extracellular matrix of the 

cartilage, however they have a low capacity to proliferate. The main hurdle then to cartilage 

tissue engineering is the low intrinsic capacity of articular cartilage to regenerate itself, as 

spontaneous repair rarely occurs in the articular cartilage [18].  

Among current cartilage repair techniques, bone marrow stimulation (BMS, such as 

microfracture and microdrilling) is a common surgical procedure used to treat focal cartilage 

lesions, mainly because BMS techniques are less costly and are as effective as other popular 

techniques [18]. BMS techniques were developed to trigger spontaneous repair mechanism by 

creating access channels between the cartilage and the subchondral bone and allowing the 

formation in situ of a blood clot through the rupture of subchondral vasculature [18]. With the 

initialisation of the signalling chains of coagulation and acute inflammation, the created BMS 

access channels enable the entry of inflammatory cells, mesenchymal stem cells (MSCs) and 
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progenitor cells of bone and cartilage to the site of repair [19-22]. BMS induces chondrogenesis 

and tissue regeneration of the articular cartilage, however the resulting tissue is often 

fibrocartilage or a mixture of hyaline cartilage and fibrocartilage, which does not possess 

sufficient mechanical properties to offer sustained cartilage repair in the joint [18, 23]. 

Combining these therapies with the use of biomaterials, alone or in combination with growth 

factors or cells, has allowed some improvement of the cartilage repair in the joint [22, 24, 25].  

Chitosan is common biomaterial used in tissue engineering for its biocompatible, 

biodegradable, mucoadhesive and polycationic nature [26-29]. Chitosan is a family of linear 

polysaccharides and a deacetylated derivative of chitin, that is a natural polysaccharide 

commonly found in fungi and crustacea. Properties of chitosan are known to depend on the 

chains’ molecular weight and the amount of glucosamine monomers defined as the degree of 

deacetylation, making it possible to produce “custom-made” chitosan formulations for their 

intended applications in orthopaedics [30]. With extensive work over the last decade in our 

laboratory on BMS pre-clinical models, we found that chitosan implants applied in cartilage 

microdrilled defects can elicit more hyaline repair, through mechanisms involving an increased 

number of neutrophils, of alternatively activated macrophages and of infiltrated MSCs in the 

granulation tissue, as well as the formation of larger blood vessels and delayed chondrogenesis 

[31-33].  

This research was applied in the conception of several chitosan-based medical devices for 

orthopedic applications, one of which is the BST-Cargel�£ initially developed by Bio Syntech 

Canada inc. and commercially available in Europe. BST-Cargel�£ is composed of chitosan with 

glycerol phosphate and is mixed with autologous blood to be applied as a liquid implant on BMS 

defects [25, 34-36]. Magnetic resonance imaging studies and biopsies analysis demonstrated that 

BST-Cargel�£ consistently resulted in improved overall volume and quality of repair in 

comparison to BMS techniques alone, however outcomes were still variable between patients 

with some the repair not resulting in “hyaline-like” cartilage, but some lesions being filled with 

fibrocartilage instead [37]. The main aim of tissue engineering in cartilage repair is to regenerate 

hyaline cartilage in damaged or diseased synovial joints, but the multiple treatments developed in 

the last decades still fail to fully restore cartilage to its native state [18]. Reaching only “hyaline-

like” cartilage repair in the best cases, none of the treatments have proven to be 100% effective in 
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this task so far [18]. Some risk factors have been identified such as obesity, patient’s age or 

previous knee trauma, but the root causes of repair failure are multifactorial and poorly 

understood [38]. 

“The traditional view of OA as a cartilage-only disease is obsolete. OA should 

now be considered to be the whole joint disease […].” 

J. Sellam & F. Berenbaum [39] 

It is common knowledge that OA and other arthritic diseases lead to the destruction of 

articular cartilage in the diseased joints, however a multitude of studies have now demonstrated 

that OA is a whole joint disease as it affects not only articular cartilage but also the subchondral 

bone, ligaments, tendons, menisci, and synovial membrane [6, 39, 40]. It is already well 

established that injury to the menisci or the anterior cruciate ligaments (ACL) can lead to the 

development of OA in the knee, also called post-traumatic OA, however studies have also shown 

that damage to the menisci and the ACL can occur because of established knee OA [40]. Studies 

have shown that 82% of patients with OA in the knee had meniscal damage, compared to only 

25% patients that had meniscus damage with knee pain but no visible OA [41]. As for the ACL, 

it has been reported that ACL rupture is more common among patients with symptomatic OA in 

the knee [42]. A large number of studies have reported the implication of the synovial membrane 

and its inflammation in RA, but it is also increasingly recognized that the synovial membrane is 

also involved in OA pathology [39, 43]. Altogether there has been a noticeable change in our 

understanding of OA and in our view of the joint as a whole organ, however this modern concept 

has not yet been taken into account in tissue engineering for cartilage repair.    

As outlined in recent work by Fong et al., specific chitosan-based materials have a unique 

capacity to induce innate immune cells to release a wide range of pro- and anti-inflammatory 

cytokines, and chemokines, depending on chitosan molecular characteristics and dose [44, 45]. 

Macrophages usually migrate to the site of repair in the granulation tissue, however they are also 

naturally resident and co-localized with fibroblast-like synoviocytes in the synovial membrane at 

the inner surfaces of the joint cavity. Thus, the immunomodulatory properties of chitosan 
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biomaterials could potentially have an impact on the synovial membrane as much as they do on 

the granulation tissue in repairing cartilage defects [46]. With the long-term goal to develop new 

treatments that can further improve the outcome of cartilage repair therapy, the general aim of 

this doctoral project was to make a contribution to our understanding of the synovial membrane’s 

and the meniscus’ responses to post-surgical inflammation and to translate our knowledge of 

chitosan immunomodulatory properties into the creation of an anabolic synovial joint 

microenvironment. Considering the knee as one whole organ, this project was used to determine 

if an intra-articular injectable chitosan formulation applied post-operatively could help steer the 

synovial joint towards an enhanced anabolic synovial microenvironment reducing the synovial 

membrane inflammation, therefore preserving the meniscus integrity and favoring a better 

cartilage tissue regeneration. 
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CHAPTER 2 CRITIC REVIEW OF THE LITERATURE  

2.1 The knee – a diarthrodial joint regrouping multiple connective 

tissues 

Synovial joints are the articulated elements of the skeleton at the ends of two long bones 

and they support locomotion of the body. The knee is the tibiofemoral diarthrodial joint and is 

mainly articulated in one direction, permitting the flexion and the extension of the leg. Several 

connective tissues are present within the knee joint, including articular cartilage, bone, ligaments, 

tendons, synovial membrane and menisci (Figure 2.1).  

Each of these tissues has specific roles in maintaining the mechanical properties of the knee joint 

and in supporting various cellular and molecular events in normal physiology, but this work 

focuses mainly on the synovial membrane, the synovial fluid, the meniscus and the articular 

cartilage. We will present the structure, the extracellular matrix (ECM) composition, the 

cellularity and the mechanical properties of each one of these in this section.  

 

Figure 2.1 - Schematic of the knee joint and the main connective tissues present (royalty-free 

image ©designua / stock.adobe.com). 
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2.1.1 The synovial membrane  

The joint capsule wraps around the entire synovial joint and isolates it from the rest of the 

body, which allows for a controlled joint microenvironment. The joint capsule consists of an 

outer fibrous membrane that regulates the posture and the motion of the joint thanks to ligaments 

and sensory nerves, and an inner synovial membrane that is an uninterrupted and highly 

vascularized tissue lining inside of the joint cavity [39, 47, 48]. The synovial membrane is a 

deformable, non-adherent membrane that controls the volume and the composition of the 

synovial fluid, that lubricates the articular surfaces, and that nourishes cells of the joint’s 

avascular cartilaginous tissues [39, 49].  

The synovial membrane is typically divided into two layers, the intima (or synovial 

lining) and the subintima (Figure 2.2) [43, 47, 49]. The intima is a highly cellular layer of 1-4 

cells thickness [50, 51], or �������W�R�����������P���W�K�L�F�N��[52, 53], and has cells resting on a platform of thin 

collagen fibers running parallel to the intima surface. The intimal layer has no basal lamina, 

making it a “free-flowing” cellular layer and is said to be discontinuous to allow direct access of 

the synovial subintima to the synovial fluid [54]. The intima is composed of two main cell 

populations: type A synoviocytes that exhibit a microphage-like phenotype and type B 

synoviocytes that exhibit a fibroblast-like phenotype (Figure 2.2). 

Type A or macrophage-like synoviocytes are reported to be resident synovial 

macrophages and make up 20–25% of the intimal lining [50]. Using transmission electron 

microscopy, type A synoviocytes are commonly described as having a prominent Golgi 

apparatus, lysosomes, large vacuoles and numerous vesicles, making them macrophage-like cells 

[50, 54, 55]. Type A synoviocytes are described as immunoreactive cells that strongly express 

cluster of differentiation 68 (CD68) and 163 (CD163) markers, and moderately express cluster of 

differentiation 14 (CD14) marker, as well as Fc��RIIIa receptors (also called CD16a), 

osteoprotegerin (OPG), interleukin-1 antagonist receptor (IL-1ra) and major histocompatibility 

complex class II molecules (MHC-II) [48, 49]. This pattern of expression corresponds to a 

macrophage phenotype of type M2 on the macrophage expression spectrum [56, 57]. While it 

was believed that these macrophages are derived from monocytes of the circulatory system, 

recent discoveries favour a prenatal origin [48, 58]. There is still a lot of uncertainty about the 

precise function of type A synoviocytes in the joint homeostasis [48], but they are known to 



8 

 

uptake foreign substances injected into the joint cavity and are said to clear the synovial fluid of 

debris, blood and apoptotic cells [50, 54].  

 

Figure 2.2 - Schematic representation of a normal synovial membrane. The intima contains 

specialised fibroblast-like synoviocytes expressing VCAM-1, CD55 and UDPGD (dark blue), 

and specialised resident macrophages (dark red). The deeper subintima contains relatively 

unspecialised counterparts (pale colours) and blood vessels (©2000 Current Science Ltd [59]). 

Type B or fibroblast-like synoviocytes (FLS) are specialized synovial fibroblast that 

maintain the ECM supporting the structure of the synovium, and make up for 75 – 80% of the 

normal intimal lining [48, 50]. They are characterized by their expression of cluster of 

differentiation 55 (CD55), vascular cell adhesion protein 1 (VCAM-1), intercellular adhesion 

molecule 1 (ICAM-1), cluster of differentiation 44 (CD44) and ���E-1 integrin, and are CD68 

negative. FLS are known to be the main producers of hyaluronic acid (HA) and lubricin (PRG4) 

found in the synovial fluid [48, 60]. Consequently, FLS are also characterized by a high 

enzymatic activity of UDP-glucose dehydrogenase (UDPGD) [48, 60]. UDPGD is a NAD+ 

oxido-reductase enzyme catalyzing the conversion of UDP-glucose to UDP-glucuronic acid [61, 

62], which itself is a vital precursor for the synthesis of common glycosaminoglycans (GAG), 

such as HA, heparin and chondroitin sulphate [63]. It is reported that UDPGD is a rate-limiting 

enzyme in the production of UDP-glucuronic acid [64], thus it is also considered a rate-limiting 

enzyme in HA synthesis [61, 65]. UDPGD and CD55 are the most common markers used to 

distinguish type B synoviocytes from type A synoviocytes.  
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The synovial subintima is a loose collagenous connective tissue about 5 mm thick that 

contains scattered sublining fibroblasts, fat cells or adipocytes, a small percentage of mast cells 

(3% of subintimal cells), few lymphocytes or macrophages, and also sensory nerves, blood and 

lymphatic vessels [48, 49, 51]. The subintima is the layer that distinguishes the three standard 

types of synovium based on its structure and organization (Figures 2.3), which are areolar, 

adipose and fibrous [49, 51]. The areolar type of synovial membrane is the most common in 

synovial joints (Figure 2.3A). Crimped into folds with projections or villi, the zone below the 

synovial intima, or the middle zone, is a layer of loose stratum of sparser and coarser collagen 

fibers organized perpendicular or obliquely to the synovial intima surface. This middle zone 

contains the majority of blood and lymphatic vessels but is often underdeveloped in synovial 

tissues. The deeper zone, the most exterior layer of the areolar synovial tissue, anchors the 

synovial membrane to the joint capsule thanks to a meshwork of dense coarse collagen fibers 

(3.0-7.5 microns thick), interrupted at intervals by small arterioles and venules. This layer is 

relatively acellular. Adipose synovial tissue can be found mainly over fat pads and around them 

(Figure 2.3B). For this type of synovial membrane, the intima layer either rests directly over 

adipocytes, or is separated by a band collagen-rich substratum, while the deeper tissue is fat. 

Fibrous synovial tissue (Figure 2.3C) is very uncommon and is characterized by a prominent 

hypocellularity and hypovascularity and is dense in collagen fibers [52]. Fibrous synovial 

membranes are often located over tendon or ligament tissue and can be mistaken for 

fibrocartilage in some cases.  

 

Figure 2.3 - Histological example of the different types of synovial tissues given by Smith, M.D. 

in a review: (A) areolar synovial membrane, (B) adipose synovial tissue and (C) fibrous synovial 

tissue (©Malcolm D. Smith; Licensee Bentham Open [49]). 

In the knee, 90% of normal synovial tissue is areolar synovial tissue (for example in the 

supra-patellar bursa), adipose synovial tissue (for example in the patellar synovial folds), or a 
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gradation of these two types with a number of adipocytes within the subintima [52]. There is 

considerable variation of the typical normal synovial membrane, but the standard 2-layer 

microstructure of the synovial tissue is preserved irrespectively of age, gender or biopsy site [52].  

2.1.2 The synovial fluid  

The synovial fluid is a viscous plasma ultrafiltrate, supplemented with additional factors 

from surrounding tissues, that works as the liquid matrix of the synovial joint interacting with the 

solid matrix of the joint’s connective tissues [66-68]. As there is no basal lamina or cellular 

barrier separating the synovial connective tissues from the synovial fluid within the joint cavity, 

the synovial fluid can work as a carrier of nutrients for cells of vascular tissue by freely flowing 

through the tissues’ ECM [66]. Synovial fluid is present in small quantities ranging from 0.3 mL 

to 2.10 mL in human knees [69] and 0.01mL to 0.05mL in rabbit knees [67, 70], but quantities 

are sufficient to coat the synovial surface and other articular surfaces [47]. This allows the 

synovial fluid to support the lubrication of articular surfaces, which is possible through the 

interaction of glycoproteins such as HA and PRG4, and surface-active phospholipids (SAPL) 

with the articular surfaces [49, 71].  

HA is commonly defined as the main component of synovial fluid. HA is a high 

molecular weight and negatively charged linear glycosaminoglycan polymer composed of 

alternating D-glucuronic acid and N-acetyl D-glucosamine monomers [69, 72]. HA is produced 

by HA synthases (HAS) anchored on the FLS membrane and extruded directly into the 

extracellular space [69]. In human, there are 3 different types of HAS that distinguish themselves 

by the HA molecule size that they produce [73]. HA is mainly responsible for the viscosity of the 

synovial fluid and is an important element for boundary lubrication properties. In healthy joints, 

HA concentration varies between 1 mg/mL and 4 mg/mL in the human knee [74] and between 

0.97 mg/mL and 3.6 mg/mL in the rabbit knee [70, 75], and the molecular weight of HA can vary 

from 1.6 MDa to 11 MDa with a high turnover rate [69, 72]. At these concentrations, HA 

molecules are quite “crowded”, meaning they overlap and can be considered a continuous 

network of entangled and interacting molecular chains that affects viscosity of the synovial fluid 

[66]. In addition, HA size also affects biological function, which includes effects on cell growth, 

cell migration and cell adhesion [54]. Smaller size HA chains have been associated with the 
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release of pro-inflammatory factors, while larger size HA molecule are associated with joint 

homeostasis [69, 76].  

Lubricin, or PRG4, is a mucin-like negatively charged glycoprotein secreted by FLS into 

the synovial fluid and that works in synergy with HA to support the boundary lubrication of 

articular surfaces provided by the synovial fluid [77, 78]. Studies have shown that PRG4 is the 

main lubricant molecule, while HA provides the necessary viscosity to maintain a film of 

synovial fluid at the articular surfaces and supports boundary lubrication. In healthy joints, 

synovial fluid contains between 0.05 mg/mL and 0.35 mg/mL of PRG4 [79, 80] and molecular 

weight of PGR4 varies between 280kDa and 340kDa [80].  

The synovial fluid contains water, HA, PGR4, SAPL as previously mentioned, but also 

contains lymphocytes, growth factors, as well as pro-inflammatory and anti-inflammatory 

cytokines and 25 to 30 mg/mL of proteins derived from blood [66, 71, 81]. The composition of 

synovial fluid is mainly regulated by cells of the synovial membrane and is known to depend on 

the inflammatory, normal or degenerative condition of the joint [22, 82].  

2.1.3 The meniscus  

Menisci are a semi-lunar organ wedged in pairs between the femoral distal end and the 

tibial plateau in the knee joint, partly separating the two bones (Figure 2.4).  

    

Figure 2.4 - Schematic of Menisci location in the knee joint (Left: sagittal view) and structure 

(Right: top view) (royalty-free images by (Left) ©CLIPAREA.com / stock.adobe.com and (Right) 

©Alila Medical Media / stock.adobe.com)  
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These fibrocartilaginous tissues serve several biomechanical functions, such as load transmission 

and reduction of contact pressure during the mobility of the knee joint, through the unique 

composition of the meniscal ECM [5, 83-85]. Menisci are mainly composed of 70-75% water, 

with the remaining 25-30% organic matter consisting of the meniscal ECM and cells [86, 87]. To 

visualize their complex organization and structure, menisci are commonly studied in two 

different planes: the coronal plane providing the wedge-shaped cross-section of the tissue, and 

the transverse plane characterized by the semi-lunar or crescentic shape of the tissue [88].  

In the coronal plane, the meniscus is divided in three standard zones based on vasculature, 

ECM composition and cell population (Figure 2.5): the red-red zone, the red-white zone and 

white-white zone (reviewed in [5, 89-91]). The red-red zone is defined as the vascularized outer 

edge of the menisci containing mainly fibroblast-like cells (Figure 2.5, right panel), and known 

for its greater spontaneous repair capacity [92, 93]. Blood vessels are said to cover typically one 

third of the meniscus volume [88], and to penetrate from the synovial and capsular tissue into the 

meniscus to about 3% (rabbit), 10-15% (sheep, human) or 25% (dog) of the width of the 

meniscus from the outer edge to the inner tip depending on the species studied [93, 94]. The 

white-white zone refers to the avascular tip of the menisci, characterized by a high content in type 

II collagen and proteoglycans, such as GAG, similarly to hyaline cartilage. Cells found in the 

white-white zone also bear resemblance to chondrocytes, specialized cells of the hyaline 

cartilage, and are referred to as either “chondrocyte-like cells” or “fibrochondrocytes” (Figure 

2.5, right panel) [86, 88]. Nested in a network of fine collagen fibers, fibrochondrocytes of the 

white-white zone have a rounded shape with no cytoplasmic projections, and are randomly and 

sparsely distributed throughout the tissue [94, 95]. The red-white zone is a transition zone 

between well-defined red-red and white-white zones, that presents attributes from both zones 

[86].   

The coronal plane also allows the visualization of the complex architecture of the 

meniscal ECM, which is composed of 75% in weight per dry weight of tissue (w/dry w) of 

collagen, 8% to 13% w/dry w of non-collagenous matrix proteins and less than 2% w/dry w of 

proteoglycans [89-91]. The meniscal ECM is organized within three main compartments: the 

superficial layer, the surface lamellae, and the main body (Figure 2.6) [91, 96]. The superficial 

layer is characterized by thin meshwork of randomly-orientated collagen fibrils located at the 

femoral and the tibial surfaces (Figure 2.6, item 1). Directly under the superficial layer lies the 
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surface lamellae (Figure 2.6, item 2), that is a 150-200 �Pm thick layer of collagen bundles 

running parallel to the intra-articular surfaces of the meniscus [96]. The surface lamellae is said 

to contain a third type of meniscal cell population that possesses an oval and flattened shape with 

no cell extensions and may possibly be specific progenitor cells of the meniscus [86, 97]. The 

main body is the central main layer (Figure 2.6, item 3) and is mainly composed of  two 

collagenous components: the circumferential collagen fibers and the tie-fibers [98].  

 

 

Figure 2.5 – Schematic of regional variations in vascularization and cell populations of the 

meniscus (reproduced with permissions [86], ©Makris et al., Elsevier Ltd.). Left: though fully 

vascularized at birth, the blood vessels in the meniscus recede during maturity. In adulthood, the 

red-red region contains the overwhelming majority of blood vessels. Right: cells in the outer, 

vascularized section of the meniscus (red-red region) are spindle-shaped display cell processes, 

and are more fibroblast-like in appearance, while cells in the middle section (white-red region) 

and inner section (white-white region) are more chondrocyte-like, though they are phenotypically 

distinct from chondrocytes. Cells in the superficial layer of the meniscus are small and round. 

The circumferential collagen fibers can be visualized in the transverse plane following the 

crescentic shape of menisci and withstand tensions by transferring vertical compressive load into 

circumferential “hoop” stresses [88, 91]. Tie fibers are inter-connected sheets weaving the 

circumferential collagen fibers into packed bundles to help prevent longitudinal splitting, and run 
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in two directions within the coronal plane of the meniscal ECM (Figure 2.6) [88, 96, 99, 100]. A 

first set of large tie fibers arborize from the vascularized red-red zone to the avascular tip of the 

white-white zone. For the second set, they arborize radially between the center of the meniscal 

main body and the surface lamellae, with these specific tie fibers being referred to as “radial tie 

fibers” [99, 101]. Both collagenous components of the main body can easily be visualized by 

polarized light microscopy thanks to the birefringent property of collagen, but only in their 

respective planes: in the transverse plane for circumferential collagen fibers and in the coronal 

plane for the tie fibers.  

 

Figure 2.6 - Schematic of meniscus ECM microarchitecture (reproduced with permissions [96], 

©Petersen & Tillmann 1998); (1) superficial network: tibial and femoral sides covered by a 

meshwork of thin fibrils (2) lamellar layer, beneath the superficial network a layer of lamellae of 

collagen fibrils (3) central main layer circular fibril bundles with radial collagen fibrils 

interwoven with them (arrows heads) 

Recent studies by Rattner et al. have provided further insights into the complex 

microarchitecture of the meniscal ECM, by investigating 5-10 µm thick collagen fibrils with 

scanning electron microscopy in the inter-tie space in-between large tie fibers of freshly frozen 

meniscal samples [100]. They defined these fibrils as of 5-10 µm packed bundles of 

circumferential collagen fibers visible in the coronal plane, however the role of these fibrils in the 

homeostasis and the mechanics of the meniscus remains unknown.  
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2.1.4 The articular cartil age  

The articular cartilage is hyaline cartilage, which is a smooth and lubricated connective 

tissue, covering the end of the two long bones of a synovial joint that allows the low-friction 

motion of the joint [3, 4, 17]. The articular cartilage is characterized by the absence of blood 

vessels, of nerve endings and of lymphatic vessels within the tissue, and by the sparse 

distribution of highly specialized cells, the chondrocytes. Articular cartilage mainly facilitates the 

transmission of loads over greater contact surfaces and provides resistance against compression 

and shear stress in the joint [3, 4]. Its unique mechanical properties are attributed to the biphasic 

nature of the articular cartilage, which consists of a free-flowing fluid phase and a porous fiber-

reinforced solid phase [3, 17].  

The fluid phase is mainly composed of water and dissolved electrolytes consisting 

between 66% to 80% of the cartilage’s wet weight [102], and is responsible for most of the 

elastic behavior of the articular cartilage. As blood and lymphatic vessels are absent in articular 

cartilage, the water works as a carrier to distribute nutrients transmitted by the synovial fluid to 

the chondrocytes, as it flows through the cartilage and across the surface [4]. The solid phase of 

the articular cartilage consists of the cartilage ECM, which represents 10-30% of the wet weight 

of the cartilage and is maintained by the chondrocytes that make up for only 2% of the cartilage 

tissue [4]. Within the cartilage ECM, collagens (60-75% w/dry w) and proteoglycans (10-30% 

w/dry w) act as the dominant load carrying structural components [4, 17]. Together they form a 

strong porous-permeable fiber reinforced composite material (Figure 2.7) which both provides 

tensile strength to the cartilage and retains its fluid phase within the boundaries of the tissue [3]. 

The remaining percentage of the ECM consists of lipids, phospholipids, glycoproteins, and non-

collagenous proteins (for example matrilin, fibronectin or �W�U�D�Q�V�I�R�U�P�L�Q�J���J�U�R�Z�W�K���I�D�F�W�R�U����) [4].  

Among collagens fibers, type II collagen (Col-II) is the predominant type, with 90-95% of 

Col-II within the articular cartilage matrix. In lesser proportions, type III (10%), type XI (3%), 

type IX (1%), type-VI (<1%, Col-VI), and traces of type X collagens can be found in the matrix, 

and these types of collagens help stabilize the type II collagen fibril network [47]. Proteoglycans 

(PG) are negatively charged proteins composed of one or more GAG chains attached to a core 

protein. Aggrecan is the dominant PG found in the articular cartilage (links to HA to form PG 

aggregates), and other PG present in lesser concentration are perlecan and lubricin (PRG-4), 
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decorin, biglycan (interact both with Col-II) and fibromodulin (interact with Col-VI in 

pericellular matrix of chondrocytes) [4, 17]. GAG are carbohydrates made of repeating 

disaccharides (6 major types, chondroitin-4, -6, keratin sulfate, dermatan sufate, heperan sulfate, 

and hyaluronan) and negatively charged that repulse each other while attracting water molecule. 

There are no covalent bonds between GAG/PG and collagens, instead the GAG/PG size enables 

them to be retained in the ECM [3]. With the strong polarity of GAGs, this meshwork creates a 

high charge density of the cartilage sufficient to generate a streaming potential as cartilaginous 

tissues are compressed [103]. Combined with a high frictional resistance against the flow of the 

fluid phase through the matrix and a low permeability of the normal cartilage tissue, the ECM 

supports the unique swelling capacity and electromechanical properties of cartilaginous tissue 

[104, 105].  

 

Figure 2.7 – Representation of articular cartilage extracellular matrix showing how the collagen 

network traps the proteoglycan aggregates to form a fiber-reinforced composite (reproduced with 

permission from [3]; Copyright ©Journal of Orthopaedic & Sports Physical Therapy®). 

The cells composing the cartilage are chondrocytes and are responsible for maintaining 

the ECM, and are present only in very low density [106]. Chondrocytes and ECM 

macromolecules are organized in an anisotropic manner, which leads typically to the subdivision 

of the hyaline cartilage structure in 4 zones (Figure 2.8): the superficial zone, the middle or 

intermediate zone, the deep zone, and the calcified cartilage layer.  
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Figure 2.8 – Structure of articular cartilage. Schematic diagram (left) of chondrocyte organization 

in the three main zones of the uncalcified cartilage (STZ: superficial tangential zone), the 

tidemark and the subchondral bone. Sagittal cross-sectional diagram (right) of collagen fiber 

architecture shows the three salient zones of articular cartilage. (reproduced with permissions 

from [107], ©Buckwalter, Mow & Ratcliffe) 

The superficial zone is in direct contact with the synovial fluid and the joint cavity and 

represents 10-20% of the cartilage thickness. Its main function is to protect the other cartilage 

zones from shear tensile forces and from compressive forces, and to provide the tensile properties 

of the cartilage. The superficial zone contains the highest amount of water (78% ± 2% w/w, 

[102]) and collagen within the entire cartilage thickness, but also the lowest PG content [17]. 

Col-II and type IX collagen fibers are tightly packed and aligned parallel to the tissue surface 

[108], and chondrocytes residing in this layer are elongated and in high number compared to the 

rest of the articular cartilage. The middle zone represents 40-60% of the cartilage thickness and is 

described as the anatomic and functional bridge between the superficial and the deep zones [4]. 

Collagen fiber are thicker and randomly or obliquely oriented [108], and residing chondrocytes 

are spherical and at low density in comparison to the superficial zone [3, 4]. The deep zone 

composes 30% of the cartilage volume and contains the thickest collagen fibers within the 

cartilage tissue that are orientated perpendicular to the surface plane and residing chondrocytes 

are arranged in short column along the collagen fibers [4, 108]. The deep zone is also known for 

having the highest amount of PGs and the lowest amount of water, and subsequently for 
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providing the highest resistance to compressive forces [3]. Finally, separated from the deep zone 

by the tidemark (basophilic line), the calcified cartilage layer secures the cartilage to the 

subchondral bone by anchoring collagen fibrils of the deep zone into the subchondral bone [3]. 

Chondrocyte are very scares in this tissue layer and often hypertrophic [4].  

2.1.5 Subchondral bone 

The subchondral bone consists of the subchondral plate that is the bony lamella lying 

below the calcified cartilage and over the subchondral trabecular bone layer, and is separated by 

the cement line from the cartilage [109, 110]. The subchondral bone plays a role in the 

dissipation of energy over repeated cycles of loading during the motion of the knee, which is 

provided by strength and stiffness of the bone [109]. The subchondral plate is relatively 

nonporous and poorly vascularized, while the trabecular bone (also called woven bone) is 

characterized by the honey-comb or spongious structure where pores contain bone marrow, blood 

vessels and mesenchymal stems cells [111]. Like all bone tissue, the subchondral bone is 

composed of organic matter and inorganic matter. The organic matter constitutes of cells 

(osteocytes, osteoclasts and osteoblasts), randomly orientated type I collagen fibers, 

proteoglycans and glycoproteins [112]. As for the inorganic bone matter, it is mainly composed 

of mineral material such as hydroxyapatites and serves as the main calcium reservoir in the body 

[112].  

In the subchondral trabecular bone, trabecula have no precise orientation or organization, 

however the subchondral bone is known to remodel in response to changing mechanical stress in 

the knee. Bone cells work in synergy in remodeling the bone tissue, with the osteocytes as 

mechano-sensory cells controlling the activities of the osteoclasts resorbing the bone and the 

osteoblasts forming bone [112]. This process occurs naturally in the subchondral bone in 

responses to changes in loading of the joint and is an important event occurring in the context of 

injury, osteoarthritis (OA) and rheumatoid arthritis (RA) pathologies and cartilage repair [113, 

114].  

2.2 Joint inflammation and arthritic diseases 

The term “inflammation” is widely used in sports medicine to describe a series of signs 

and symptoms after joint injury, which usually encompasses the 4 classic signs of acute 
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inflammation: redness, swelling, heat and pain [115]. Over recent years, it has become clear that 

joint inflammation is a multilevel process implicating clinical, physiological, cellular and 

molecular elements and that it plays a role in arthritic diseases, such as RA and OA [39, 116]. As 

part of the arthritic disease family, OA is characterized by the progressive breakdown of the 

articular cartilage, often the result of alterations in the chondrocytes behavior and the loss of 

cartilage ECM leading to biomechanical the failure of articular cartilage [117]. Clinically, OA 

symptoms include regular knee pain, the feeling of catching or locking of the knee and knee 

effusion [118], but studies show that OA is also characterized by the thickening of the 

subchondral bone, the formation of osteophytes, the alteration and inflammation of the synovial 

membrane and the more frequent tear of the anterior cruciate ligaments (ACL) or the meniscus 

[39, 40].  

In this section, we will present the mechanism behind some of the alterations occurring in 

the cartilage, the subchondral bone, the synovial fluid, the synovial membrane and the menisci, in 

response to inflammation and in the case of OA. 

2.2.1 Breakdown of the articular cartilage and subchondral bone 

During OA, several alterations occur in the molecular composition and the organization of 

the cartilage’s ECM, that lead progressively to the loss of structural integrity of the articular 

cartilage [110]. OA are characterized by the progressive loss of GAGs in the early stages of OA, 

by the subsequent decrease if water content of the articular cartilage and finally by the 

irreversible breakdown of the Col-II meshwork [6]. These changes are said to occur because of 

marked phenotypic change of chondrocytes that become “activated” and undergo proliferation, 

form cellular clusters and produce an increased amount of matrix proteins and matrix degrading 

enzymes [40, 110]. Among the matrix degrading enzymes expressed, matrix metalloproteinase 

(MMP) and aggrecanases (ADAMT ) are the most characteristic of OA and one of the important 

factors in cartilage breakdown, with for example ADAMT-5 degrading aggrecan and MMP-13 

degrading specifically Col-II [40, 110]. The continuous expression of these degradative 

proteinase leads to the disruption of the ECM architecture and result in the development of 

surface fibrillation, the fissuring of the cartilage ECM and ultimately the fragmentation of the 

cartilage tissue [6].  
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Several changes are also visible at the delimitation of the cartilage and the subchondral 

bone. Release of pro-angiogenic factors by chondrocytes of the deep zone and hypertrophic 

chondrocytes leads to the invasion of blood vessels from the subchondral bone into the calcified 

cartilage layer [110]. Blood vessels invade through the micro-fissures of the cartilage matrix and 

the subchondral bone plate and participate in the further splitting of the calcified cartilage layer 

[119]. The calcified cartilage layer also is expanding through the advancing of the tidemark 

further into the uncalcified articular cartilage layers and duplicating, which results in the general 

thinning of the articular cartilage [6, 110].   

In the pathology of OA and in response to injury, it is general knowledge that the 

subchondral bone plate increases in thickness and density, that the architecture of the subchondral 

trabecular bone is altered, and that new bone is formed at the joint margins as osteophytes [110]. 

According to the literature, these alterations to the subchondral bone colocalize with cartilage 

damage and can both occur prior or after visible radiographic narrowing of the joint space [109, 

110]. Remodeling of the subchondral bone usually represents the dynamic adaptation of bone 

tissue to biomechanical factors [40], however the excessive remodeling in cases of OA can delay 

the mineralization of the remodelled tissue. In a state of hypo-mineralisation, the bone tissue has 

its elastic modulus lowered making it resistant to deformation and subsequently more prone to 

microfractures and fissures [40].  

2.2.2 Inflammation of the synovial membrane 

Typically, the chronic inflammation of the synovial membrane, also called synovitis, is 

defined as a characteristic of RA and other inflammatory arthritic diseases, however studies have 

shown that mild to moderate synovitis can also be observed histologically in cases of OA [39]. 

The synovial inflammation is reported to support the progression of RA and OA pathology 

through the pro-inflammatory cytokines secreted by synovial cells into the synovial fluid, and 

overall the synovitis severity has been associated with cartilage deterioration [39, 120]. However, 

the disease-specific mechanism taking place are difficult to assess due to the heterogeneity of 

synovitis, which manifests often in “patches” with frequent occurrences in the parapatellar and 

supra-patellar sites [43, 120, 121]. Several cellular mechanisms are attributed to the inflammation 

of the synovial membrane, including the hyperplasia of the synovial lining, the infiltration of 
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macrophages and T-cell into the synovial subintima layer, the increased vascularization and the 

fibrosis of the synovial subintima as well [39, 43]. 

Synovial membrane hyperplasia is one of the main elements investigated in synovitis and 

is defined by the thickening of the synovial lining from a 1-2 cells thick layer to 5 cells and more 

[122]. The thickening of synovial lining results from both the unrestained proliferation of the 

intimal FLS [123] and the large recruitment of mononuclear phagocytes into the synovial lining 

[55]. Consequently, the second element defined in synovitis is the infiltration of immune cells 

into the synovial membrane, with a major increase in macrophage population [48]. Macrophages 

recruited are said to be both M1 and M2 activated macrophages. M1 macrophage mainly secrete 

pro-inflammatory factors, such as interleukin-1�� (IL-��������and tumor necrosis factors (TNF), and 

enzymes involved in driving the inflammatory response and the joint destruction [56]. In 

contrast, M2 macrophages secrete anti-inflammatory factors like IL-1ra and interleukin-10 (IL-

10), that help reduce the inflammation and protect the joint against damage [48, 56, 124]. The 

third most important defining element of synovitis is the increase in blood vessel density in the 

synovial subintima. Vascularity in the normal synovial membrane contains about 0 to 2 vessels 

per x100 microscope field, while inflamed synovium containing up to 8 or more blood vessels 

per x100 microscope field [125]. This drastic increase in vascularity contributes to the increased 

influx of immune cells to the tissue, which in turn contributes to hyperplasia [48]. All three of 

these elements are the basis of several qualitative scoring systems available [125], [122], but the 

trigger mechanisms behind synovitis and its relation to joint injury and OA are still poorly 

understood.  

2.2.3 Alterations to the synovial fluid composition and properties 

The synovial fluid composition in HA, glycoproteins, cytokines and other factors is 

mainly dictated by the type A and type B synoviocytes of the synovial membrane. With the 

structural changes occurring in the inflamed synovium during OA, RA and joint injury, there are 

notable differences in the synovial fluid’s composition depending on the type of disease or the 

type of injury [39, 126].  

Several studies have reported a decrease in HA concentration and HA molecular weight in 

synovial fluid samples from patients diagnosed with RA or OA, paralleled with an increase in 

synovial fluid volume and in joint effusion in the case of RA [66, 69]. As HA is responsible for 
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the synovial fluid’s viscous nature, the rheological properties of the synovial fluid are altered, 

which consequently leaves the cartilage vulnerable to mechanical stress [66]. RA and OA also 

lead to higher amounts of pro-inflammatory cytokines and factors in the synovial fluid. Among 

the panel of cytokines expressed, the ones reported to affect the most RA and OA pathology are 

IL-������ �D�Q�G�� �7�1�)-�.���� �Z�K�L�F�K��supress matrix synthesis and promote cartilage catabolism, as well as 

interleukin-6 (IL-6) and interleukin-17 (IL-17) predominantly produced by T lymphocytes, that 

induce MMP and chemokine production by FLS and chondrocytes [39, 40, 127, 128].  

Current studies have also investigated the effect of injury on the composition of the 

synovial fluid, such as ACL rupture or intra-articular ankle fracture, which often results in post-

traumatic OA (PTOA). As seen in cases of RA and OA, joint trauma leads to the release of pro-

inflammatory cytokines and factors into the synovial fluid, as well as some anti-inflammatory 

factors, but many studies report a temporal change in cytokine expression [129, 130]. For 

example, in response to intra-articular ankle fracture, studies have reported an initial spike in the 

release of pro-inflammatory cytokines interleukin 12p70 (IL-12p70), interleukin-8 (IL-8), IL-1������

IL-6 and interferon-���� ���,�)�1-����, of anti-inflammatory cytokines IL-10 and interleukin-4 (IL-4), of 

enzyme MMP-9, and of soluble GAG, within 2 days of the initial trauma and then followed by 

the release of cartilage catabolism products such as MMP-1, MMP-2, MMP-3 and MMP-10 [129, 

131]. In patients with ACL injury, Elsaid et al. have also reported increased levels of IL-���������7�1�)-

�.���D�Q�G���,�/-6 above detectable baseline of uninjured joint, which was paralleled with lower PRG4 

concentrations in the synovial fluid [130]. Overall studies show temporal changes in synovial 

fluid composition that often vary according to trauma or injury severity similarly to OA and RA. 

Non-hemorrhagic trauma has been shown to lead to relatively little alterations in synovial fluid 

volume and cellular content, while hemorrhagic trauma leads to an increased number of 

leukocytes in the synovial fluid and phagocytosis of the blood often drives joint inflammation 

[126].   

Numerous studies have provided insights on the changes occurring in the synovial fluid 

and its complex response to RA, OA and injury, but some knowledge gaps still remain in our 

understanding of the synovial fluid’s role in these processes.  
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2.2.4 Damage to the menisci 

Meniscal tears are often presumed to be associated with a traumatic event, but they can 

also naturally occur with age and accompany the cartilage degeneration process in OA-affected 

joint [41]. In patients with hand OA, studies have shown a prevalence of meniscus damage from 

25% to 47% depending on the extent of OA symptoms in patients, suggesting a common 

systemic or genetic predisposition between radiographic hand OA and meniscus damage in 

middle-aged and elderly patients [132].  

Like changes occurring in articular cartilage, menisci exhibit signs of matrix disruption, 

fibrillation and calcium deposition on roughened surfaces in cases of OA [40]. Microscopically, 

the aging menisci exhibit a decrease in cell density and the loss of collagen fiber organisation 

(loss of birefringent signal), but meniscal tears are frequently observed in OA knees [133]. In 

patients with well-established OA, meniscal tears are located in the same compartment as the OA 

degenerated cartilage and near the present osteophytes [134], and studies have shown that normal 

appearing menisci are rarely found in knees with OA [133].  

Seeing the knee as a whole joint and seeing OA as an active response to injury rather than 

a degenerative process, changes to the menisci are still under investigation [40].  

2.3 Chronic animal models 

Pre-clinical animal models are used to provide proof of efficacy and safety prior to 

clinical testing of medical devices, thus the chosen model has to reflect the intended application 

of the device developed. For cartilage repair, rodent and rabbit models are recommended for 

proof of principle, toxicology or formulation screening in the early stages of a medical device 

design, while larger animal, such as horse, sheep, goat or pig, are used as models in pivotal 

studies [135]. The choice of pre-clinical animal model should be based on the predictive 

outcomes in patients and within the financial and time limitations imposed on research groups. 

As patients are diagnosed with lesions ranging from subacute to chronic, the use of a chronic 

model with a non-healing critical-size defect would best translate the intended applications of 

tested medical devices [135]. Chronic models are often designed as mimics of OA by invasive 

surgical techniques, such as meniscectomy, ACL transection, or by chemical induction with 

inflammatory mediators or degenerative agents [117]. Invasive surgical techniques ensure a rapid 
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development of the pathology but are often criticized for the lack of correlation with naturally 

occurring degenerative changes in OA patients and for being more representative of PTOA [117]. 

Guinea pig, dog and horse models can be used as primary OA models, in which OA occurs 

naturally, however they present several limitations [117]. Despite the rapid onset of OA 

development in guinea pig models, the very small joint size limits the number of surgical 

cartilage repair techniques that can be tested. For dog and horse models, the high cost and the 

negative public perception of these model are considerable drawbacks [117, 135].  

The rabbit model is widely used in cartilage repair studies for its availability, relatively 

low cost and simple handling requirements, and an abundant literature is available for 

comparison [135]. Subchondral properties of the rabbit trochlea resemble the properties of 

normal human condyles, where cartilage lesions tend to appear, however loading conditions in 

the rabbit trochlea are significantly different to those of the human condyles [136]. Another 

limitation of rabbit model is the spontaneous repair potential in young animals for defect smaller 

than 3 mm, which is not representative of the adult human [25, 135]. Thus, to prevent 

spontaneous repair, it is important to create critical size defects. The chronic rabbit model 

developed in our laboratory rabbit constitutes of the creation of a 4 x 4 mm full-thickness 

cartilage defect brought to chronicity over 4 weeks that is an adequate period of time based on 

previous studies on small animals [137]. Despite the limitations, this chronic rabbit model offers 

a suitable platform for our pilot study testing the effects of IA-injected chitosan materials.  

2.4 Strategies for cartilage repair and therapeutic inflammation/IA-

supplements 

2.4.1 General steps of tissue repair and chondrogenesis 

The classic stages of tissue repair consist of hemostasis with the formation of a blood clot, 

of inflammation with the recruitment of immune cells (neutrophils, macrophages) to the site of 

injury, of the formation of new tissue and the remodeling of the tissue [138, 139]. Each of these 

steps orchestrate cellular and molecular processes that help restore the damaged tissue to its 

native function.  
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Immediately after an injury has occurred, hemostasis is induced to stop the ongoing blood 

and fluid loss. Three main events occur during hemostasis: the constriction of blood vessel, the 

formation of platelet plug and blood coagulation that results in the formation of a blood clot 

[139]. The physical rupture of blood vessels exposes collagen fibers and induces the release of 

von Willebrand factor and tissue factor that orchestrate vasoconstriction and the activation and 

aggregation of platelets [140]. After adhering to the ruptured blood vessel walls, aggregated 

platelets help initiate the coagulation cascades that lead to the creation of a fibrin scaffold that 

provides a framework for the influx of immune cells and stem cells into the site of injury.  

In parallel to the blood clot formation, immune cells are recruited to the site of injury, 

starting with the circulating neutrophils leaking out from the ruptured blood vessels. Neutrophils 

are also recruited to the site injury within minutes in response to several cellular signals, 

including by the degranulation of platelets and the release of fibrinopeptides during the 

conversion of fibrinogen into fibrin [141]. Neutrophils are the body’s first line of defense again 

foreign invaders and the most prevalent leukocyte in the blood stream. In the context of tissue 

repair, neutrophils help clear the fibrin clot and release factors to attract other immune cells to the 

site of injury, such as monocytes [139]. Monocytes appear in the wound after 1 to 3 days of 

injury and mature into macrophages [142]. Macrophages are known for the phagocytosis of 

matrix, cell debris and apoptotic cells, and secrete various pro-inflammatory and anti-

inflammatory cytokines and factors that coordinate crucial events of ongoing tissue repair [138]. 

Actions of neutrophils and macrophages regulate the inflammatory responses and initiates the 

transition to the proliferative stage of tissue repair [143].      

The formation of new tissue is initiated by the migration of various cell types to the site of 

injury and the invasion of blood vessels and lymphatic vessels in the granulation tissue, that is 

subsequently characterized by the proliferation and differentiation of progenitor cells [139]. 

Macrophages and recruited fibroblasts progressively replace the fibrin scaffold with ECM 

macromolecules to restore the damaged tissue to its native function. For cartilage repair, the 

avascular nature of the cartilaginous tissue requires either the surgical induction of hemostasis by 

rupturing the blood vessels of the underlying subchondral bone to attract mesenchymal stem 

cells, or the transplantation of the progenitor cells directly into the tissue lesion. Once at the site 

of repair, mesenchymal stem cells adhere to the surrounding matrix and undergo extensive 

proliferation [144]. Following expansion, bone marrow derived mesenchymal stem cells 
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differentiate into chondro-progenitor cells or chondrocytes, condensate into chondrogenic foci 

and start synthetizing cartilaginous ECM macromolecules (e.g. Col-II and GAG mainly) [145]. 

Cell organization and structure of chondrogenic foci are quite similar to the organization and 

structure of the growth plate in the development of long bone, with chondrocytes aligning in 

columns along collagen fibers [145].  

The last stage of tissue repair is the maturation or the remodeling of the tissue. In cartilage 

repair, the quality of the remodeled tissue is mainly dependent on the collagen and GAG content 

of the ECM and the organization of fibers within the ECM. The aim in cartilage repair is to 

restore the structure and the composition of all layers, such the parallel aligned of Col-II fibers in 

the superficial zone and their perpendicular alignment in the deep zone [108], but also restore the 

demarcation lines which are the tidemark between the calcified and uncalcified cartilage layers 

and the cement line between the calcified layer and the subchondral bone [146].   

2.4.2 Principle of bone marrow stimulation techniques 

A wide range of surgical techniques for cartilage repair is investigated today, such as 

abrasive chondroplasty, microfracture, osteochondral grafting and autologous-chondrocytes 

implantation (also called ACI), but all present advantages and disadvantages and the problem of 

treating cartilage lesions still remains unresolved [18]. Our research focuses mainly on bone 

marrow stimulation techniques (BMS), which are among the most commonly used in the clinics 

and the most cost-effective.  

2.4.2.1 Basics of bone marrow stimulation  

Conceived in 1959 by Pridie [18, 19], BMS is a surgical procedure intended to trigger 

spontaneous repair in articular cartilage, through the creation of access channels to the 

subchondral bone that induce subchondral bleeding. Following common surgical procedure at the 

time, the initial protocol by Pridie included the removal of all irritative material and was referred 

to as “debriding” [19]. Debriding could include the excision of hypertrophic or inflamed 

synovium, the removal of damaged patella or menisci, the excision of torn of degenerated ACL 

and the shaving of any apparent osteophytes, but mainly debriding referred to shaving off the 

softened, fissured and fibrillated cartilage. The main novelty of Pridie’s technique consisted in 
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the drilling of the subchondral bone, triggering spontaneous repair of the lesion with holes filling 

with fibrocartilage and bringing some symptomatic relief [19].  

BMS by microfracture elaborated by Steadman et al [147] is a modified version of 

Pridie’s protocol and is the technique most commonly used in clinics today. In addition to the 

removal of softened, fissured and fibrillated tissue, the modified protocol requires the removal of 

the calcified cartilage layer with a curette, which is said to improve the bonding of the repair 

tissue to the subchondral bone [147]. Within clean perpendicular margins of healthy cartilage, an 

arthroscopic metallic awl (an icepick-like instrument) is used to make multiple holes between 3 

mm and 4 mm apart (Figure 2.9, left panel), or “microfractures”, in the exposed subchondral 

bone plate [18, 147]. This technique was adopted as a “safe” alternative to motorized drilling, 

which was said to induce thermal necrosis [147]. The general process is associated with the 

formation of a blood clot in the defect by damaging the blood vessels of the subchondral bone 

and inducing bleeding at the site of repair (Figure 2.9, right panel). Once coagulation is initiated, 

typically steps of wound repair occur in the cartilage defect, including infiltration of neutrophils, 

macrophages and MSC in the granulation tissue, MSC chondrogenic differentiation and 

remodeling of ECM [19-22]. 

 

 

Figure 2.9 – Schematic of bone marrow stimulation procedure by microfracture (reproduced with 

permission from [18], ©Hunziker at al, 2014 Elsevier Ltd.). 
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However, bone marrow stimulation alone has proved to be insufficient in restoring 

damaged tissue to fully hyaline cartilage with the processes induced [18, 23]. Consequently BMS 

techniques are often being “augmented” by the use of biomaterials (scaffolds, hydrogels), the 

injection of chondrogenic growth factor or the intra-articular (IA) injections of progenitor cells to 

improve outcomes of cartilage and even meniscal repair, as well as to hinder progression of joint 

pathologies like OA or RA [18, 21, 25, 148, 149]. 

2.4.2.2 Overview of augmented bone marrow stimulation techniques 

In bone marrow stimulation techniques, studies have shown that the residency and the 

adhesion of the blood clot to bone at the base of the cartilage lesion are important factors for 

good repair [150]. For that reason, several augmentation methods of bone marrow stimulation 

aim to improve the wound response by enabling a better retention and stabilisation of the blood 

clot in the cartilage lesion.   

Autologous matrix-induced chondrogenesis (AMIC) is a technique that combines 

microfracture with an exogenous scaffold used to covers the defect to mechanically stabilize the 

clot and retain stem cells and growth factors inside the defect [151]. Scaffold used in AMIC are 

designed to mimic the composition, the architecture and/or the mechanical properties of the 

native cartilage to facilitate cell infiltration, adhesion and differentiation. Examples of 

commercially available AMIC devices include ChondroGide, a bilayer collagen membrane, 

Chondrotissue, an absorbable polyglycolic acid (PGA) membrane treated with HA, and 

Hyalofast, a semi-synthetic derivative of HA [151]. AMIC scaffold are often absorbable 

materials, thus studies have also investigated ways of adding bio-active factors to the exogenous 

scaffold, such as by soaking the device in platelet-rich plasma (PRP) or bone marrow concentrate 

(BMC), to further improve the cartilage repair.  

PRP is popular blood derived product for orthopedic applications and is recognized as a 

rich source of growth factors and cytokines, such as platelet-derived growth factor, vascular 

endothelial growth factor, insulin-like growth factor and epidermal growth factor [152]. With 

studies showing some beneficial general effect of PRP usage in the joint [152], PRP has also 

been used in combination with BMS as bio-active IA-supplement to augment BMS and shows 

improved repair outcomes in both pre-clinical and clinical studies [153, 154].  
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Another common augmentation technique is the use of liquid chitosan, glycerol phosphate 

(GP) and autologous blood (chitosan-GP/blood) implants that provide a stabilized hybrid blood 

clot implant in the defect better residency and adhesion to bone and cartilage than the native 

bone-derived blood clot [25, 155, 156]. Chitosan implants have been extensively studied in our 

laboratory and have improved outcomes of cartilage repair both in pre-clinical studies and 

clinical trials.   

2.5 Chitosan-guided inflammation 

2.5.1 Chitosan-based materials 

Chitosan regroups a multitude of linear polysaccharides composed of randomly 

distributed chains of ��-O-(1–4)-linked glucosamine (GlcN) and N-acetyl glucosamine (GlcNAc) 

(Figure 2.10). Chitosan is produced from the partial deacetylation of chitin, a natural 

polysaccharide found in crustacea shells. Methods for controlled deacetylation and reacetylation 

allow for the adjustment of the amount of GlcN chains, which is defined as the degree of 

deacetylation (DDA), and the organisation of the GlcN chains either randomly or by block 

(Figure 2.11, [46, 157]). 

 

Figure 2.10 – Schematic of acetylated and deacetylated monomers of chitosan (reproduced with 

permission from [157], ©Lavertu at al, 2003 Elsevier Ltd.).  

Chitosan is widely used in tissue engineering for its biocompatible, biodegradable and 

antibacterial properties, as well as for its cationic and hydrophilic nature, which are able to induce 

increased recruitment and activation of neutrophils and macrophages [26-28]. Properties of this 
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biopolymer depend greatly on chain length, influencing molecular weight (Mw), on the DDA and 

the random or block acetylation patterns [157].  

 

Figure 2.11 - Schematic of linear structure of (a) chitin and of (b) chitosan, a catch-all term for a 

family of polymers with DDA ranging from 50% to 100%, wide range of molecular weight and 

block or random acetyl group arrangement (reproduced with permissions from [158], ©Hoemann 

& Fong, 2017 Elsevier Ltd.). 

For example, pre-clinical studies have shown that 80% DDA high Mw chitosans degrade 

within 6 to 8 weeks, inducing remodeling and repair in subchondral bone defects, while 98% 

DDA high Mw chitosans reside in the defect for several months and inhibit osteogenesis [28, 

159, 160]. Chitosan Mw has been shown to influence mechanical properties and biocompatibility 

[27, 161]. As for the acetylation pattern (block vs random), recent in vitro studies have 

demonstrated the potent immunomodulatory properties of block acetylated chitosan on blood-

derived macrophages [45, 46].  

2.5.2 Findings of the Biomaterials and Cartilage Laboratory 

Initial work on the characterization of thermosensitive hydrogels composed of chitosan 

and GP led to the development of chitosan-GP/blood implants [25, 162] and the commercially 

available BST-Cargel�£ medical device [34, 36]. BST-Cargel�£ and the related chitosan-GP/blood 
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liquid implants were developed to be combined with microdrilling or microfracture and to 

provide an augmented BMS that would improve outcomes of cartilage repair due to a better 

residence of the blood clot in the cartilage defect. A randomized controlled clinical trial was 

carried out to compare the effect of treating cartilage lesions with BMS and BST-CarGel® 

chitosan implant compared to BMS alone [34, 36, 163]. Magnetic resonance imaging studies and 

histological analysis of human cartilage repair tissue biopsies demonstrated that BST-Cargel�£ 

consistently resulted in an improved volume and quality of repair in comparison to BMS 

techniques alone. Of all 38 biopsies collected, 62% of the biopsies had hyaline-like repair 

whereas 38% of the biopsies had a sub-optimal fibrous or fibrocartilage tissue [164]. The use of 

BST-Cargel�£ increased the probability of obtaining a hyaline-like repair tissue with a smoother 

surface, improved chondrocyte cell morphology, and durable collagen architecture, but the root 

causes of repair failure are still poorly understood [37].  

With extensive work over the last decade in our laboratory on BMS pre-clinical models, 

chitosan-GP/blood hybrid implant and chitosan formulations resulted in more hyaline regenerated 

tissue in comparison to the surgical technique alone through several cellular processes and have 

been used to further optimize cartilage repair outcomes [32, 33, 159]. One of the most important 

properties of chitosan implants is the capacity of chitosan to prevent the retraction of the fibrin 

network within the formed blood clot or plasma clot, thus providing an improved adherence and 

residency of the clot in the osteochondral defects [165, 166]. With a more stable fibrin network, 

many of our pre-clinical studies have reported a general increase in the infiltration of neutrophils, 

macrophages, mast cells and mesenchymal stem cells in the defect [25, 31, 32, 167].  

Chitosan has also been defined as a “customable” material, with Mw and DDA 

influencing some of the cellular processes occurring during cartilage repair. Chitosan of 80% 

DDA were the most used in cartilage repair, as higher DDA chitosan attracted less neutrophils 

and degradation of the material took longer [168]. The use of pre-solidified hybrid 80%DDA 

chitosan implants at different Mw (150kDa, 40kDa and 10kDa) in a BMS rabbit model 

demonstrated that the degradation kinetics of chitosan particles depended on Mw and that lower 

Mw chitosan induced a strong “wound-bloom” remodeling of the subchondral plate leading to 

better integration between cartilage repair tissue and the subchondral bone [167, 169]. In many 

pre-clinical studies, transient post-operative knee effusion was observed, but its origins were not 

fully understood. In the study by Guzmán-Morales et al., it was hypothesized that delayed knee 
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effusion could be linked to the inflammatory responses of the repairing soft tissues around the 

knee capsule injured during arthrotomy [169].  

As ultra-low Mw chitosan have demonstrated beneficial effects in the rabbit BMS models, 

recent in vitro studies investigated the effect of a complete library of chitosan material, from high 

Mw chains (190 kDa) to oligomers ���0�Z�� �”�� ���N�'�D�� [45, 170]. Based on acetylation pattern and 

dosage, specific water-soluble chitosan oligomers were also able to trigger anti-inflammatory 

responses in macrophages that could potentially be used in novel therapies for improved cartilage 

repair, as well as to support complete joint health [171].  
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CHAPTER 3 ORGANISATION OF ARTI CLES 

The main work of this doctoral project is divided in three chapters: chapter 4 presents an in 

vitro study on fibroblast-like synoviocytes (FLS) of the synovial membrane, chapter 5 is a copy 

of a research article manuscript submitted to the Journal of Orthopeadic Research, presenting an 

ex vivo study on the meniscal extracellular matrix (ECM) microarchitecture, and finally chapter 6 

presents an in vivo study in a chronic cartilage defect rabbit model.  

3.1 General hypothesis  

The starting general hypothesis tested for this doctoral thesis is that an anti-inflammatory 

chitosan formulation can be developed to diminish synovial inflammation, preserve menisci 

structural integrity and promote an anabolic synovial joint microenvironment in an in vivo 

cartilage repair model.  

3.2 Study 1 – in vitro study on primary FLS 

The first study presented in this thesis (Chapter 4) is an in vitro study on primary FLS 

monolayer and aggregate cultures stimulated by cytokines and growth factors commonly found in 

the joint cavity during inflammation. FLS are responsible for the production of hyaluronic acid 

(HA) which supports the viscoelastic nature of the synovial fluid and the homeostasis of the joint, 

but mechanisms that control its production in response to inflammation are unclear. Thus the 

general aim of this study was to study in vitro the effect of specific growth factors, inflammatory 

factors and morphogenic factors on HA synthesis by FLS.  

3.2.1 Research hypothesis 

Our starting hypothesis for this study was that:  

I. Growth factors, inflammatory factors and morphogenic factors known to induce 

HA release in vitro, upregulate UDP-glucose dehydrogenase (UDPGD) activity in 

primary FLS cultures.  
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3.2.2 Specific objectives and methods overview 

First, a novel method was developed to perform in situ enzyme staining for UDPGD 

activity in primary FLS monolayer cultures, adapted from staining protocols for synovial tissue 

samples. UDPGD is highly expressed in FLS and is a rate-limiting enzyme in the production of 

HA, thus this novel method of in situ enzyme staining was used to investigate the relationship 

between FLS UDPGD activity and HA release in the culture medium. Cultures were stimulated 

for 24 hours by anabolic factor PDGF-BB, morphogenetic factor TGF-��1 and catabolic 

inflammatory factor IL-1��, after which HA concentration was determined by ELISA assay and 

cells were processed for in situ UDPGD enzyme staining. Secondly, random spontaneously 

aggregated FLS showed higher UPDGD activity in our preliminary assays. To evaluate the role 

of cell aggregation on UDPGD activity and HA release, a new confined droplet method was 

designed to generate controlled FLS aggregates in vitro.  

This study contributed to furthering our understanding of FLS response in vitro to 

cytokines normally released from platelets and macrophages.  

3.3 Article 1 – Meniscal inter-tie coils morphology 

The second study of this thesis (Chapter 5) is a submitted research article on the 

localization and composition of meniscal inter-tie coils, as well as the changes they undergo 

following joint inflammation. Inspired by the cell processing used for the in situ enzyme staining 

in the previous study, we developed a new method for unfixed histology of rabbit and sheep 

menisci that revealed the inter-tie coils within the meniscal ECM. Thus, we carried out a proof-

of-concept study on rabbit and sheep menisci to investigate inter-tie coil localization and 

composition in intact menisci and to assess if cartilage repair surgical techniques induce a change 

in the inter-tie coils morphology.  

3.3.1 Research hypotheses 

Our starting hypotheses for this study were that:  

I. Inter-tie coils structure can be preserved by carrying unfixed tissue through rapid 

sucrose infiltration and cryo-embedding; 
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II.  Inter-tie coil thickness is altered in rabbit knees after intra-articular injections or 

cartilage defect creation and repair;  

III.  Inter-tie coil thickness and red-red zone vascularity are altered in fibrillated 

menisci compared to normal-appearing menisci. 

3.3.2 Specific objectives and methods overview 

The simple histology method developed for the unfixed histology of meniscus was used to 

further our knowledge on the meniscal ECM microarchitecture. Collecting post-mortem menisci 

from rabbit and sheep, unfixed histology of samples was used to investigate the inter-tie coils, 

which are often overlooked by studies on the meniscus. We first used histomorphometry and 

immunohistochemistry to characterize inter-tie coils localization and composition in intact 

menisci. Adhering to the modern concept that the knee should be viewed as one whole organ, we 

then evaluated if surgical interventions on the knee, such as intra-articular (IA) injections or bone 

marrow stimulation (BMS) procedures, could alter inter-tie coil thickness in rabbit menisci. And 

finally, we also investigated the effect of macroscopic fibrillation scores on the inter-tie coils 

thickness in a sheep BMS cartilage repair model.  

This study contributed to furthering our understanding of meniscal ECM 

microarchitecture in intact tissue and the changes occurring in inter-tie coil morphology 

following surgically treatments on the joint.  

3.4 Study 3 – IA -injectable chitosan formulations for post-operative 

application 

The last study presented in this thesis (Chapter 6) is a pilot in vivo study in a chronic 

cartilage defect rabbit model for cartilage repair evaluating the effect of IA-injected chitosan 

formulations on the cartilage, the synovial fluid and the synovial membrane of the knee. The 

major contribution of this study is the investigation of the synovial membrane and the synovial 

fluid responses to BMS of a chronic trochlear cartilage defect. Changes occurring in the synovial 

membrane and the synovial fluid have been reported in the literature for rheumatoid arthritis, 

osteoarthritis and following joint injury, however this is the first study to our knowledge to look 

at the cartilage, the synovial fluid and the synovial membrane all at once.  
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3.4.1 Research hypotheses 

Our starting hypotheses for this study were that:  

I. In comparison to the contra-lateral knee left intact, the knee submitted to the 

microdrilling of a chronic cartilage defect will exhibit post-operatively at one 

week: 

a. A significant and measurable decrease in the synovial fluid HA 

concentration and HA molecular weight (Mw);  

b. An increased number of white blood cells in in synovial smears when 

performing a complete blood count (CBC); 

c. A significant and measurable increase in synovial lining hyperplasia, in 

vascularity of the synovial tissue and in the number of infiltrated 

macrophages.  

II.  In comparison to saline IA-injections, three weekly IA-injections of chitosan 

oligomers applied post-operatively to a microdrilled chronic cartilage defect will 

exhibit:  

a. An equal HA concentration and HA Mw in the synovial fluid;  

b. A decrease in synovial inflammation, with notably a thinner synovial lining 

and a lower density of blood vessel within the synovial membrane.  

c. A higher number of AM-3K+ macrophages in the synovial membrane 

without increasing the number of RAM-11+ macrophages 

d. An equal or higher average cartilage repair tissue volume in the femur 

samples 

3.4.2 Specific objectives and methods overview 

A chronic cartilage defect NZW rabbit model was used in this study to better translate 

clinical reality in patients, compared to acute cartilage defect models. A full thickness cartilage 

defect was performed unilaterally or bilaterally and left to develop chronicity over 28 days. Next 
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animals were submitted to the microdrilling of the chronic cartilage defect to induce cartilage 

repair in the knee trochlea. This experimental design divided NZW rabbits into two groups:  

�x The model group (N=3 rabbits) was a unilateral BMS cartilage repair model and was used 

to determine the whole joint’s response to microdrilling in the knee trochlea in 

comparison to the collateral knee left intact. Animals were sacrificed 1 week post-

operatively to investigate the state of the knee joint prior to the first intended IA-injection 

of biomaterial.  

�x The IA -injected group (N=12 rabbits) was a bilateral BMS cartilage repair model, where 

microdrilled chronic trochlear defects were treated with 3 weekly IA-injections starting at 

1-week post-BMS surgery. Animals were sacrificed 3 weeks post-operatively to 

investigate the effect of chitosan-based IA-injectable biomaterials. 

Clinical signs in NZW rabbits were monitored for the entire duration of the study, 

including body weight, body and knee temperatures, knee effusion and CBC. To investigate the 

effect of IA-injectable chitosan formulations on the whole knee joint, the synovial fluid was 

collected by lavage prior to each surgery and at necropsy, and the femur distal ends and supra-

patellar synovial membrane were collected at necropsy for each rabbit.  

The cartilage, the synovial fluid and the synovial membrane were all analyzed to 

determine the response of the knee joint as a whole organ to the IA-injected formulations. This 

study contributed to furthering our understanding of synovial microenvironment following 

surgical interventions and to reveal the complex response of the synovial membrane to BMS.   
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CHAPTER 4 FIBROBLAST-LIKE SYNOVIOCYTE CELL-CELL 

CONTACT INDUCES UDP-GLUCOSE DEHYDROGENASE ACTIVITY 

WHILE CYTOKINES DRIVE HYALURONIC ACID RELEASE 

4.1 Preamble 

The chapter presents the first study of this doctoral thesis, which is an in vitro study on primary 

human and rabbit FLS cultures. Part of this work was published in Frontiers in Bioengineering 

and Biotechnology as a conference proceeding of the 10th World Biomaterials Congress held in 

Montréal QC in May 2016 [172] (Appendix-A). 

For this first study, I would like to acknowledge the contributions of my colleagues, Alexandre P. 

Cheng, Dr. David Fong, Karim Diab and Dr. Gaoping Chen, in the optimization of methods and 

the gathering of data; of our collaborator Dr. Robert McCormack (Vancouver, BC) in designing 

the study and for providing us human synovial membrane biopsies and Mauri Zomar for the 

coordination of donor recruitment; of our collaborator Dr. Hani El Gabalawy (Winnipeg, MN) in 

designing the study; of my thesis supervisor Dr. Caroline D. Hoemann in designing the study, 

analysing the data, revising this chapter and funding the study (CIHR Operating grants 185810 

and 133729)  

4.2 Introduction  

Fibroblast-like synoviocytes (FLS) and macrophage-like synoviocytes line the surface of 

the synovial tissue in the articular joint cavity. Both population of synoviocytes serve to modulate 

synovial fluid composition: FLS by releasing hyaluronic acid (HA) and macrophage-like 

synoviocytes by secreting growth factors, pro-inflammatory and anti-inflammatory factors, with 

secreted quantities depending on the inflammatory, normal or degenerative condition of the joint 

[22, 82]. FLS are characterized by their expression of the UDP-glucose dehydrogenase (UDPGD) 

enzyme, a NAD+ oxidoreductase that oxidizes UDP-glucose to produce UDP-glucuronic acid, 

which is a precursor of hyaluronic acid [61-63]. Because it is reported that UDPGD is a rate-

limiting enzyme in the production of UDP-glucuronic acid [64], it is consequently assumed that 

UDPGD is also a rate-limiting enzyme of HA synthesis [61, 65], however there is currently no 

study to support this speculation.  
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HA is a high molecular weight (Mw) linear glycosaminoglycan composed of alternating 

glucuronic acid and N-acetyl-glucosamine residues. HA is found in the synovial fluid and 

extracellular matrix of most animal tissues and is implicated in tissue remodeling, inflammation 

and pathologies, making it a common subject of current studies [173-175]. HA is synthesized by 

HA synthase (HAS) enzymes at the outer surface of the FLS cell membrane. High Mw HA is an 

essential component of the synovial fluid, contributing to the solution viscosity and providing 

lower friction during articulation of the joint. HA can therefore be considered a 

chondroprotective polysaccharide and the mechanisms leading to its synthesis need to be 

thoroughly understood. The long-term aim of this research is to develop a reliable in vitro co-

culture model of FLS and macrophage-like synoviocytes to test new treatment strategies for joint 

diseases modulating synovial membrane responses, including HA release by FLS. For that 

purpose, this study aimed to first elucidate whether UDPGD activity correlates with endogenous 

HA release and validate that in situ staining of UDPGD activity can be used as an accurate 

marker of FLS HA production. 

HA production by FLS is known to be influenced by anabolic, morphogenetic and 

catabolic factors [22, 176-178]. To better understand the effect of inflammation on synovial fluid 

composition, different groups have measured HA release from in vitro cultured fibroblasts [22, 

65, 179], or analyzed HA in synovial fluid aspirates, most often using samples from patients with 

rheumatoid arthritis (RA) or osteoarthritis (OA). In RA or OA disease states, it was demonstrated 

that UDPGD activity is diminished in the synovial lining cells compared to healthy knees [62, 

65] and that HA concentration and Mw are reduced in the synovial fluid [180, 181]. Other studies 

have shown that specific cytokines upregulate HA release, including platelet-derived growth 

factor BB (PDGF-BB) [176], interleukin-1�� (IL-1��) [179, 182, 183] and transforming growth 

factor-��1 (TGF-��1) [176, 184], or the combination of TGF-��1 and IL-1�� which is reported to be 

the highest inducer of HA in vitro [177, 185].  

However, previous studies showed no clear correlation between HA synthesis and HAS 

expression levels [177], suggesting that other mechanisms, such as UDPGD activity, govern HA 

production by human FLS. To our knowledge, this study is the first to investigate the effect of 

key cytokines on FLS cells from donors with joint injury and not diagnosed for either RA or OA. 

Insights into the molecular and cellular mechanisms that control HA release could assist in 

developing new strategies to alleviate negative inflammatory effects in damaged joints. 
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In order to observe the relationship between FLS UDPGD activity and HA production, we 

first developed a novel method to perform in situ enzyme staining for UDPGD activity in 

primary FLS monolayer cultures. Since the rabbit is a relevant and common in vivo model of 

knee injury and repair, we used primary rabbit FLS (rFLS) monolayers and unfixed rabbit 

synovial membrane cryosections to optimize the staining method. Next, we analyzed primary 

human FLS (hFLS) for UDPGD activity and HA secretion to the culture medium, under 

stimulation by anabolic factor PDGF-BB, morphogenetic factor TGF-��1 and catabolic 

inflammatory factor IL-1��. We tested the hypothesis that factors known to induce HA release in 

vitro also upregulate UDPGD activity. We reasoned that if UDPGD is an enzymatic rate-limiting 

step, then cytokines that enhance HA production should also upregulate UDPGD. Because 

random spontaneously aggregated hFLS showed higher UPDGD activity in our preliminary 

assays, we developed a new confined droplet method to generate controlled hFLS aggregates in 

vitro to evaluate the role of cell aggregation on UDPGD activity and HA release. Our quantitative 

data revealed that HA release was induced in vitro by cytokines but not by aggregation, whereas 

UDPGD activity was consistently intensified by cell aggregation and increased to a variable 

extent by the same cytokines. 

4.3 Materials and methods 

4.3.1 Rabbit synovial specimens 

All studies involving rabbits were carried out with protocols approved by the University 

of Montreal Animal Division and in conformity with the Canadian Council of Animal Care 

guidelines. Rabbit synovial tissues were collected post-mortem at necropsy from N=7 adult New 

Zealand White (NZW) rabbits that were used in unrelated in vivo studies. Freshly dissected 

menisci with attached synovium were obtained from N=2 rabbits with intact knees and from N=1 

rabbit at 21 days of repair following a bilateral surgical treatment with or without a chitosan-

based implant supplemented with platelet-rich plasma [137]. Samples were placed in a 1:1 v/v 

solution of 20% sucrose/isotonic saline:TissueTek® optimum cutting temperature compound 

(OCT, Sakura/Cedarlane, Hornby, ON) for 2 to 9 hours at 4°C, then frozen over a mixture of 

acetone and dry ice in OCT and stored at -20°C. 10 µm thick histological cryosections were 

prepared, stored at -20°C and used within 1 month of cutting for standard enzyme in situ staining. 
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One group of 7-month old female NZW rabbits (N=4) previously immunized for antibody 

production to a phosphopeptide were used to extract rFLS within 4 hours of dissecting the 

infrapatellar fad pad synovium. 

4.3.2 Human synovial tissue specimens 

All protocols involving human synovial tissue biopsies were approved by institutional 

review boards at Fraser Health Authority and Ecole Polytechnique. Small human synovial 

membrane biopsies were donated by consenting patients (N=6) undergoing arthroscopic surgery 

at the Eagle Ridge Hospital, Port Moody, BC, with mild synovitis and knee pain. Donor features 

(gender, age and self-reported pain score on a scale of 0 to 10) were noted prior to surgery, and 

synovial joint clinical characteristics (Cartilage ICRS macroscopic score and synovial 

inflammation), were evaluated intro-operatively by the surgeon (RM) prior to biopsy collection 

(Table 4.1).  

 

Table 4.1 – Donor characteristics at the time of biopsy collection (N=6). 

Patient characteristics Value 

Gender N=3 Male; N=3 Female 

Age (years; mean ±  SD) 24 ± 7  

Pain Score (out of 10; mean ±  SD) 5 ± 2 

Cartilage ICRS Score (Grades I, II, III, IV; mean) 1 II  

Synovial inflammation (0, +, ++, +++; mean) 2 + 

1 Cartilage ICRS macroscopic scores range from 0 for normal cartilage to IV for exposed bone;   
2 synovial inflammation was defined as 0 for normal synovial tissue and as +, ++, +++ to 
represent mild to strong macroscopic hypertrophy, vascularity and hyperemia.  

 

Synovial tissues were collected under aseptic conditions and placed immediately in 

Dulbecco’s modified Eagle medium (DMEM, 4.5 g/L glucose, product 12100-038, Life 



42 

 

Technologies, Burlington, ON) supplemented with 2 mM L-glutamine, 1.85 g/L sodium 

bicarbonate, 100 U/mL penicillin with 100 µg/mL streptomycin (Pen/Strep) and 50 µg/mL 

gentamycin (Sigma-Aldrich, Oakville, ON). Human synovial samples were air-shipped from 

Eagle Ridge hospital to Ecole Polytechnique on ice packs and hFLS were extracted within 24 to 

30 hours of collection.  

4.3.3 FLS extraction 

FLS were extracted based on Rosengren et al. [186]. If synovial tissue was contaminated 

with blood, it was rinsed with sterile phosphate-buffered saline (PBS). Tissue were minced with 

sterile scissors, placed in a 15 mL conical tube in 5 mL RPMI (Product 31800-022, Life 

technologies) with Pen/Strep, then combined with 5 mL of 1 mg/mL filter-sterile collagenase 

type VIII (product C2139, Sigma-Aldrich) in RPMI, incubated for 90 minutes at 37°C with 

constant agitation, and passed through a 70 µm nylon mesh strainer (Fisher Scientific, Ottawa, 

ON). Extracted cells were centrifuged twice at 250xg for 10 minutes, resuspended each time in 

15 mL of DMEM/Pen-Strep/gentamicin with 10% Fetal Bovine Serum (FBS, product 26140-079, 

Life Technologies). Cells were counted, assessed for viability by trypan blue exclusion, and 

cultured subconfluent at 37°C and 5% CO2. Medium was changed twice a week and cells were 

passaged at 90% confluency.  

4.3.4 Primary r abbit FLS MTT metabolic activity assay 

To verify that endogenous mitochondrial oxidase activity was eliminated prior to 

performing the UDPGD enzyme stain, rFLS monolayers in 96-well plates were submitted to a 

metabolic assay after carrying out cryopreservation steps. Cells were incubated for 1 hour in PBS 

or in OCT, or subjected to freeze-thaw in PBS or OCT, rinsed with PBS, then incubated for 3 

hours at 37°C in 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Sigma-Aldrich) in DMEM. Images were taken with light microscope at a 40x 

magnification.  

4.3.5 Primary human FLS monolayer cultures  

hFLS and rFLS were passaged 3 to 4 times in DMEM/1% Pen-Strep/0.5% 

gentamicin/10% FBS to eliminate synoviocyte type A macrophage cells. For UDPGD in situ 
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enzyme assay, 40,000 passaged (P3 to P9) hFLS were seeded in 8-well Falcon® Culture Slides 

(Product 08-774-26, Fisher Scientific). For HA and DNA quantification 100,000 passaged hFLS 

were seeded in 24-well plates. Cells were cultured 5 days to allow cells to reach a uniform 

confluent monolayer. Monolayers were rinsed in serum-free medium (DMEM/Pen-

strep/gentamicin) then cultured 24h in serum-free medium without or with added recombinant 

human cytokine PDGF-BB (product 220-BB, R&D Systems, Minneapolis, MN), IL-1�� (product 

201-LB, R&D Systems), TGF-��1 (product 100-B, R&D Systems), or a combination of IL-1�� 

with TGF-��1. Controls included hFLS cultures in 10% serum (positive control), and in serum-

free medium (negative control), and unfixed synovial cryosections. 

4.3.6 Controlled aggregate cultures 

From a cell suspension of 8 million hFLS per mL in serum-containing medium, a 5��L 

drop (40,000 cells) was pipetted into each well of an 8-well Culture Slide placed on a 37°C heat 

block under a laminar biological flow hood. A sterile 9 mm diameter polypropylene plastic disk 

was placed in tilted fashion over the drop, in order to limit cell adhesion to the small contact area 

by capillary force. After 10 minutes at 37°C, fresh medium solution was added to the well and 

the plastic disk was discarded. Slides were left an additional hour on the heat block to allow 

stabilisation of the cell aggregates before being transferred into the 5% CO2 incubator at 37°C. 

Cell aggregates were cultured for 5 days, the same culture time as control monolayer hFLS 

cultures to allow comparison.   

4.3.7 UDPGD in situ enzyme stain of primary hFLS cultures and synovial 

cryosections 

Human FLS cultures in 8-well slides were washed twice with isotonic saline, incubated in 

OCT for 1h at -80°C, thawed to room temperature and carefully rinsed 3 times in PBS. 

Cryosections were washed one minute in isotonic saline. UDPGD in situ enzyme staining was 

adapted from Pitsillides’ synovial membrane staining method [62, 65, 187]. UDPGD staining 

solution [��-Nicotinamide adenine dinucleotide hydrate (NAD+,1 mg/mL, Sigma-Aldrich), UDP-

glucose (3 mg/mL, Sigma-Aldrich), Nitrotetrazolium blue chloride (NBT, 3.3 mg/mL, Sigma-

Aldrich), 2% (w/v) polyvinyl alcohol (PVA, product 8136, 30,000-70,000 g/mol, Sigma-

Aldrich), 50 mM glycylclycine pH 7.8], was prepared by mixing 2.5 mL 100 mM 
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glycylglycine/4% PVA pH 7.8 buffer (previously degassed for 10 minutes under vacuum) with 

0.5 mL 10 mg/mL NAD+, 0.5 mL 30 mg/mL UDP-glucose and 1.5 mL 10 mg/mL NBT, then 

kept under N2 gas until use. Samples were stained for 60 minutes at 37°C. For negative controls, 

UDP-glucose was substituted with ddH2O. The staining reaction was stopped by washing slides 

twice in ddH2O for 3 minutes. Slides were dried overnight at room temperature then mounted in 

Permount. Results for each cytokine were reproduced in at least 3 distinct donors for all 

conditions tested. 

4.3.8 Histology of FLS in vitro cultures 

Human FLS cultures were fixed in 10% normal buffered formalin and stained with 

Hematoxylin & Eosin [188]. FLS aggregate cultures were also stained with Crystal violet in 70% 

ethanol.  

4.3.9 HA concentration per cell measures  

HA levels in 24-hour conditioned media from hFLS cultures in 24-well plates was 

quantified by an enzyme-linked immunosorbent assay (ELISA, product DY3614, R&D Systems), 

and normalized to DNA extracted from cells with guanidine isothiocynate and quantified by 

Hoechst flurorescent assay (Tecan M200 Infinity plate reader, Tecan Systems, San Jose, CA, 

USA) against a standard curve of sheared calf thymus DNA [189]. 

4.3.10 Statistical analysis 

All data were analyzed by a one-way analysis of the variance (ANOVA) model combined 

with post-hoc Tukey Honest Significant Differences (HSD) tests to evaluate statistical differences 

using Statistica (V12, Statsoft Inc., Tulsa, OK, USA). hFLS culture condition (N=4 to N=6 

independent hFLS donors per culture condition) was used as the between-effect categorical 

predictor to evaluate the effect of cytokines, serum and cell aggregation on HA release per cell. 

Differences in HA production per cell were analyzed for 9 culture medium conditions: 10% 

serum, serum-free medium alone or with added PDGF-BB (10 and 100 ng/mL), IL-1�� (1 and 10 

ng/mL) and TGF-��1 (1 and 10 ng/mL) and a combination of IL-1�� (1 ng/mL) and TGF-��1 (1 

ng/mL). The effect of cell aggregation on HA release and UDPGD % stain was analyzed using 
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N=3 donors. The study design assumed that the observed outcomes are independent of donor age 

and gender.  p<0.05 was considered statistically significant. 

4.4 Results 

4.4.1 A novel UDPGD in situ enzyme stain for FLS in vitro cultures 

We extracted FLS from rabbit and human synovium to develop a novel in situ UDPGD 

enzyme staining method for in vitro cultured FLS. Rabbit and human synovial membrane 

samples gave a similar cell yield, with human biopsies containing about 2-fold more cells (2.51 

vs 1.46 million cells, figure 4.1) but approximately 2-fold lower viable cells (48% vs 92% viable, 

figure 4.1). The primary cell proliferation rate varied from donor-to-donor.  

 

Figure 4.1 – Primary human and rabbit FLS comparative cell yield and percent cell viability 

following enzyme extraction. Values of cell yield are given by the left Y-axis and values of 

percent cell viability are given on the right Y-axis. Data are represented as mean (marker), with 

the uncertainty estimated by the standard error (S.E., box) and 95% confidence intervals (C.I., 

whiskers). 
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Following the Pitsillides method [62, 187], UDPGD staining was reproduced in unfixed 

rabbit synovial cryosections. The signal intensity varied between knee samples and along the 

synovial lining. A strong and specific UDPGD signal was consistently obtained in meniscal 

synovium from a rabbit knee at 21 days post-cartilage repair surgery (Figure 4.2A-B). Sections 

from this sample were used as a reference positive control sample during optimization of 

UDPGD staining of primary FLS monolayers. 

To ensure specificity of the UDPGD activity in situ stain, primary FLS cultures were 

submitted to a freezing step to induce cell necrosis and eliminate mitochondrial oxidases that 

could produce a false-positive NBT reduction during UDPGD staining. Mitochondrial oxidase 

activity was detected in live rFLS and no longer detected in cells after freeze-thaw in isotonic 

saline (Figure 4.2C vs 4.2D), but cells frozen in a saline solution had a distorted morphology 

(Figure 4.2D).  

Interestingly, rFLS monolayers frozen in OCT, a PVA-based solution, lost all 

mitochondrial oxidase activity and maintained their fibroblast morphology (Figure 4.2E). 

Therefore, all UDPGD staining was carried out on monolayers frozen with OCT compound, an 

innovation which allowed the successful translation of Pitsillides staining method in synovial 

tissue to the visualisation of UDPGD in situ activity in FLS monolayer cultures (Figure 4.2F-H). 

4.4.2 Effect of anabolic and catabolic factors on HA release and UDPGD 

activity  

UDPGD activity was consistently stronger when rFLS from 4 different donors were 

cultured in 10% serum versus serum-free medium. Therefore, 10% serum was used as a positive 

control and serum-free medium as a negative control in hFLS cultures. Effect of cytokines known 

to enhance HA release in vitro was tested on hFLS monolayers cultured in serum-free medium 

containing, including the anabolic factors PDGF-BB and TGF-��1, the catabolic inflammatory 

cytokine IL-1��, as well as the combination of IL-1�� and TGF-��1 [176, 179, 182-184]. We 

analyzed both in situ UDPGD activity monolayer cultures and culture medium for HA release per 

cell.  
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Figure 4.2 – Development of a novel in situ UDPGD enzyme stain of FLS monolayers. UDPGD 

staining in the synovial lining of an example unfixed rabbit synovial tissue cryosection at 1 

month post-cartilage repair with UDP-glucose substrate (A) in comparison to the negative control 

without UDP-glucose (B). To translate UDPGD staining to FLS cultures, mitochondrial oxidase 

activity needed to be eliminated. Normal metabolic activity of rFLS cells cultured in 

10%Serum/DMEM media results in visible formazan crystals through an MTT assay (C), 

however if rFLS cells were frozen in isotonic saline (D) or OCT compound solution (E) 

formazan crystals were no longer formed (representative images from N=4 rFLS donors); only 

OCT preserved rFLS morphology after freeze-thaw. Specific UDPGD in situ staining in the 

presence of UDP-glucose was obtained after freeze-thaw in OCT of both rFLS monolayers (F) 

and hFLS monolayers (G) with negligible background stain without UDP-glucose (H). Scale bar 

in all panels: 20 µm. 
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Under optimal staining conditions, UDPGD in situ staining was cytosolic and detected at 

variable intensity in cells across the monolayers when serum or cytokines were present in the 

culture medium (Figure 4.3). UDPGD in situ staining was consistently observed in hFLS 

monolayers cultured in medium with 10% serum (Figure 4.3A) and faint staining of hFLS cell 

monolayers in serum-free medium (Figure 4.3B) with little or no background in reactions without 

UDP-glucose substrate (Figure 4.3G-H). Despite donor-to-donor variability of stain intensity, as 

well as some variability due to culture passage number, PDGF-BB was the only cytokine 

condition resulting in strong UDPGD in situ staining (Figure 4.3C and 4.3I) comparable to 

medium with 10% serum. Other cytokines induced UDPGD staining of lower intensity as 10% 

serum, but still above baseline UPDGD activity of hFLS cultures in serum-free medium (Figure 

4.3D-F and 4.3J-L). Cytokines altered the FLS cell morphology to spread (serum or TGF-��������

Figure 4.3M and 4.3Q), spindle-shaped (PDGF-BB, figure 4.3O), rounded with a loss of cell-cell 

contact (IL-���������I�L�J�X�U�H���������3�������D�Q�G���D���P�L�[�W�X�U�H���R�I���V�S�U�H�D�G���D�Q�G���U�R�X�Q�G�H�G�����,�/-�������7�*�)-���������I�L�J�X�U�H���������5������

To summarize, UDPGD activity was detected in FLS cultures stimulated by serum, by 

inflammatory factors (IL-�����������S�O�D�W�H�O�H�W-derived factors (PDGF-BB, TGF-�����������R�U���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I��

the two (IL-���������7�*�)-������������ 

 

Figure 4.3 – Effect of cytokines or serum on hFLS in situ UDPGD activity and cell morphology. 

Representative image of the strongest signal of UDPGD in situ stain with UDP-glucose substrate 

(A-F) and the matching control without UDP-Glucose (G-L), and  H&E stained hFLS (M-R) to 

show that UDPGD activity and hFLS cell morphology is influenced by culture conditions as 
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shown for 10% serum culture medium (A, G & M): serum free medium (B, H & N) and serum 

free medium with added PDGF-BB (C, I & O), IL-1�� (D, J & P), TGF-��1 (E, K & Q) and a 

combination of IL-1�� and TGF-��1 (F, L & R). Data (A-B). Scale bars (A-R) of 50��m. 

 

Compared to serum-free medium, HA release was up-regulated 3-fold by serum and TGF-

��1, 6-fold by PDGF-BB and by IL-1��, and 30-fold by the combination of IL-1�� and TGF-��1 

(Figure 4.4). HA release from the FLS was low in serum-free medium and upregulated by 10% 

serum and all cytokines (Figure 4.4). HA production was the strongest in the presence of TGF-

��1+IL-1��, 30-fold higher compared to serum-free medium, and surprisingly was not paralleled by 

a 30-fold enhanced UDPGD staining intensity (Figure 4.3F). Among the conditions tested, only 

serum and PDGF-BB up-regulated both UDPGD activity and HA release. 

 

 

Figure 4.4 – Effect of cytokines and serum on hFLS HA release. HA concentration per cell in 

conditioned media of hFLS cultures after 24h are shown with cytokine concentrations below the 

graph (N=3 to N=6 donors); Data (A-B) are represented as mean (marker), with the uncertainty 

estimated by the standard error (S.E., box) and 95% confidence intervals (C.I., whiskers).  
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4.4.3 Cell aggregation is the strongest inducer of UDPGD activity 

In hFLS monolayer cultures, we noticed that occasional spontaneous cell aggregates had a 

stronger UDPGD staining intensity irrespectively of medium condition (Figure 4.5). Aggregates 

without UDP-glucose substrate showed only a faint blue background stain, indicating that the 

strong blue signal depended on the presence of UDP-glucose and was therefore produced by 

UDPGD activity.  

 

Figure 4.5 – Representative image of a spontaneous hFLS cell aggregate in 10% serum culture 

medium. With UDP-glucose present (A-B) strong UDPGD in situ can be seen in occacional cell 

aggregates, whereas without UDP-gluose (C-D), there is only a little background. Scale bars of 

200 �Pm (A, C) and 50 �Pm (C-D). 

 

Thus, to study the effect of aggregation on UDPGD activity, we developed a controlled 

FLS in vitro aggregate model in 8-well culture slides (Figure 4.6A). By restricting cell adhesion 

to a specific area with help a sterile plastic disk (Figure 4.6B), we were able to reproducibly 

create FLS aggregates (Figure 4.6C-D). Cell aggregation was found to be the strongest inducer of 

UDPGD activity, even in serum-free medium (Figure 4.7A-F). However, cell aggregation was 

insufficient to enhance HA release in serum-free medium, as serum-free hFLS aggregates and 

monolayers both produced around 2 µg HA/mL/million cells/24h versus 13 µg HA/mL/million 

monolayer cells/24h in serum (Figure 4.7G). Altogether, these data showed that induction of 

UDPGD activity is not sufficient to upregulate HA release in serum-free medium.  
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Figure 4.6 – FLS controlled in vitro aggregate culture model. hFLS cell aggregates were 

generated in 8-well culture slides (A) using a sterile plastic disk (B) to restrict cell attachment to a 

specific area. Crystal violet stain of (C.1-C.2) hFLS aggregate cultures and (D.1-D.2) hFLS 

monolayer cultures after 5 days of culture. Panels C.1, D.1, 1.25x magnification; Panels C.2, 

D.2, 20x magnification.  

4.5 Discussion 

This study is the first, to our knowledge, to demonstrate UDPGD activity in monolayer 

FLS cultures. The novel method of in situ enzymatic stain of UDPGD activity in FLS in vitro 

cultures provided a new strategy to observe enzyme activity levels in vitro, which allowed us to 

analyze the effect of different cytokines on both HA release and UDPGD activity. Our data also 

provide the first evidence that UDPGD activity can be upregulated in FLS by serum and PDGF-

BB, a cytokine known to participate in wound-healing. These data are consistent with previous 
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reports that FLS from OA or RA joints produce more HA in serum-containing medium relative to 

serum-free medium [174, 176-179].  

 

Figure 4.7 – Cell aggregation in serum-free medium strongly enhances UDPGD activity without 

increasing HA release. UDPGD in situ stain in the presence (A, C, E) or absence of UDP-glucose 

substrate (B, D, F) for cultured hFLS as (A-B) aggregates in serum-free medium, (C-D) 

monolayers in serum free medium and (E-F) monolayers in 10% serum. These data showed that 

cell aggregation was sufficient to induce UDPGD activity in the absence of serum. (G) Serum 

induced greater HA release than serum free cultures (aggregate or monolayer, p=0.012, 0.011, 

respectively). Scale bars (A-F) are 100��m. Data (G) is represented as mean (marker), with the 

uncertainty estimated by the standard error (S.E., box) and 95% confidence intervals (C.I., 

whiskers), and p-values are from a one-way ANOVA and a Tukey HSD test (N=3). 

 

It is important to note that UDPGD staining intensity, on a qualitative level, did not 

change in proportion to the average HA production between cytokine conditions. PDGF-BB 

induced HA release and also promoted UDPGD activity, but other cytokines, such as the 

combination of IL-1�� and TGF-��1, induced a 30-fold increase in HA release versus serum-free 

medium with only a minor increase in UDPGD activity. These data suggest that basal UDPGD 

activity induced by serum or wound-healing factors may provide enough UDP-glucuronate to 
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support a rather wide range of HA production (from 5-fold to 30-fold higher). In addition, low 

UDPGD activity in cultures with high HA production lead us to speculate that HA accumulation 

in the culture medium could exert potential feedback inhibition of UDPGD; data from others 

have led to the notion that intracellular pools of UDP-glucuronic acid and UDP-N-acetyl-

glucosamine could modulate HAS activity (reviewed in [190-193]).   

In this study, high donor-to-donor variations in UDPGD activity were observed, for 

reasons that remain unclear. Each human donor had a different knee condition and donor-specific 

synovial hypertrophy, fibrosis, and synovitis could affect the synovial membrane surface area 

collected in a similar-size biopsy (reviewed in [49, 50]). In addition, passage number of hFLS 

cultures varied from P3 to P9 and was an uncontrolled variable in this study. Passage number 

could potentially be responsible for donor-to-donor variations in UDPGD staining intensity, 

however different donors showed a similar ability to induce UDPGD in aggregate cultures and 

produced similar levels of HA in 10% serum, thus making it unlikely.  

Our data showing increased HA release in response to IL-1��, TGF-��1 and the 

combination of IL-1�� with TGF-��1 are consistent with a variety of studies analyzing the response 

of FLS to these cytokines in vitro [174, 176-179]. In this study, we chose to study only one 

combination of cytokines, IL-1�E and TGF-�E1, but other cytokine combinations, such as IL-1�E 

combined with IL-17 or TNF-�D have also been found to induce up to 50-fold higher HA 

production by FLS in vitro [194, 195]. The synergistic action of pro-inflammatory cytokines with 

either morphogenetic or anti-inflammatory cytokines is studied in order to understand how 

cytokine networks may function during immune responses at inflamed sites in the body [194]. 

Following injury, it has been shown that levels of IL-1�� and TNF-�. in the synovial fluid increase 

[196, 197], similarly to what has been observed in cases of RA (reviewed in [198, 199]) and OA 

[82, 200, 201] where local inflammation is also known to occur. These collective observations 

suggest that IL-1�E helps promote HA release under different stages of joint inflammation, even 

when UDPGD activity is relatively low.  

Stimulation of hFLS monolayers with IL-1�E led to cell rounding, loss of cell-cell 

attachments and only low and sporadic UDPGD activity. This observation is consistent with our 

data showing that cell aggregation is an important driver of UDPGD activity. These results are in 

agreement with previous work by Pitsillides et al who reported that UDPGD activity is depressed 
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in the synovial membrane biopsies from patients with inflammatory joint disease where immune 

cells have infiltrated the synovial lining [62, 65]. These data lead us to hypothesize that in the 

inflamed joint where IL-1�E is released, FLS in the synovial membrane could lose cell-cell contact 

during immune cell infiltration [82, 202] [183], leading to low UDPGD activity [62, 65] while 

also producing higher levels of HA. This supporting our conclusion is that sustained high 

UDPGD activity is neither necessary nor sufficient for increased HA production (Figure 4.8).  

 

 

Figure 4.8 – Summary schematic of factors promoting UDPGD activity in the process of HA 

production.  

 

Previous work showed that HAS mRNA expression is not correlated to HA release in 

vitro [177] and our work shows that UDPGD activity is not qualitatively proportional to HA 

release in vitro. Together, these data suggest that other factors may have a more significant 

influence on HA production, for example cell metabolic states and post-translational modification 

of HAS2 [203]. As mentioned previously, levels of UDP-glucuronic acid and more so UDP-N-

acetyl-glucosamine influence HAS activity [190] and intracellular levels of these UDP-

monomers also affect the molecular weight of synthesised HA [190, 204, 205]. Although the role 

of UDPGD activity in HA production is still uncertain, we intend to test in future work the 

hypothesis that low UDPGD activity could potentially correlate with the ratio of FLS versus 

macrophages in a co-culture model. Synovial macrophages are known to release the majority of 
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cytokines present in the synovial fluid [56], and co-localised with FLS in the synovial lining in 

vivo. Various studies have shown that HA concentration and HA Mw are influenced by the 

inflammatory condition of the synovial joint, with less concentrated HA and smaller HA chains 

being characteristic of RA and OA [69, 200] which helps drive the inflammation or 

metalloproteinase activation [203, 206]. Thus, the development of a co-culture model of 

macrophages and FLS could potential provide more insights on the mechanism of HA synthesis 

and UDPGD activity. Alternatively, aggregation-induced UDPGD could reflect a shift towards 

HA accumulation as a pericellular coat as opposed to soluble HA [207]. 

4.6 Conclusion 

Our study showed that UDPGD activity was detected in cultured FLS extracted from 

joints with acute knee injury, that cell aggregation was sufficient to induce the strongest increase 

in UDPGD activity in vitro, and that cytokines were required to induce HA release. Our data 

have clinical relevance, as intra-articular treatments that enhance PDGF-BB and TGF-�E1 levels 

in synovial fluid, such as platelet-rich plasma, could stimulate endogenous HA release in both 

inflammatory and non-inflammatory conditions. Our data suggest that synovial membrane 

integrity and cell-cell contact is a mechanism governing synovial membrane UDPGD activity, 

but not the quantity of HA released from the synovial membrane lining. 
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5.1 Abstract 

The complex architecture of collagen tie fibers and circumferential collagen fibers within the 

menisci helps maintain joint stability. The purpose of this study was to use unfixed meniscus 

cryosections to characterize inter-tie coils, structures that are lost with formalin fixation. 

Following ethics-approved protocols, menisci were collected from New-Zealand White rabbits 

(N=9) and Suffolk-Dorset sheep (N=6) from either intact knees, after intra-articular injections, or 

bone marrow stimulation for cartilage repair. Tissues were processed unfixed or formalin-fixed, 

and cryosections were stained for glycosaminoglycan or immunostained for collagen, followed 

by polarized light microscopy, quantitative histomorphometry of inter-tie coil thickness (rabbit 

and sheep), and red-red zone blood vessel stereology (sheep). All coronal unfixed cryosections 

contained inter-tie coils, while formalin-fixed tissues had no visible coils. Coils were degraded by 

collagenase and contained both type I and type II collagen. Rabbit menisci had an average coil 

thickness of 8.8 µm in intact knees, 10.7 µm after intra-articular injections and 7.3 µm at 6 weeks 

post-bone marrow stimulation. Menisci from knees with soft tissue damage or ectopic 

calcification showed an abnormal coil thickness. Sheep coil thickness was increased at 6 months 

post-operative in menisci with or without light fibrillation, while blood vessel density was 

specifically higher in the red-red zone with light fibrillation. Unfixed meniscal cryosections are 

useful for assessing all collagen networks in the meniscus, including inter-tie coils that co-

localize with circumferential collagen fibers in the main body of the meniscus. Further 

investigations of inter-tie coil role and structure could help improve meniscus repair strategies.  

5.2 Keywords 

Collagen, inter-tie coils, microarchitecture, meniscus, unfixed histology. 
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5.3 Introduction  

The complex architecture of the meniscal extracellular matrix (ECM) is the main element 

supporting the meniscus’ unique mechanical properties, and allowing this fibrocartilaginous 

tissue to provide for the knee joint stability [84]. Menisci are a semi-lunar shaped organ wedged 

in pairs between the femoral distal end and the tibia plateau, and serve several biomechanical 

functions, including load transmission and reduction of contact pressure, during the mobility of 

the knee joint [5, 83-85]. With a 2 per 1000 incidence of meniscal injuries per year in the USA 

[208-210], meniscal tears occur frequently during leisure activities or physical tasks and are 

commonly treated by total or partial meniscectomy. Clinical studies have shown however that 

treating damaged meniscal tissue by total or partial meniscectomy leads to increased contact 

pressure over the tibial and femoral articular surfaces [211], which in time results often in chronic 

joint diseases, such as osteoarthritis [212]. Thus, a great deal of research is focused on meniscal 

repair strategies to avoid removing the tissue [212] as a treatment for patients with damaged 

meniscal tissue, and also as a preventive measure to handle OA and other chronic joint diseases.  

One recurring challenge is to recreate the meniscal ECM architecture or to mimic it [213, 

214]. The meniscal ECM is composed of about 75% w/w collagen, 8% to 13% w/w of non-

collagenous matrix proteins and less than 2% w/w of proteoglycans [91], that are all distributed 

heterogeneously within the tissue. Based on the ECM distribution and the vasculature, the 

meniscus is divided in three standard zones in the coronal plane: the red-red zone, the red-white 

zone and the white-white zone [5, 89-91]. The red-red zone is defined as the vascularized outer 

edge of the menisci, where blood vessels penetrate from the synovial and capsular tissue into the 

meniscus to about 3% (rabbit), 10-15% (sheep, human) or 25% (dog) of the meniscus depending 

on the species studied [93, 94]. The red-red zone is also known for its greater spontaneous repair 

capacity, in part due to its vascularity [93]. The white-white zone refers to the avascular cartilage-

like tip of the menisci, characterized by a high content in proteoglycans, such as 

glycosaminoglycans (GAG), and by the presence of chondrocyte-like cells at low density [94]. 

The red-white zone is a transition zone between well-defined red-red and white-white zones. In 

the main body of the meniscus, there are two main collagenous components: the circumferential 

collagen fibers and the tie fibers [98]. The two components can easily be visualized by polarized 

light microscopy (PLM), thanks to the birefringent property of collagen. In the transverse plane, 
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circumferential collagen fibers follow the semi-lunar pattern of the menisci, and the coronal plane 

of the meniscus allows the visualization of the network of tie fibers, that run in two directions 

within the meniscal ECM. A first set of large tie fibers arborize from the red-red zone to the tip of 

the white-white zone. For the second set, they arborize radially between the center of the 

meniscal main body and the surface lamellar layer, with these specific tie fibers being also 

defined as radial tie fibers [99, 101]. Tie fibers are said to be sheets of collagen that are 

interwoven with the circumferential collagen fibers and subdivide them into smaller bundles[96, 

99]. Circumferential collagen fibers are not commonly seen in the coronal plane by light 

microscopy or by PLM. In a study by Rattner et al. [100], 5-10 µm thick collagen fibrils were 

seen with scanning electron microscopy (SEM) in the inter-tie space in-between large tie fibers of 

freshly frozen meniscal samples [100]. They identified these coiled fibrils, which we will be 

referring to as “inter-tie coils”, as packed bundles of the circumferential collagen fibers seen in 

the coronal plane. However standard histology of menisci shows cracked ECM material in the 

inter-tie space where inter-tie coils should be located [94], with no current explanation. With 

contradictory statements on the contribution of collagen fibers to the meniscus’ mechanical 

properties [101, 215], a better understanding of the inter-tie coils and the potential changes 

occurring in states of knee inflammation could fill a knowledge gap in our understanding of 

meniscal ECM architecture.  

Through previous optimization of tissue histoprocessing for enzymatic in situ staining[172], we 

found that rapid sucrose infiltration of unfixed meniscal tissue, combined with cryo-embedding, 

preserved meniscal inter-tie coil morphology and integrity allowing us to characterize these little-

known structures. We carried out a proof-of-concept study by collecting post-mortem menisci 

from rabbit and sheep cartilage repair studies that did not involve meniscus as an endpoint. We 

first investigated inter-tie coil localization and composition in intact rabbit and sheep menisci by 

histomorphometry and immunohistochemistry. We then hypothesized that inter-tie coil thickness 

is altered in rabbit knees after intra-articular injections or cartilage defect creation and repair. And 

finally, we tested the hypothesis that meniscal inter-tie coil thickness and red-red zone vascularity 

are altered in fibrillated menisci compared to normal-appearing menisci, in knees of 6 sheep used 

in a cartilage repair study of bone marrow stimulation (BMS) for articular cartilage repair. 
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5.4 Materials and methods 

5.4.1 Rabbit sample collection 

All studies involving rabbits were carried out with protocols approved by the Ethics 

Committee of École Polytechnique de Montréal (Approval no. ANI-12/13-02), and in conformity 

with the Canadian Council of Animal Care guidelines. Medial and/or lateral menisci were 

collected post-mortem at necropsy from skeletally mature New Zealand White (NZW) rabbits (> 

7 months old; > 3 kg) that had been used in cartilage repair studies (Table 1). Three menisci were 

obtained from intact knees of 3 female rabbits, and six menisci were collected from 3 adult 

female rabbits with bilateral intra-articular (IA) injected knees. IA-injections were performed 

under full anesthesia with a ketamine-xylazine cocktail, during which 0.4 mL of saline (0.9% 

sodium chloride, JB1323, Baxter/Dufort Lavigne, Montreal-Est, QC, Canada) with or without 

supplemented rabbit recombinant cytokine was injected using a medial infra-patellar or a lateral 

supra-patellar approach. Finally, five menisci were obtained at necropsy from one knee of 3 

female retired breeder rabbits subjected to small arthrotomies under anesthesia with ketamine-

xylazine and oxygen/isoflurane to create 2 microdrill holes (3 mm x 2 mm deep) in the trochlear 

groove. Post-operatively, pain was managed with 5 days of fentanyl analgesic, and rabbits were 

sacrificed after 6 weeks. Menisci were placed unfixed in a 1:1 v/v solution of 20% 

sucrose/isotonic saline:OCT (TissueTek® optimum cutting temperature compound, 

Sakura/Cedarlane, Hornby, ON, Canada) for 2 to 6 hours at 4°C, then frozen over a mixture of 

acetone and dry ice in OCT and stored at -20°C.  

5.4.2 Sheep sample collection and macroscopic score of meniscus degradation  

Medial and lateral menisci were collected at necropsy from stifle joints of 6 outbred 

female Suffolk-Dorset sheep (retired breeders, >1.5 years old, >55 kg) from an in vivo BMS 

study for cartilage repair (Table 1). The sheep study was carried out in conformity with the 

Canadian Council of Animal Care guidelines (École Polytechnique de Montréal approval no. 

ANI-15/16-20). The model consisted of small minimally invasive arthrotomies under 

diazepam/ketamine and isoflurane anesthesia to create a 5x7 mm full thickness articular cartilage 

defect in the medial condyle of both femurs, treated with five BMS holes (microfracture or 
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microdrilling), with or without freeze-dried chitosan implant. Morphine and flunixin were used 

for intra- and post-operative analgesia, respectively.  

Table 5.1 – Meniscal samples evaluated in this study 

Species  Condi tion  
Number of 

animals  

Animal 
weight  

(mean �r SD) 

Animal age  

[min; max] 

Number of 
collected 
menisci*  

Rabbit Intact N=3 > 3 kg [7.5; 17] months N=3 

Rabbit IA-injections N=3 4.7 �r 0.5 kg [18; 19] months N=6 

Rabbit 6 weeks 
post-BMS 1 N=3 4.4 �r 0.3 kg [12; 23] months N=5 

Sheep Intact N=1 82 kg > 18 months N=4 

Sheep 6 months 
post-BMS 2 N=5 74 �r 11 kg > 18 months N=12 

Legend – * includes medial and/or lateral menisci. BMS: bone marrow stimulation in a model of articular cartilage 

repair; 1microdrilling; 2 microdrilling or microfracture; IA: Intra-articular. 

At necropsy, all menisci were evaluated in a blinded fashion for macroscopic changes 

following the Pauli scoring system [133]. Lateral and medial menisci were evaluated separately 

by the surgeon over three regions of the tissue: anterior, central and posterior, following a 

regional scoring system of 0 (smooth glossy tissue with no fibrillation), 0.5 (slight thinning of the 

tissue), 1 (thinning or fibrillation visible), 2 (incomplete single or multiple tears), 3 (complete 

single or multiple tears), and 4 (complete disruption of the meniscal structure). Menisci (score of 

0, N=4) were collected from both stifles of one sheep terminated immediately after surgery, to 

serve as control samples. Other menisci (N=12) were collected from five sheep terminated 6 

months post-operatively, including medial menisci with slight thinning (score of 0.5, N=3) or 

visible fibrillation (score of 1, N=3) and the paired lateral menisci (score of 0, N=6). Menisci 

were systematically trimmed into three coronal slabs: one posterior and one anterior for unfixed 

processing (20% sucrose/isotonic saline:OCT, mixed 1:1 v/v), and one additional anterior slab 

processed after paraformaldehyde fixation. Both unfixed and fixed samples were frozen in OCT 

over acetone/dry ice and stored at -20°C. Samples were selected for inter-tie coils 

histomorphometry based on the region of medial meniscus with macroscopic changes (anterior or 
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posterior) and the paired lateral meniscal region, and compared to the central area of control 

menisci. 

5.4.3 Histology, enzyme treatment and immunohistochemistry 

All samples were cryo-embedded and 10 �Pm thick cryosections were generated with the 

CryoJane® tape transfer system. Cryosections were then stained using Safranin-O/Fast Green 

(SafO/FG) for GAG deposition, for inter-tie coil histomorphometry and for blood vessel 

stereology. Sheep cryosections from a healthy-looking sheep meniscus were rinsed of OCT then 

submitted to enzyme digestion: 30 min at 37°C with 1 mg/mL type I clostridium collagenase 

(214 units/mg, C0130, Sigma-Aldrich, Oakville, ON, Canada), or 25 mg/mL hyaluronidase (439 

units/mg, H3506, Sigma-Aldrich), followed by histostaining. Cryosections were 

immunohistostained for type I collagen (COL-1, C2456, Sigma-Aldrich) and type II collagen (II-

II6B3-S, DHSB, Iowa City, IA, USA). To study the complex distribution of the extra-cellular 

matrix within the meniscal tissue, each field of histology sections was systematically observed 

under both light microscopy and PLM, to visualize collagen fibers organization within the ECM.  

5.4.4 Inter -tie coil histomorphometry and blood vessel stereology 

All histomorphological and stereological measures were performed by a blinded reader. 

In one coronal SafO/FG stained section per meniscus, three distinct 40x magnification images 

were taken in the red-red zone (supplemental Fig. S-1) using calibrated histomorphometry 

software, then 5 line measures of inter-tie coil thickness were collected in each 40x image (either 

Northern Eclipse, version 8, Empix Imaging, Mississauga, ON, Canada; or ImageJ, version 1.50, 

U. S. National Institutes of Health, Bethesda, MD, USA). A total of 15 measures were collected 

per sample. Blood vessel stereology was performed to estimate the blood vessel volume density 

(VV) in the red-red zone for the sheep model. Two 5x magnification images were taken in one 

SafO/FG stained section from each meniscus, one systematically near the femoral surface and the 

other adjacent to the tibial surface. Blood vessels were identified by the morphology and 

alignment of endothelial cells, and the presence of lumen. The blood vessel area was obtained by 

manually drawing each blood vessel’s contour using a calibrated histomorphometry software line 

tool (ImageJ, version 1.50), followed by summing the area values of all blood vessel found in the 
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tissue imaged, and dividing the total blood vessels area by the image total area of 2.6 mm2 to 

obtain VV.  

5.4.5 Statistical analyses 

All data of inter-tie coil thickness and blood vessel volume density were analyzed by 

repeated measures analysis of the variance (ANOVA) model using Statistica (v12, Statsoft Inc., 

Tulsa, OK, USA), and statistical differences were estimated with post-hoc unequal N Honest 

Significant Differences (HSD) test. For all analyses of inter-tie coil thickness, two within-subject 

factors were used: one at 3 levels for the three 40x magnification images collected in each 

sample, and one at 5 levels for the five thickness measures collected per image. Then, the species 

was used a categorical predictor at 2 levels (rabbit, sheep) in the first analysis to estimate 

differences in inter-tie coil thickness of intact rabbit versus sheep menisci. Other tests with rabbit 

samples assessed the effect of surgical treatment, defined as a categorical predictor at 3 levels 

(intact, IA-injected, microdrilled). Differences between sheep samples were assessed based on 

one of two categorical predictors: macroscopic regional scores at 3 levels (scores of 0, 0.5 and 1), 

or post-operative time point at 2 levels (day 0, 6 months). For the blood vessel volume density, 

the categorical predictors were macroscopic score and post-operative time point, and one within-

subject factor at 2 levels was used for the two images collected per sample. The study design 

assumed that the observed outcomes are independent of animal age. Data were presented as mean 

(bar) and error estimated by the 95% confidence interval (CI, whiskers), with median (full 

marker) and raw data points (hollow markers) in graphs, and as mean �r 95% CI in the text. 

Statistical significance was set at p-value < 0.05. 

5.5 Results 

5.5.1 Unfixed histology preserves inter-tie coils morphology 

The processing of unfixed meniscal samples, from both rabbit and sheep, by rapid sucrose 

infiltration followed by cryo-embedding, preserved all the main architectural elements composing 

the meniscus ECM (Figure 5.1). In the coronal plane (Figure 5.1A-B and 5.1D), PLM allowed a 

clear visualization of the surface lamina at both the femoral and tibial surfaces of the meniscus, 

and of the collagen tie fiber network (Figure 5.1F-G). As for the transverse plane (Figure 5.1A, 
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5.1C and 5.1E), PLM revealed the bundled organization of the circumferential collagen fibers 

(Figure 5.1H).  

Within the meniscal ECM architecture, we found that this unique cryoprotection method 

revealed a new coiled structure within the inter-tie space in the coronal plane (Figure 5.2A-B), 

where the circumferential collagen fibers are normally located in the coronal view. Standard 

formalin-based fixation led instead to cracked meniscal ECM material in the inter-tie space with 

no inter-tie coils visible (Figure 5.2C-D). In contrast, circumferential collagen fibers of unfixed 

(Figure 5.2D-E) and formalin-fixed samples (Figure 5.2F-G) in the transverse plane were 

morphological the same.  

 

Figure 5.1 – Typical meniscal collagen architecture is preserved in unfixed meniscus 

cryosections. Histology of rabbit meniscus was performed in the coronal or the transverse planes 

(A-C) to visualize the ECM collagen organization of the tie fibers, radial tie fibers and the surface 

lamina (D), as well as the circumferential collagen fibers (E). With polarized light microscopy 

(PLM), images of the unfixed meniscal cryosection showed the typical morphology of the surface 

lamina (F; open arrow heads) and the radial tie fibers (G; white arrows) in the coronal plane, as 

well as the circumferential collagen fibers in the transverse plane (H; dashed lines). Scale bars of 

0.5 mm (A) and 100 µm (F-H). 
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Figure 5.2 – Inter-tie coils can be visualized in unfixed meniscal samples, but are replaced by 

split lines in formalin-fixed samples. Cryosections were generated in the coronal plane (A) from 

unfixed (B) or formalin-fixed (C) rabbit menisci, and studied by light microscopy (A, C) and by 

PLM (B, D). the matching field was then imaged by PLM (B, D). Images of SafO/FG stained 

meniscal cryosections showed the typical morphology of inter-tie coils in unfixed samples (C-D: 

arrows and within dashed lines), while in formalin-fixed samples unstructured collagen matrix 

(F-G: open arrow heads) was seen instead in the inter-tie space. Scale bars of 20 µm (C-D, F-G). 

5.5.2 Collagen-based inter-tie coils were only visible in regions with low or no 

GAG 

In unfixed coronal sections of menisci, we found that the inter-tie coils were on average 

8.8 �r 2.6 µm thick for intact rabbit menisci and 7.9 �r 2.8 µm thick for intact sheep stifle with no 

significant statistical difference between the two species (p=0.51, Figure 5.3A). Enzyme 

treatment of cryosections demonstrated that inter-tie coils were mainly collagen-based structures, 

as clostridium collagenase fully digested the inter-tie coils (Figure 5.3B-C), whereas 

hyaluronidase treatment led to a slight fragmentation of the coils (Figure 5.3D-E). 

Immunohistochemistry demonstrated that inter-tie coils contained both type I (Figure 5.4A-B) 

and type II collagen (Figure 5.4C-D) in unfixed sections, and that the ECM material of formalin-

fixed sections did as well (Figure 5.4E-F and 4G-H).  
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Figure 5.3 – Inter-tie coils are 8 to 9 microns thick collagen-based fibrils. The average inter-tie 

coil thickness (A) for intact rabbit and sheep menisci is presented in a boxplot with the mean 

(bar), the standard error (box), the 0.95 confidence interval (whiskers), and the median (circle 

marker). Representative images of SafO/FG stained sheep meniscal extracellular matrix by light 

microscopy (B, D) and by PLM (C, E) show the tissue morphology after incubation in either 

collagenase (B, C), or hyaluronidase (D, E). Arrows point at fragmented inter-tie coils. Scale bars 

of 20 µm (B-E).  

 

 

Figure 5.4 – Inter-tie coils are composed of both collagen type I and type II. Histology images of 

unfixed (A-D) and formalin-fixed (E-H) sheep meniscal cryosections immunostained for collagen 

type I (pink stain, A-B, E-F) or collagen type II (pink stain, C-D, G-H). The same 40x 

magnification view was studied by light microscopy (A, C, E, G) and by PLM (B, D, F, H 
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respectively). White arrows point to inter-tie coils identified by PLM (B, D) that also show the 

deposition of both collagen type I (A, black arrows) and collagen type II (C, black arrows). Scale 

bars of 20 µm in all panels.  

 

Furthermore, considering the different zones of the meniscus in the coronal plane, we 

observed that inter-tie coils were seen systematically in the red-red zone of the meniscus (Figure 

5.5A-B and 5.5E-F). Whereas in the red-white and white-white zones, inter-tie coils were only 

visible where glycosaminoglycan was low or completely absent (Figure 5.5C-D versus 5.5G-H). 

Thus, further study of the inter-tie coils focused on the red-red zone of the meniscus.  

 

 

Figure 5.5 – Inter-tie coils are more abundant in regions devoid of GAG. Examples of unfixed 

cryosections from a normal meniscus, sheep (A-D) and rabbit (E-H), stained with SafO/FG are 

shown. Over the whole meniscal cross-section (A, E), 40x magnification pictures were sampled 

(b-d and f-h square inset) to visualize the presence or the absence of inter-tie coils in the red-red 

zone (B, F), the red-white (C, G) zone and the white-white zone (D, H) of the meniscus. Scale 

bars of 1 mm (A), 20µm (B-D), 0.5 mm (E) and 20µm (F-H). 
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5.5.3 Surgical interventions in the knee joint led to more variable inter-tie coil 

thickness 

In the red-red zone of rabbit menisci, intact knees had 8.8 �r 2.6 µm thick inter-tie coils, 

while the average inter-tie coil thickness was 10.7 �r 3.2 µm in knees following IA injections, and 

7.3 �r 2.0 µm in knees with repairing osteochondral defects (Figure 5.6A). The differences in 

inter-tie coils’ thickness were not statistically significant, indicating other factors might influence 

these measurements. When studying two outliers that increased the variability of the mean, one 

with the thickest inter-tie coils and one with the thinnest, we found that the samples belonged to 

animals with signs of joint inflammation. For the thickest inter-tie coils (Figure 5.6B), the sample 

was collected from a joint that selectively showed knee pain in a knee bend test, which was 

attributed to soft tissue damage due to iatrogenic damage of the fat pad during IA injection [216]. 

As for the sample with the thinnest inter-tie coils (Figure 5.6C), it was the only medial meniscus 

sample with visible surface irregularity, and from the only joint with suspected ectopic 

calcification in the synovial tissue that was detected during the trimming of the sample. Thus, 

these results suggest that soft tissue damage or inflammation at a given time [91] could have 

more effect on inter-tie coil thickness than the general surgical procedure performed on the joint.  

 

 

Figure 5.6 – Effect of surgical interventions in rabbit knee joints on inter-tie coil thickness. In 

rabbit meniscal samples, the inter-tie coil thickness (A) is presented in a scatterplot and 

categorized by surgical interventions performed on the joint, with the mean (bar), the 0.95 
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confidence interval (whiskers), the raw data (hollow markers) and the median (full marker). For 

the two outliers, representative images of the SafO/FG stained cryosections are presented (B-C). 

The thickest coils (B) corresponded to an IA-injected knee exhibiting mild pain and macroscopic 

fat pad soft tissue damage [216] and the thinnest coils (C) corresponds to a microdrilled knee 

with evidence of ectopic calcification in the meniscal sample. Scale bars of 20 µm (B-C). 

 

5.5.4 Red-red zone coil thickness and blood vessel density in sheep menisci 

were altered at 6 months post-BMS. 

Sheep menisci collected immediately post-operatively were smooth and normal-looking. 

At 6 months post-BMS in the medial condyle (either microfracture or microdrilling), all lateral 

menisci had regional scores of 0 and were macroscopically normal with a smooth glossy surface, 

whereas medial menisci demonstrated signs of thinning or fibrillation in at least one of the three 

regions of meniscus. When comparing inter-tie coil thickness in the red-red zone between 

samples, we found that inter-tie coils were significantly thicker for all samples collected at 6 

months post-BMS at 13.5 �r 1.9 µm in comparison to 7.9 �r 2.8 µm for intact samples collected at 

day 0 (p=0.014, Figure 5.7A). These data showed that in stifles with repairing cartilage lesions, 

inter-tie coil thickness had increased whether or not the meniscus had visible fibrillation.  

Because the vasculature in sheep menisci is similar to that of human menisci [94], we also 

studied the blood vessel VV in the matrix of the red-red zone where the inter-tie coils are 

systematically seen. Measuring the blood vessel VV, we found that there was a significant 

difference between samples with different macroscopic scores. Immediately post-operatively, 

blood vessel VV in the red-red zone was of 0.016 �r 0.034%. Regions of the meniscus at 6 months 

post-BMS that were identified with fibrillation (regional score of 1) had a VV of 0.61 �r 0.17% in 

the red-red zone. This was 7-fold higher than medial meniscal samples that showed only thinning 

or mild fibrillation (p=0.00061, regional score of 1 vs 0.5, VV 0.091 �r 0.20%), and lateral menisci 

with macroscopically smooth surfaces (p=0.0011, regional score of 1 vs 0, VV 0.12 �r 0.16%) at 6 

months post-BMS (Figure 5.7B).  
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Figure 5.7 – Analysis of inter-tie coil thickness and blood vessel volume density in sheep menisci 

with and without macroscopic fibrillation. Average inter-tie coil thickness (A) and average blood 

vessel volume density (B) measured in the red-red zone of sheep menisci are presented on 

scatterplot graphs with the mean (bar), the 0.95 confidence interval (whiskers), the raw data 

(hollow markers) and the median (full marker). Data were categorized by macroscopic regional 

score, reflecting different degrees of fibrillation in one region of the meniscus, and by time with 

samples collected at day 0 and at 6-month post-operative of a BMS procedure. Blood vessel Vv 

was quantified on SafO/FG stained cryosections, as shown on the representative image with 

arrows pointing to the blood vessels (C). Scale bars of 200µm (C). 

5.6 Discussion  

The use of rapid sucrose infiltration combined with cryo-embedding allowed the clear 

visualization of the inter-tie coils in unfixed meniscus, while also preserving all the main 

architectural elements of the meniscal ECM (supplemental Fig. S-2). This simple histology 

method has the potential to contribute important advances in meniscus biology. Circumferential 

collagen fibers are the main collagen structure of the main body of the meniscus [91], but are not 

visible in the coronal plane in standard histology of the meniscus. Based on the location of inter-

tie coils in the ECM and their collagen-based composition, the presented data suggest that the 

inter-tie coils are potentially substructures of the circumferential collagen fibers, that can now be 

characterized in coronal histology sections using our method. Histomorphometry showed that 

they are on average 8.8 µm thick for intact rabbit menisci and 7.9 µm for intact sheep menisci. 
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These results are partly consistent with the size and composition of inter-tie coils detected by 

Rattner et al. [100]. In this latter study on meniscal tissues frozen directly in OCT, the inter-tie 

coils were 5 �Pm thick and swelled to 10 �Pm thick fibers at equilibrium when put in contact with 

PBS [100]. Our samples were equilibrated in a sucrose solution for 2 to 6 hours. One limitation 

of our study is that we assume that inter-tie coil thickness was measured at equilibrium swell, 

without knowing the exact swelling dynamic of inter-tie coils in sucrose. It is well known that 

standard histological processing leads to shrinkage and swelling of tissue samples that can lead to 

some artifactual defects in the tissue structure [217], as we saw with formalin-fixed sections that 

had unstructured cracked ECM material instead of coils. To our knowledge, this is the first time 

that formalin fixation has been shown to eliminate the ability to visualize inter-tie coils in the 

coronal plane of the meniscal main body. Altogether, data suggest that inter-tie coils are sensitive 

to physical-chemical conditions, whether it is to chemical cross-linking by formalin fixation 

[218], the treatment with phosphate buffered saline that swells the fibrils [100], or the presence of 

GAG in the meniscal ECM as shown in this study. GAGs are unbranched polysaccharides with a 

strong polarity that gives to cartilaginous tissues, such as meniscus, their swelling capacity and 

electromechanical properties [104, 105]. The negative charges carried on the GAGs chains is 

sufficient to generate a streaming potential as cartilaginous tissues are compressed [103]. With 

inter-tie coils being sensitive to physical-chemical conditions, the polarity of GAGs could 

potentially be responsible for the inability to clearly visualize meniscal inter-tie coils in histology 

sections rich in GAGs.  

We also demonstrated that inter-tie coils are composed of type I collagen and type II 

collagen, which is consistent with the fibrocartilaginous nature of meniscus and previous studies 

reporting both type I and type II collagen in tie fibers and in circumferential fiber bundles of 

canine meniscus [219]. In general, type II collagen and GAG co-localize in the white-white zone 

of menisci, whereas type I collagen is found throughout the meniscal ECM in all meniscal zones 

[209, 220, 221]. Previous studies using fixed coronal sections may have missed localizing type II 

collagen to the inter-tie space because of the compromised cracked ECM material found in the 

inter-tie space of fixed meniscal cross-sections.  

Several studies have linked the complex architecture of the meniscus’ ECM to its 

mechanical properties [101, 215, 222], thus a lot of research is focused on constructing a mimic 

of meniscus ECM or on regenerating the ECM in the repairing meniscal tissue (reviewed in [214, 



72 

 

223]). GAG distribution within the meniscus is known to vary between the anterior and posterior 

regions of menisci [224], and has been linked to zonal variations of the meniscus’ mechanical 

properties, such as Young’s modulus [215, 222]. For collagen fibers, mechanical properties have 

been shown to depend on fiber orientation and to change when mechanical tests are done on the 

tie fibers or on the circumferential collagen fibers [225, 226]. Work on engineered scaffolds 

demonstrated that aligned fibers have higher moduli in comparison to disorganized or random 

fibers layer [213, 225], but the lack of consensus in mechanical testing methods for menisci 

mechanical properties has made it hard to correlate biomechanical findings with the histology of 

pre-clinical studies. In recent work, Li et al. performed micromechanical tests on unfixed 

cryosections of calf meniscal samples in both the transverse and the coronal planes [226]. Using 

an atomic force microscopy indentation method on 20 µm unfixed cryosections [227], the authors 

demonstrated that all measured moduli, such as the indentation modulus, were systematically 

higher for the circumferential collagen fibers when measured in the coronal plane in comparison 

to other collagen elements of the ECM [226]. In relation to this study, the highest moduli were 

measured in the regions we identified as dense with inter-tie coils, with the indentation modulus 

of inter-tie fibers being 3.2 times higher in the red-red zone compared to the modulus measured 

in the white-white zone [226]. Altogether, these findings help position the inter-tie coils in the 

architecture of the meniscus ECM and understand their potential contribution to the meniscus 

mechanics, but little is still known about these structures and their involvement in meniscus 

homeostasis and response to injury.  

Work by Levillain et al. has shown that mechanical properties of menisci are altered in 

cases of early osteoarthritis in a rabbit in vivo model [228]. In this study, we studied whether the 

surgical intervention on the joint or focal meniscus fibrillation were factors that could potentially 

affect the inter-tie coil morphology. Both factors can produce inflammation, and inflammatory 

factors are known to affect in turn the meniscus homeostasis (reviewed in [229]). Our results 

showed however that the specific surgical technique used on the joint, whether it is IA-injections 

or BMS, did not consistently affect the inter-tie coil thickness. Our study was limited to changes 

in inter-tie coil thickness, and other histomorphometry parameters should be explored in future 

studies, but our results (Fig. 6B & C) suggested that certain types of joint inflammation might 

affect the inter-tie coils morphology. In line with this notion, thicker coils were measured in all 

sheep menisci collected at 6 months post-operative irrespectively to the degree of meniscus 
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surface fibrillation, even though blood vessel invasion was higher in sheep menisci where 

fibrillation had taken place. It has been shown that blood vessels are organized within in the 

ECM in the same pattern as the collagen fibers, predominantly orientated along the 

circumferential fibers and branching radially like the tie fibers [93]. Future studies will show 

whether conditions that deteriorate inter-tie coil integrity affect blood vessel integrity or invasion.  

5.7 Conclusion 

Data in this study motivate us to recommend that the histology of the meniscus includes 

the routine processing of unfixed coronal slabs of meniscal tissue to assess inter-tie coils 

morphology. These fibers are potentially substructures of the circumferential collagen fibers 

visible in the coronal plane whose fibrous morphology is lost following regular formalin-fixation 

of the meniscus.  

Our data also suggest a previously unsuspected link between abnormal coil morphology 

and joint inflammation, however our observations were limited by low sample numbers in the 

different conditions analyzed. These findings are consistent with the notion that the knee should 

be viewed as a whole organ, as injury or pathology can affect all tissues contained in the knee 

joint [39]. The visualization of the inter-tie coils provides new insights into the complex 

architecture of the meniscal ECM, which should help design new tissue-engineered mimetics of 

meniscal ECM and could provide a new outcome measure for repair therapies that aim to 

regenerate the damaged meniscal ECM.   
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5.9 Graphical abstract 

The use of unfixed histology revealed the presence of inter-tie coils in the inter-tie space in the 

coronal plane of the meniscus, which co-localize with circumferential collagen fibers. Little is 

known about these collagen-based coiled fibers, as they are replaced by cracked extracellular 

matrix material in formalin-fixed coronal meniscal sections. In different animal models of knee 

cartilage repair therapy, analysis of inter-tie coils showed that microscopic changes can both 

precede and accompany macroscopically visible meniscal fibrillation. 
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5.10 Supplemental figures 

 

Figure 5.8 – Supplemental figure S-1, illustration of inter-tie coil thickness data collection 

method. Representative image of SafO/FG stained meniscal coronal cryosection (A) where three 

40x magnification images were taken from the red-red zone (yellow square inset). Each 40x 

image (B) was used to collect 5 line-measures of inter-tie coil thickness (yellow lines). Scale bars 

of 0.5 mm (A) and 20 µm (B). 

 

 

Figure 5.9 – Supplemental figure S-2, illustrative schematic of meniscal ECM microarchitecture. 

Main elements of the meniscal ECM are illustrated in an overview schematic of the meniscus 

structure (A) and can be seen either in the transversal plane or the coronal plane. Illustrating the 

main findings of this study, inter-tie coils were located in the inter-tie space of unfixed coronal 

sections, a space normally occupied by the circumferential collagen fibers (B), whereas the inter-

tie space of formalin-fixed sections showed cracked ECM material (C). 
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CHAPTER 6 ALTERED SYNOVIAL MICRO -ENVIRONMENT POST-

BONE MARROW STIMULAT ION WITH I NTRA-ARTICULAR 

INJECTABLE CHITOSAN FORMULATION IN A CHRONIC 

CARTILAGE DEFECT RABBIT MODEL  

6.1 Preamble 

This chapter presents the last study of this doctoral thesis, which is a pilot in vivo study in a 

chronic cartilage defect rabbit model for cartilage repair evaluating the effect of IA-injected 

chitosan formulations on key connectives tissues of the knee. Preliminary results were presented 

at the ICRS congress held in April 2018 in Macau, China (Appendix-B) 

For this work, I would like to acknowledge the contributions of my colleagues, Dr. Jessica 

Guzman-Morales and Dr. Gaoping Chen in handling the animals and in gathering data, Dr. Jun 

Sun in treating the animals, Andréanne Lemay, Samuel Desmarais and Ludwig Hotz in 

developing methods and in gathering data; of Quentin O'Kelly at the Biomedical Imaging 

Laboratory (Fairfax, VA) in developing methods for ultrasound scanning of osteochondral 

samples and in gathering data under the supervision of collaborator Dr. Parag Chitnis and Dr. 

Caroline Hoemann; of Micheline Fortin and Julie Hinsinger at the Institute for Research in 

Immunology and Cancer (IRIC, Montréal, QC) for their technical assistance with the 

osteochondral samples histology; of our collaborator Dr. Robert McCormack (Vancouver, BC) in 

designing this study, in providing raw material and as co-investigator on CIHR funding; of my 

thesis supervisor Dr. Marc Lavertu in providing salary support; of my thesis supervisor Dr. 

Caroline Hoemann in designing this study, in analysing data, in interpreting results, in revising 

this chapter and in funding this study as principal investigator (CIHR: MOP 133729, FRQS: 

BRDV-FRQS-201-2016-004, OrthoRTI/Prima Quebec Research grant, George Mason University 

start-up funds) 

6.2 Introduction  

The loss of articular cartilage has been the hallmark of arthritic diseases, such as 

osteoarthritis (OA) and rheumatoid arthritis (RA), however a multitude of studies have now 

demonstrated that OA is a whole joint disease as it affects not only articular cartilage but also the 
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subchondral bone, ligaments, tendons, menisci, and synovial membrane [6, 39, 40]. With 5.7 

million Canadians diagnosed with a form of arthritis in 2017 [8], there is an increasing demand 

for effective alternative treatments and therapies to restore joint health and delay the undergoing 

of costly total joint replacement surgeries [16]. Bone marrow stimulation (BMS) is a popular 

surgical procedure for articular cartilage repair that initiates spontaneous tissue repair through 

cellular mechanisms, implicating coagulation and inflammation that are necessary for cartilage 

regeneration. Although is it known to be as effective as other popular cartilage repair techniques, 

BMS alone often fails to restore articular cartilage to its initial state, with the repaired tissue 

being fibrocartilage rather than hyaline cartilage [18, 23].  

To improve cartilage repair, chitosan has been used in implants and combined with BMS 

surgical treatment [32, 166]. Chitosan is a family of polysaccharides polymers derived from 

chitin by deacetylation of N-acetyl glucosamine chains, leading to variable percentage of 

glucosamine monomers also known as the degree of deacetylation (DDA). Chitosan is commonly 

used for orthopaedic applications for its various properties: biodegradable, anti-bacterial, 

polycationic, mucoadhesive [46]. As an implant mixed with autologous blood or platelet-rich 

plasma (PRP), chitosan is able to induce higher recruitment of neutrophils and mesenchymal 

stem cells (MSCs), to induce angiogenesis and to activate macrophages [32, 166]. In pre-clinical 

models for cartilage repair, combining BMS with a chitosan implant helps improve the quality of 

the repair, and the resulting cartilage tissue reported as “hyaline-like” [18, 37]. A randomized 

controlled clinical trial was carried out to compare the effect of treating cartilage lesions with 

BMS and BST-CarGel® chitosan implant compared to BMS-alone [163]. Histological analysis 

of human cartilage repair tissue biopsies from 38 volunteers revealed the chitosan implant 

increased the probability of obtaining a hyaline-like repair tissue with a smoother surface, 

improved chondrocyte cell morphology, and durable collagen architecture [37]. Collective 

analysis of all 38 biopsies showed that 62% of the biopsies had hyaline-like repair whereas 38% 

of the biopsies had a sub-optimal fibrous or fibrocartilage tissue [164]. 

The root causes of repair failure is poorly understood, but post-operative knee 

inflammation scores in a rabbit model of bone marrow stimulation have been correlated with 

incomplete cartilage repair [169] and studies have increasingly implicated synovial membrane 

inflammation in the pathology of RA and OA [39, 43]. Synovial membrane inflammation seems 

an important factor with the potential to alter the cartilage repair environment, yet little is known 
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about the synovial membrane’s response to surgical techniques for cartilage repair and the effect 

that synovitis could have on tissue regeneration.  

In studying the in vitro macrophage response to structurally distinct chitosans, the 

interleukin-������ �D�Q�W�D�J�R�Q�L�V�W�� �U�H�F�H�S�W�R�U�� ��IL-1ra) inducible response was traced to a 3 kDa poly-

glucosamine chitosan motif that led to lysosomal escape, interferon �E induction, and down-

stream anti-inflammatory effector genes when delivered at an optimal dose [45]. Based on this 

work in vitro [45, 170], we conceived that chitosan oligomers at an optimal dose can have an 

anti-inflammatory and anabolic effect on cartilage repair tissues after BMS surgery through the 

immunomodulation of macrophages. Adhering to the modern view of the knee joint as one whole 

organ, the first objective of this study was to determine how the synovial membrane and the 

synovial fluid are altered in response to BMS microdrilling of the femoral trochlea. We tested the 

hypotheses that the knee submitted to microdilling will exhibit post-operatively a decrease in 

hyaluronic acid (HA) concentration and molecular weight (Mw) in the synovial fluid after one 

week, that it will be accompanied by an increase number of inflammatory cells in the synovial 

fluid, and that the synovial membrane will show an increase in synovial lining hyperplasia, in 

vascularity of the synovial tissue and in the number of infiltrated macrophages.  

The second objective of this study was to determine the effect of intra-articular (IA) 

injectable chitosan oligomer formulations on the whole joint when administered post-operatively 

to BMS by microdrilling. As a first study on the potential use of chitosan oligomers as an IA-

injectable anti-inflammatory agent, three structural classes of chitosan containing the IL-1ra-

inducible motif were assessed: neutral-soluble oligomers (3-5 kDa 98% DDA, referred to 

henceforth as “98-Oligo”), and 2 ultra-low Mw chitosans, 10 kDa 98% DDA (termed “98-10K”), 

and 10 kDa 80% DDA (termed “80-10K”). The 98-oligos were tested at 2 dosages while 98-10K 

and 80-10K were assessed at the same dose previously shown to elicit IL-1ra in vitro [45]. The 

hypotheses tested are that three weekly IA-injections of chitosan oligomers applied post-

operatively will allow the preservation of the synovial fluid HA composition (concentration and 

Mw), will decrease synovial membrane inflammation with a thinner synovial lining, lower 

density of blood vessels and a higher ratio of M2 macrophage over M1 macrophages, and finally 

will improve the cartilage repair in the femoral trochlea defects.   
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Using a recently developed chronic rabbit model for a better translation of preclinical 

findings to clinical use [137], this study has the potential to further our understanding of the knee 

joint as one whole organ and its response to BMS techniques.  

6.3 Methods and materials 

6.3.1 Experimental design  

This study was carried out following protocols and procedures approved by the Ethics 

Committee of Ecole Polytechnique de Montréal and in conformity with Canadian Council on 

Animal Care guidelines for the care and use of laboratory animals. Seventeen adult NZW rabbits 

were used in this study (7.5 to 11 months old; weighing > 3 kg; 10 females and 7 males, Charles 

River, St-Constant, QC) and were randomly distributed in either the MODEL group or the IA-

INJECTED group. Rabbits placed in the MODEL group (N=3) underwent the creation of 

unilateral 4 x 4 mm full thickness cartilage defects that were brought to chronicity over 4 weeks, 

were then microdrilled with four 0.9 mm diameter holes at 2 mm depth, and were analysed after 1 

week of repair (Figure 6.1).  

 

 

Figure 6.1 – Schematic of the experimental design for the MODEL group submitted to unilateral 

BMS by microdrilling of a chronic cartilage defect.  
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Rabbits placed in the IA-INJECTED group (N=12) underwent the creation of bilateral 4 x 

4 mm full thickness cartilage defects that were also brought to chronicity over 4 weeks, were also 

microdrilled with four 0.9 mm diameter holes at 2 mm depth, were then IA-injected with 3 

weekly injections of test articles starting at 1 week after microdrilling, and finally were analyzed 

24h after the last IA-injection at 22 days of repair after microdrilling (Figure 6.2). Three 

formulations of chitosan IA-injectable material were tested, including one at 2 different doses. 

Sterile isotonic saline (0.9%NaCl, JB1333, Baxter, Dufort Lavigne, Montreal-Est, QC) served as 

the vehicle and a negative control, and Synvisc�£ (Hylan G-F 20, Sanofi, manufactured by 

Genzyme, Cambridge, MA) was used a positive control, as it is a standard visco-supplement used 

in the clinic.  

 

 

Figure 6.2 - Schematic of the experimental design for the IA-INJECTED group submitted to 

bilateral BMS by microdrilling of chronic cartilage defects and treated post-operatively with 

weekly IA-injections of chitosan-based material. 

6.3.2 Preparation of chitosan IA-injectable formulations 

Chitosan powders were taken from a library of structurally distinct chitosans previously 

prepared in our laboratory and characterized for Mw and DDA level [45]. Six chitosan powders 

were used (Table 6.1): four ultra-low Mw (10kDa) chitosans at 80% DDA or 98% DDA with one 

unlabeled and the other labeled with RITC for each DDA [230], and two chitosan oligomers 
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(5kDa and 3kDa) both at 98% DDA. Free base 98-10K and 80-10K chitosan powders were 

solubilized in dilute sterile solution of hydrochloric acid (HCl 1.0 N, H9892, Sigma-Aldrich, 

Oakville, ON) and sterile distilled water (UltraPure�¥, 10977-015, Invitrogen) to a stock 

concentration of 5 mg/mL at 90% protonation (average pH of 4.58; average osmolality 15.2 

mOsm). 98-oligomers were dissolved in sterile distilled water (UltraPure�¥, 10977-015, 

Invitrogen) to a stock concentration of 5 mg/mL. Chitosan stock solutions were then 0.22 ���Pm 

filter-sterilized and stored at -80ºC until use. IA-injectable chitosan formulations (Table 6.2) were 

prepared by diluting chitosan stock solution to desired concentration of 100���Pg/mL for the 

ultralow Mw chitosans (80-10K and 98-10K) and of 100 �Pg/mL (HD) and 30 �Pg/mL (LD) for 

chitosan oligomers (98-Oligo) in sterile isotonic saline solution (0.9%NaCl, JB1323, Baxter, 

Dufort Lavigne) and 0.22 ��m filter-sterilized. For 98-10K and 80-10K IA-injections, the last 

injections administered to the animal contained tracer of RITC labeled chitosan of matching 

DDA and Mw.  

Table 6.1- Chitosan raw material characteristics. 

Stock Chitosan powder  DDA (%)  Mn (kDa) PDI 

80% DDA block-acetylated chitosan 80-10K  83 11 1.5 

80% DDA block-acetylated chitosan 80-10K labeled 
with RITC (0.5% mol/mol) 

83 11 1.5 

98% DDA acetylated chitosan 98-10K  99 9 1.2 
98% DDA acetylated chitosan 98-10K labeled with 
RITC (0.5% mol/mol)  99 9 1.2 

98% DDA acetylated chitosan 98-5K 99 4 1.6 

98% DDA acetylated chitosan 98-3K 99 3 1.5 
 

6.3.3 Rabbit surgical model 

Following protocols approved by the Ethics Committee of Ecole Polytechnique de 

Montréal, rabbits underwent two surgeries prior to necropsy for this chronic cartilage defect 

model as previously done in our research group [137]: the first one to create a full thickness 

cartilage defect in the femoral trochlea (Surgery I), and the second one to perform BMS by 

microdrilling in the 28-days old cartilage defect (Surgery II). In preparation for surgery, half a 

fentanyl patch was sutured onto the upper back of rabbits with absorbable coated sutures (Vicryl, 
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24mm 3/8c needle, J452, Ethicon/Dufort Lavigne) as a pre-operative analgesic, after rabbits were 

put under light anesthesia with an injection of ketamine and inhalation of 3% isoflurane/8% 

oxygen. Analgesic was systematically applied one day prior to each surgery.  

Table 6.2- IA-injectable chitosan formulations characteristics. 

IA -injectable chitosan formulations pH Osmolality 
(mOsm) 

Absorbance 
(OD556) 

80-10K solution [100 �Pg/mL] 5.7 282 0.0000 

RITC labeled 80-10K solution [100 �Pg/mL] 5.7 279 0.1013* 

98-10K solution [100 �Pg/mL] 5.9 279 0.0001 

RITC labeled 98-10K solution [100 �Pg/mL] 5.7 280 0.1284* 

98-Oligo solution [100 �Pg/mL]: mixture of 98-5K 
and 98-3K 

5.6 283 0.0003 

98-Oligo solution [30 �Pg/mL]: mixture of 98-5K and 
98-3K 

5.6 282 0.0004 

Quality control target values 4.0 – 7.0 270 – 350 < 0.01 

* interference of the RITC with the OD556 measures. Unlabeled chitosan turbidity of less than 

0.01 absorbance units indicated fully solubilized chitosan. 

 

For each surgery, anesthesia was induced by a ketamine-xylazine injection in the 

hindlimb thigh muscles, after which the rabbit’s legs were shaved (hip to toe), eye ointment was 

applied, the knee (in line with the patella) and body temperature were measured, and blood 

samples were collected. At that time, we also qualitatively scored the knee effusion on a scale of 

0-4 [169]: 0 = no effusion, 1 = slight knee swelling, 2 = clear effusion or swelling, 3 = a lump, 4 

= a very large lump (>1.5 cm diameter). Rabbits were then brought into a clean chamber for 

surgery and kept under anesthesia with inhalation of 3%isoflurane/8% oxygen. Each knee was 

disinfected with alternative swabs of 70% isopropyl alcohol and Baxedin, then synovial fluid was 

collected by synovial lavage. Prior to Surgery I, Surgery II, and necropsy, a sterile syringe was 

used to inject 0.4 mL of sterile 0.9%NaCl solution (JB1323, Baxter/Dufort Lavigne) into the joint 

cavity using a lateral super-patellar approach, the knee was flexed 5 times and the needle was 

reinserted to draw out the diluted synovial fluid. Each sample was transferred to an Eppendorf, 

was supplemented with disodium ethylene diamine tetra-acetic acid (Na2EDTA, U4625, Sigma-
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Aldrich) and was kept on ice until transfer to the laboratory at Ecole Polytechnique for further 

processing. We then proceeded to the surgery.  

6.3.3.1 Surgery I – creation of a full thickness cartilage defect (day 0) 

A saline lavage was carried out to collect synovial fluid immediately prior to surgery. 

Surgery I consisted of performing small arthrotomies to create a unilateral 4 x 4 mm full 

thickness cartilage defect in the femoral trochlea for the MODEL group (contra-lateral knee left 

intact) and bilateral same size defects in the femoral trochlea of the IA-INJECTED group, taking 

care to retain the calcified cartilage layer. Cartilage defects were left 28 days to reach chronicity 

following the model previously developed [137]. During this course of this study, one rabbit was 

lost due to an infection in the left leg at the site of incision 11 days after Surgery I for unknown 

reasons. Additional precautions were introduced to avoid such an adverse event, such as letting 

rabbits recover from surgery in freshly cleaned cages, and disinfecting each knee a second time 

between the synovial lavage and the surgery. There was an additional incident with one rabbit 

developing chronic pain in right leg, leading to self-mutilation of the right foot, which was 

attributed to the ketamine-xylazine injection approach in the hindlimb thigh. A previous study 

showed that if the anesthesia cocktail is injected too close to the sciatic nerve, it can drive rabbits 

to self-mutilation of their foot [231]. To relieve the pain, the rabbit was kept under constant 

analgesia with fentanyl patches (changed every 3 days) and was treated with hydrotherapy 

(affected foot under running warm water) while still under light anesthesia from the suturing of 

fentanyl patch. The rabbit was under constant monitoring by the veterinary team of the animal 

facility of University of Montreal, and it was decided to perform the necropsy 28 days after 

Surgery I. In subsequent surgeries, the administration of the ketamine-xylazine was changed to an 

injection in the lower lumbar muscles for 36 out of the 124 total procedures requiring the 

injection of an anesthetic (ketamine only or ketamine-xylazine).  

6.3.3.2 Surgery II – BMS by microdrilling of the chronic defect (day 28) 

Surgery II consisted of treating the 28-days chronic cartilage defects with BMS by 

microdrilling. A saline lavage was carried out to collect synovial fluid immediately prior to 

surgery as done previously. In the MODEL group, a small unilateral arthrotomy was performed 

on the previously operated knee to create four 0.9 mm diameter holes at 2 mm depth microdrilled 

holes evenly distributed within the chronic defect, while the contra-lateral knee was left intact. In 
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the IA-INJECTED group, small bilateral arthrotomy were performed (one knee at a time) to 

microdrill four 0.9 mm diameter holes at 2 mm depth and evenly distributed within the chronic 

defect of each knee.  

6.3.3.3 Post-operative care for Surgery I and II 

After the completion of each surgery, animals were monitored until they woke up from 

the anesthesia and were placed back in a clean cage. Until then the rabbit’ s body temperature was 

regulated with a hot water bottle and blankets. Post-operatively, several clinical signs were 

monitored to follow the recovery of the animal, including body weight and knee effusion. 

Clinical signs were recorded every day for 1 week and then every week until the next procedure. 

No animal showed a weight loss greater than 15% post-surgery which was one of the obligatory 

terminal endpoints in our ethic approved protocols.   

6.3.3.4 Chitosan IA-Injections  

Rabbits of the IA-INJECTED group received 3 x 0.1 mL IA-injections by a lateral supra-

patellar approach. For each rabbit, the 3 consecutive IA-injections consisted of a formulation that 

had been randomly assigned prior to surgery to a specific rabbit and knee joint. In preparation for 

the IA-injections, light anesthesia was induced by a ketamine injection in the hindlimb thigh 

muscles or the lower lumbar muscles, after which each knee was shaved to get rid of hair 

regrowth if required, the knee and body temperature were measured, and finally the knee effusion 

was also scored. Rabbits were then brought into a clean chamber for surgery and kept under 

anesthesia with inhalation of 3% isoflurane/8% oxygen. No synovial lavages were performed at 

the time of IA-injections to ensure that the final synovial lavage at necropsy represented the sole 

effect of 3 weekly IA -injections on the synovial fluid composition at the end-point of the 

different study groups. For the IA-injections, each knee was disinfected following the same 

procedure as for surgery I and II. A sterile syringe was used to inject 0.1 mL of each sterile 

formulation into the joint cavity using a lateral supra-patellar approach, then the knee was flexed 

5 times. 

6.3.3.5 Necropsies 

As this study is the first to assess the whole joint responses to BMS, rabbits in the 

MODEL group were sacrificed at 1-week post-BMS (day 35) to characterize the state of the 
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synovial joint at the same timepoint as rabbits in the IA-INJECTED group would be receiving 

their first IA-injection. Rabbits in the IA-INJECTED group were euthanatized at 3-week post-

BMS and 1 day (Day 50) after the third IA-injection was administered. All rabbits were put under 

full anesthesia with an intramuscular injection of ketamine-xylazine cocktail, after which 

hindlimbs and torso were shaved, knee and body temperature were measured, knee effusion was 

scored for each knee and blood samples were collected. Rabbits were euthanatized with an 

overdose of sodium pentobarbital injected intra-venously.  

Prior to necropsy, a synovial lavage was performed on each knee. At necropsy, the 

cartilage defect in the femoral trochlea was evaluated in a blinded fashion by the surgeon to 

estimate macroscopic percentage fill of the repaired tissue and macroscopic homogeneity of the 

resurfaced tissue. The supra- and infra-patellar synovial membranes, and the menisci were 

collected and placed unfixed in a 1:1 v/v solution of 20% sucrose/isotonic saline: TissueTek® 

optimum cutting temperature compound (OCT, Sakura/Cedarlane, Hornby, ON, Canada) for 6 to 

12 hours at 4°C for the synovial membranes and for 18 to 24 hours at 4°C for the menisci, then 

frozen over a mixture of acetone and dry ice in OCT and stored at -20°C. Femur distal ends and 

occasionally organ biopsies (liver and lung as controls for immunohistochemistry) were collected 

and fixed in 4% paraformaldehyde/0.1M sodium cacodylate, pH 7.4.  

6.3.4 Cartilage repair characterisation 

6.3.4.1 Ultrasound scanning of osteochondral defects  

Surface topography of the repairing cartilage defect was obtained by high-frequency 

ultrasound scanning of the osteochondral samples. This method is being developed in an ongoing 

collaborative project between Prof. Hoemann, Prof. Chitnis, P. and their teams at the Biomedical 

Imaging Laboratory in George Mason University, Fairfax, VA to evaluate repairing tissue 

volume [232]. Fixed femur distal ends were air-shipped to George Mason University, Fairfax, 

VA to collect the ultrasound data. Samples were placed in an isotonic saline bath at the time of 

scanning and were subjected to an ultrasound pulse-echo signals (30-MHz bandwidth). This 

system used a pulser-receiver (Olympus NDT) with two-axes motorized programmed for 100 ��m 

steps along a 10x10mm raster scan covering the defect surface and generated 101 transverse 

image slices per sample for 3D reconstruction. Programs run in Matlab were created to generate 
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2D superior point of view reconstructions from the ultrasound scans to show the rabbit knee 

repairing cartilage surface topography. 

6.3.4.2 Histomorphometry of femur osteochondral samples 

Femur distal samples were air-shipped back to Ecole Polytechnique and were 

immediately decalcified using a 0.5 N HCl / 0.1% glutaraldehyde solution for 14 days. Samples 

were then trimmed into two sagittal blocks (Figure 6.3A and 6.3B). Medial blocks were placed in 

4% paraformaldehyde/0.1M cacodylate at 4°C for long term storage, whereas lateral sagittal 

blocks were processed for paraffin embedding. Lateral sagittal blocks were dehydrated in graded 

ethanol series, cleared with xylene and embedded in paraffin. A series of 8 consecutive 6���Pm 

thick paraffin sections were generated at 2 different levels (Figure 6.3C): level 1 for the first 

collected slides corresponding to the space in between the microdrilled holes, and level 2 for the 

slides collected in the middle of the two lateral holes.  

 

Figure 6.3 – Representative macroscopic images of repairing microdrilled cartilage defect (A) at 

necropsy during sample collection, (B) after fixation prior to decalcification illustrating how 

samples were trimmed in the sagittal plane (blue line), and (C) after decalcification showing the 

sectioning plan for the 6 ��m thick paraffin sections collected at 2 different levels. Dashed lined 

square highlights the location of the chronic cartilage defect and the dashed lined circle highlight 

the location of the repairing microdrilled holes.  
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Osteochondral sections were stained with safranin-O/fast green (SafO/FG) and scanned 

with a Nanozoomer RS (Hamamatsu) and 2.5 x magnification images exported using NDP-View 

software (Hamamatsu) to carry out quantitative histomorphomery (Figure 6.4A). The percentage 

of surfacing was evaluated by a blinded observer in one level 1 section and one level 2 section for 

each sample. The soft tissue above the projected tidemark was cropped from the digital images 

using a calibrated software (either Northern Eclipse, version 8, Empix Imaging, Mississauga, 

ON, Canada; or ImageJ, version 1.50, U. S. National Institutes of Health, Bethesda, MD, USA), 

tissue area from cropped images was measured (Figure 6.4B) and then divided by the average 

area of intact cartilage samples to give the percentage of resurfacing for each level. The 

subchondral zone of the repairing cartilage defects in level 2 slides was analysed for the 

deposition of glycosaminoglycans (GAG). From the edges of the cartilage defect, a rectangle 

from the projected tidemark to 2.5 mm below it was selected as the subchondral zone (Figure 

6.4C), which includes the repairing holes, and was analysed for GAG deposition. A threshold 

was applied to the images to obtain total area (TA, mm2), then thresholds were applied to obtain 

the total pink and red-stained areas (TS), using values of hue [min=120; max=200], saturation 

[min=20; max=200] and brightness [min=97, max=228] for SafO/FG. Percent stained area was 

obtained according to % stain = TS/TA (%) as described in previous work [233]. 

 

Figure 6.4 – Schematic of SafO/FG stained osteochondral section analysis. (A) With the selection 

of the tissue above and below the projected tidemark, it is possible to evaluate (B) the percentage 

of tissue resurfacing and (C) the percentage of GAG deposition in the repairing microdrill holes.  
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6.3.5 Synovial fluid analysis 

As previously mentioned, synovial lavage was performed prior to Surgery I, Surgery II 

and necropsy by injecting 0.4 mL of sterile saline solution (0.9% NaCl, Baxter) with a 1 mL 

syringe and re-inserting the same syringe to draw out the diluted synovial fluid. Volume of the 

extracted fluid was read on the syringe and recorded. The sample was deposited in an Eppendorf 

to which 10% v/v of sterile 10mM Na2EDTA was added to prevent fibrin clot formation. All 

samples were placed on ice 4°C and transferred to the laboratory at Ecole Polytechnique for 

further processing.  

From the collected synovial fluid samples, 3 synovial smears were generated using 3 �PL 

of the sample over a clean uncoated glass slide and left to air dry before being stored at room 

temperature (RT). Next, synovial fluid samples were centrifuged 5 min at a speed of 8,000 xg and 

at 4°C to pellet immune cells present, then samples were aliquoted into 10 µL, 20 µL and 40 µL 

aliquots depending on the collected volume. All samples were flash-frozen in liquid nitrogen and 

stored at -80°C until further use.  

6.3.5.1 Synovial smear CBC differential 

Using the Differential Quick Stain Kit (modified Giemsa staining method, 24606, 

Polysciences Inc./Cederlane), synovial smears were stained to identify and characterize the cells 

present in the 3 µL synovial smear of synovial fluid collected, notably neutrophils, lymphocytes, 

monocytes, eosinophils and basophils. Cells were counted manually with a hand-ticker by a 

blinded observer throughout the entire slide, until a maximum of 100 cells.  

6.3.5.2 Hyaluronic acid ELISA for concentration  

HA levels in all synovial lavage samples were quantified by an enzyme-linked 

immunosorbent assay (Product DY3614, R&D Systems) using aggrecan as a binding protein to 

HA and collecting absorbance measures with a Tecan M200 Infinity plate reader (Tecan Systems, 

San Jose, CA, USA). Three dilutions were systematically tested for each samples, Synvisc�“ 

served as a positive control and isotonic saline as a negative control.  
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6.3.5.3 Agarose electrophoresis for HA Mw  

HA Mw was qualitatively assessed by HA electrophoresis on a 1% w/v agarose gel 

following methods described in the literature [72, 234]. The agarose was heated and dissolved in 

the running buffer that is a 40 mM Tris/20 mM acetic acid/1 mM EDTA solution (TAE). The 

agarose slurry was casted to form a 20 x 14.5 cm gel with 20 wells and left to cool at RT for at 

least 15 min. The gel was then placed in a large electrophoresis unit with 1 L of TAE running 

buffer and submitted to a 6 hours pre-run at an 80 V constant voltage to rid the gel of impurities 

that could interfere with HA migration. Occasionally the electrophoresis chamber heated 

excessively, the chamber was therefore placed in a cool water bath to favour excess heat 

diffusion and lower the chamber’s temperature.  

Each sample was diluted in isotonic saline in order to load 0.75 �Pg of each sample, except 

for several samples with an initial concentration of 0.025 mg/mL for which the highest available 

volume of sample was loaded undiluted. Four commercially available HA products were used to 

optimize the method and served as controls for this study. Products include HA chains of 1380 

kDa (HA15M), of 866 kDa (HA1M) and of 215 kDa (HA200K) by Lifecore�¥ Biomedical 

(Chaska, MN), as well as Synvisc�£ at 6 �r 2 MDa. All controls were loaded at 2 �Pg per well to 

ensure strong signal. Each sample was mixed in with 6 �PL of a 2 M sucrose/0.02% bromophenol 

blue loading buffer and volume was completed to 36 �PL with isotonic saline if necessary. 

Samples and controls were loaded in wells following the experimental plan, and constant voltage 

of 40 V was applied for 30 min followed by 60 min at 100 V in fresh TAE running buffer. 

Bromophenol blue allowed the monitoring of the migration front during the time of 

electrophoresis. In total 8 agarose gels were used to analyse the 98 samples collected by synovial 

lavage. Once the electrophoresis was completed, gels were placed overnight at RT in 0.005% w/v 

Stains-All (E9379, Sigma-Aldrich) solution prepared with 50% v/v ethanol for the staining and in 

a 10% v/v ethanol solution overnight the following day for destaining. At each one of these steps, 

gels were protected from light, as Stains-All is a light-sensitive chemical. Migrated HA chains 

appear as blue-purple smears on the agarose gel. Stained gels were immediately imaged using the 

Bio-vision 3000-CN 3000 Darkroom (Figure 6.5A).  

Gel images were then analysed with help of calibrated histomorphometry software 

ImageJ (version 1.50, U. S. NI H). Each individual lane was selected and shades of gray values 
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of the stained smear was extracted with the Profile Plot function of ImageJ over the migration 

distance given in number of pixels. The gray values were converted in percentage of stain 

intensity by calculating the ratio of gray shades of the sample minus the shade of a blank lane 

over the range of gray shades of the entire sample (Equation 6.1). To compare HA Mw by 

treatment, the migration distance (x) was converted from number of pixels to a relative distance 

scale (u) with no unit. We used a 2nd degree polynomial for this axis transformation (Equation 

6.2) and defined three references coordinates for that purpose: (1) the null origin [x=0; u=0], (2) 

the beginning of the Synvisc® smear on each gel [xSYN=start Synvisc®; u=0.2] and (3) the end of 

the 215 kDa HA band on each gel [x215=end 215kDa standard; u=1]. This transformation allowed 

to uniformize the data of all 8 gels generated for this study and were validated with the profile of 

the HA standards used (Figure 6.5B). 

Normally, Mw of HA chains in healthy synovial fluid are higher than 1 MDa, and HA 

chains are qualified as degraded when the Mw falls below 1 MDa. Thus, we defined a zone of 

degraded HA in between the staining peaks of 1380 kDa and 866 kDa standards HA, that was 

validated with the samples from the case study of one rabbit that had to be terminated because of 

an infection in one knee (Figure 6.5C). Results of HA Mw are presented in graphs with the curve 

average stain intensity and the uncertainty represented by the standard deviation with dashed 

curves. 

Equation 6.1 – Conversion of gray values to a percentage of stain intensity 

 

Equation 6.2 – 2nd degree polynomial transformation of the migration distance x in number of 

pixels to a relative distance scale u with no unit.  
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Figure 6.5 – Agarose gel electrophoresis method for HA Mw distribution in synovial fluid 

sample. From (A) the photograph of agarose gels stained with 0.005% Stains-All, the distribution 

of (B) commercial standard HA products allows to define the zones of normal sized HA and of 

degraded HA. Samples collected from (C) a rabbit with an infection in one knee illustrate how 

higher intensity stain is visible in the zone of degraded HA in comparison to the contra-lateral 

knee.  

6.3.6 Characterisation of the synovial membrane 

6.3.6.1 Histology of the synovial membrane  

All  the supra- and infra-patellar synovial membranes were trimmed at the edge of the 

patella and through the quadricep tendon (Figure 6.6A). With this method, the orientation of the 

synovial membrane was clearly indicated with the tendon below (Figure 6.6B) and the intima and 

subintima layers of the synovial membrane were easily recognizable (Figure 6.6C). All synovial 

membrane samples were cryo-embedded unfixed in OCT compound (Sakura/Cedarlane) over a 

slurry of dry ice and acetone and 10 �Pm thick cryosections were generated with the CryoJane® 

tape transfer system. Cryosections were then stained using hematoxylin and eosin (H&E) for 

tissue morphology and Prussian Blue (HT20, Sigma-Aldrich) for iron deposit in phagosomes. 



95 

 

Cryosections were also stained by immunohistochemistry (IHC) for macrophages with a RAM-

11 antibody (mouse monoclonal, M0633, Dako, Carpinteria, CA), for M2 macrophages with an 

AM-3K antibody (mouse monoclonal, MAB1733, Abnova/Cedarlane) and for blood vessels 

with��an �.-smooth muscle actin (�DSMA) antibody (mouse monoclonal, clone 1A4, A5228, Sigma-

Aldrich). All stained slides were digitalized with a Nanozoomer RS (Hamamatsu) and images 

were exported using NDP-View software (Hamamatsu) to carry out quantitative 

histomorphometry.  

 

Figure 6.6 – Representative images of (A) the patellar flap at necropsy with the dashed-line 

illustrate where the sample was trimmed to collect the supra-patellar synovium. By trimming 

though the synovial tissue and the tendon, the orientation of (B) the synovial tissue is clearly 

visible in histology sections, where (C) the synovial lining and the synovial subintima can be 

easily identified.  

6.3.6.2 Histomorphometry 

In H&E stained sections, two blinded readers measured the length of supra-patellar 

synovial membrane surface with a continuous synovial intima layer using the calibrated software 

ImageJ (version 1.50, U. S. NIH), and by dividing it by the total length of the synovial surface, 

they measured the percentage of synovial lining. Images at 2.5x magnification at high resolution 

were used to both visualize the entire synovial tissue and distinguish the nuclei of the synovial 

lining cells. H&E stained sections were also used to measure synovial lining thickness. Four 

distinct 20x magnification images were systematically exported and 12 measures of thickness per 

image were collected by a blinded reader, when a continuous layer of lining was present.  
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Percentage of positively stained cells for markers RAM-11 and AM-3K and Prussian Blue 

iron stain were determined by threshold analysis with the HSV color system using ImageJ and a 

Matlab program as described previously [155]. Images at 2.5x magnification were exported to 

crop out the entire supra-patellar synovial tissue and obtain the percentage of the whole tissue. 

Threshold settings of hue, saturation and brightness are listed for each stain (Table 6.3).  

Table 6.3 – Threshold settings for the analysis of the synovial membrane. 

Threshold parameter RAM -11 AM -3K Prussian Blue 

Hue limits  ]20; 210[ ]20; 200[ [120;190] 

Saturation limits  [45; 255] [30; 255] [30;255] 

Brightness/Value limits [95; 235] [95; 235] [2; 237] 

 

6.3.6.3 Blood vessel stereology 

�,�P�P�X�Q�R�V�W�D�L�Q�H�G�� �V�H�F�W�L�R�Q�V�� �Z�L�W�K�� �D�Q�W�L�E�R�G�\�� �.�6�0�$�� �Z�H�U�H�� �X�V�H�G�� �W�R�� �T�X�D�Q�W�L�I�\�� �W�K�H�� �E�O�R�R�G�� �Y�H�V�V�H�O��

density within the entire synovial tissue. As done previously, 2.5x magnification high resolution 

images were exported from digitalized scans of stained slides and the entire synovial membrane 

�Z�D�V�� �F�U�R�S�S�H�G�� �E�\�� �D�� �E�O�L�Q�G�H�G�� �U�H�D�G�H�U���� �.�6�0�$�� �V�W�D�L�Q�V�� �W�K�H�� �H�Q�G�R�W�K�H�O�L�D�O�� �F�H�O�O�V�� �R�I�� �E�O�R�R�G�� �Y�H�V�V�H�Os, thus the 

function Particle Analyser was used in ImageJ to ob�W�D�L�Q�� �W�K�H�� �D�U�H�D�� �R�I�� �D�O�O�� �.�6�0�$�� �V�W�D�L�Q�H�G�� �E�O�R�R�G��

vessels in the synovial tissue. All blood vessel area values were summed, and the total blood 

vessel area was divided by the area of the entire synovial tissue to obtain blood vessel volume 

density VV. 

6.3.7 Statistical analysis  

Data were analyzed with a non-parametric statistic model using Statistica (v12, Statsoft 

Inc., Tulsa, OK, USA), and statistical differences were estimated with a Kruskal-Wallis ANOVA 

and median test. Synovial lining thickness, percentage lining layer, percentage Prussian Blue 

staining and blood vessel volume density were exceptions, as they followed a normal distribution 

(validated with the Shapiro-Wilk test). For these variables a one-way ANOVA linear model was 

used instead, and statistical differences were estimated with an Unequal N HSD post-hoc test. 

Time post-operative was used as a categorical predictor for all clinical signs data. For the analysis 

of synovial fluid, sets of data were analysed separately for the MODEL group and the IA-
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INJECTED group. All data of synovial membrane were analysed by condition grouping MODEL 

and IA-INJECTED conditions together, resulting in an 8-level categorical predictor (intact, BMS, 

Saline, Synvisc, 80-10K, 98-Oligo LD, 98-Oligo HD and 98-10K). The study design assumed 

that the observed outcomes are independent of animal age and gender. Data are mainly presented 

as median (bar) and error estimated by the 25%-75% quantiles (box) and the non-outlier range 

(whiskers), with mean (full marker) and raw data points (hollow markers) in graphs when 

pertinent. Statistical significance was set at p-value < 0.05. 

6.4 Results 

6.4.1 Clinical signs 

Monitoring clinical signs in the animals, knee effusion was relatively absent after the 

creation of the cartilage defect in Surgery I, and significantly increased by microdrilling the 

chronic defect in Surgery II compared to the contra-lateral intact knee (p=0.00003, Figure 6.7A-

B). The same trend was observed with the knee effusion of rabbits in the IA-INJECTED group 

that were submitted to bilateral BMS, with peak knee effusion at day 35 prior to the first IA-

injection (Figure 6.7C-H). With IA-injections, no significant effect of treatment on effusion was 

observed, but all knee effusion scores had decreased by day 50 in comparison to day 35. Knee 

temperature, used as an indirect measure of knee inflammation, tended to decrease at day 28 and 

the ratio of knee temperature over the body temperature was significantly lower for IA-

INJECTED rabbits at day 28 in comparison to day 0 and day 35 (Figure 6.7J).  

Overall, the animal’s body temperature tended to increase throughout the study, the body 

temperature at day 50 was significantly higher than the one at day 0 (Figure 6.8A-B). Except for 

one case of a knee infection following Surgery I, all animals body weight stayed above the 15% 

weight loss safety mark for the well-being of the rabbits (Figure 6.8C).  

Analysis of blood samples showed a significant systemic increase in peripheral blood 

platelet count at day 35 compared to pre-operative conditions (Figure 6.9A), but demonstrated no 

other significant changes in peripheral blood differential counts for all groups combined (Figure 

6.9B-O). This shows that bone marrow stimulation led to transient platelet increase in response to 
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surgery and that IA-injections did not induce marrow changes leading to abnormal 

hematopoiesis. 

 

Figure 6.7 – Knee effusion and knee temperature post-operative variation. Knee effusion is 

presented for each condition of the MODEL (A-B, N=3 each) and IA-INJECTED groups (C-H, 
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N=4 each) over time following the creation of the cartilage defect in Surgery I. Absolute knee 

temperature (black) and the ratio of knee temperature over the body temperature (blue) are 

presented for the MODEL group (I) and the IA-INJECTED group (J). Data are presented as 

median (bar) and mean (full marker) with the uncertainty estimated by 25%-75% quantiles (box) 

and non-outlier range (whiskers).  

 

 

Figure 6.8 - Body temperature (A-B) and percentage weight loss (C) over time post-Surgery I 

(cartilage defect) for both MODEL and IA-INJECTED groups. Data are presented as median 

(bar) and mean (full marker) with the uncertainty estimated by 25%-75% quantiles (box) and 

non-outlier range (whiskers). Outliers at -15% weight loss and -20% are from the rabbit with an 

infected knee that was euthanized at day 11. 
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Figure 6.9 - Complete blood count data of all groups combined with N=16 at day 0 and day 28, 

N=3 at day 35 for the MODEL group, N=12 for day 50 for the IA-INJECTED group. Data in all 

panels are presented as mean (bar) and median (marker) with error estimated by standard error 

(box) and standard deviation (whiskers). 
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6.4.2 Cartilage repair state at 3 weeks post-BMS 

BMS of 28-days chronic defect resulted in a very low and variable degree of filling of the 

repairing microdrilled holes, which was visible macroscopically, on ultrasound scans and on 

SafO/FG stained histology sections (Figure 6.10). Between the 3 rabbits of the MODEL group, 

the results illustrate the expected inter-individual variability with standard BMS by microdrilling 

alone at already 1-week post-surgery. For the IA-INJECTED group, none of the chitosan 

formulations tested distinctively increased cartilage repair tissue volume at 3-weeks post-BMS 

following three weekly injections. For each condition, one sample showed high percentage of 

tissue resurfacing and GAG deposition in the repairing hole (Figure 6.11, “best” responders) 

while another submitted to the same conditions showed low tissue resurfacing above the 

projected tidemark, as well as little or no GAG deposition in repairing holes (Figure 6.11, 

“worst” responders).   

 

Figure 6.10 – Cartilage repair in rabbits of the MODEL group. Knees of each one of the 3 rabbits 

were imaged macroscopically (A, D, G, J, M, P), reconstructed from ultrasound scans (Top-view, 

B, E, H, K, N, Q) and studied in SafO/FG stained paraffin sections.  
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Figure 6.11 - Cartilage repair in rabbits of the IA-INJECTED group showing for each condition 

the “best” responders with defects with the highest tissue resurfacing and highest GAG staining, 

and the “worst” responders with defects with the lowest tissue resurfacing and lowest GAG 

staining. Representations images were chosen for macroscopic appearance of cartilage defects 

(1st and 4th column of panels), reconstructed from ultrasound scans (Top-view, B, 2nd and 5th 

column of panels) and studied in SafO/FG stained paraffin sections (3rd and 6th columns of 

panels). Abbreviations: LD – Low dose, HD – High dose. 
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Macroscopically at necropsy, cartilage repairing tissue appeared very variable in fill and 

homogeneity, with 80-10K tending to have less tissue fill in the repairing holes (Figure 6.12A). 

Lack of homogeneity in the repairing cartilage defect was also revealed with the differences in 

tissue resurfacing between level 1 and level 2 (Figure 6.12B). For example, knees treated with 

saline IA-injections had noticeably more tissue above the tidemark in between microdrilled holes 

than in the middle of lateral holes, while knees IA-injected with low dose of 98-Oligo tended to 

have the lowest tissue resurfacing. Chondrogenic foci appeared between 1-week post-BMS and 

3-weeks post-BMS. Chondogenic foci expressing GAG were visible in most of 3-week repairing 

holes irrespective of condition. Beside high tissue resurfacing in level 1 of saline IA-injected 

knees and two outliers with high GAG expression in subchondral chondrogenic foci (one with 

saline and one with 98-Oligo LD), none of the tested formulations stood out at 3-weeks post-

BMS as significantly improving cartilage repair.  

 

Figure 6.12 - Macroscopic scores and histomorphometry of repairing cartilage tissue. (A) 

percentage cartilage fill and homogeneity were assessed at necropsy by the surgeon in a blinded 

fashion for samples from the IA-INJECTED group. For all groups, (B) percentage of tissue 

resurfacing for sections between mricrodrilled holes (level 1) and in the middle of the lateral 

holes (level 2) show the ongoing repair, as does (C) the percenatge of GAG stain repairing holes 

below the projected tidemark. Abbreviations: BMS – 1-week post-BMS, LD – Low dose, HD – 

High dose. 
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6.4.3 Alterations in synovial fluid composition 

From the 0.4 mL of saline injected for the synovial lavage, a smaller volume was always 

withdrawn for all knees pre-operatively and those with chronic cartilage defects (Figure 6.13A-

B). After BMS, extracted volume during synovial lavage at necropsy were slightly increased, but 

knee treated with 80-10K IA-injections showed a significant increase in synovial fluid volume 

compared to volumes collected pre-operatively (p=0.008) and from chronic knees (p=0.004), 

with more than 0.4 mL withdrawn during lavages (Figure 6.13B).  

For synovial fluid HA levels, we observed little difference between HA levels of samples 

collected pre-operatively and of chronic knee samples (Figure 6.13C-D), but there was a notable 

increase in HA concentration at 1-week post-BMS that was sustained till 3 weeks post-BMS. An 

increase in HA level vs intact knees was significant for knees IA-injected with Saline (p=0.016), 

Synvisc® (p=0.011) and chitosan 98%DDA oligomer LD mixture (p=0.008) at 3-week post-

BMS (Figure 6.13D) despite no significant change in synovial fluid volume for these conditions.  

 

 

Figure 6.13 – Synovial fluid volume and HA level. Results of synovial fluid volume extracted by 

synovial lavage (A-B) and the HA level of these synovial fluid samples (C-D). Data is presented 

as the median (bar) and mean (marker) with uncertainty estimated with 25%-75% quantiles (box) 
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and non-outlier range (whiskers). Abbreviations: SL – Synovial lavage, SF – Synovial fluid, Pre-

OP – pre-operative, BMS – 1-week post-BMS, LD – Low dose, HD – High dose. 

HA electrophoresis on agarose showed that HA chains in collected samples were all 

above 1 MDa in size (Figure 6.14). Neither the 28-day chronic defect nor BMS led to a drastic 

change in HA Mw for all synovial fluid samples, thus HA Mw can be considered normal for all 

samples. 

Counting neutrophils, lymphocytes and monocytes in synovial smear representing 0.6% to 

7.5% v/v of collected samples, cells were absent of all samples collected pre-operatively and in 

intact knees, while knees with a chronic defect and those submitted to BMS showed presence of 

all 3 cell types (Figure 6.15A, 6.15C and 6.15E). At 3-week post-BMS, the weekly IA-injection 

of 80-10K was the only formulation that led to a significant increase in neutrophils compared to 

pre-operative and chronic knee samples (Figure 6.15B). Chitosan formulation of 98% DDA led 

to an increase in lymphocyte and monocyte instead, just like the saline and Synvisc® injections 

did (Figure 6.15D and 6.15F). 
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Figure 6.14 – HA Mw distribution for all samples pre-operatively (A), for all samples of knees 

with chronic cartilage defects (B), for samples collected a necropsy of the MODEL group (C-D) 

and the IA-INJECTED group (E-J). The highlighted zone delimits where degraded HA chains 

with Mw below 1 MDa migrate. Data is presented as the mean (full line) and uncertainty 

estimated by standard error (dashed lines). Abbreviations: Pre-OP – pre-operative, Operated – 1-

week post-BMS, LD – Low dose, HD – High dose. 
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Figure 6.15 – Neutrophil (A-B), lymphocyte (C-D) and monocyte (E-F) differential counts in 3 

��L synovial smears. Data is presented as the median (bar) and mean (marker) with uncertainty 

estimated with 25%-75% quantiles (box) and non-outlier range (whiskers). Abbreviations: Pre-

OP – pre-operative, BMS – 1-week post-BMS, LD – Low dose, HD – High dose. 

6.4.4 Synovial membrane morphology and inflammation 

The supra-patellar synovium had a surprisingly strong response to BMS by microdrilling. 

Following BMS, synovial hyperplasia was evident in all samples post-BMS with a significant 

thickening of the synovial lining at 1-week post-BMS (p=0.006) which was sustained at 3-week 

post-BMS with saline, Synvisc® and 98-Oligo LD IA-injections (Figure 6.16A).  

The percentage of continuous synovial lining was highly variable irrespectively of all 

conditions post-BMS (Figure 6.16B). In intact knees, the synovial membrane had in average 33% 

of its surface covered with a continuous synovial lining layer, with often no lining in the crest of 

synovial villi. For samples from knees submitted to BMS, the percentage of continuous synovial 
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lining varied considerably between samples, for example for 98-Oligo LD IA-injections it varied 

from 1.5% to 72.9%. This variability shows the highly dynamic nature of the synovial membrane, 

with all samples having zones with the continuous lining layer present and zones were the lining 

was absent (Figure 6.16C-N). Histology revealed the drastic change of nature of the subintima 

from an adipose subintima in intact knees (Figure 6.16C-E) to an areolar more fibrous subintima 

in all samples post-BMS (Figure 6.16F-N).  

Within the entire supra-patellar synovial tissue of intact knees, RAM-11+ cells were 

detected along with AM-3K+ macrophages (Figure 6.17A-B) with a larger number of RAM-11+ 

macrophages than the relatively scarce AM-3K+ macrophages (Figure 6.17C). In general, RAM-

11+ and AM-3K+ macrophages were mainly located in the intact knee synovial lining layer and 

absent from the subintima (Figure 6.17D-G). At 1-week post-BMS, we observed a high 

infiltration of both RAM-11+ and AM-3K+ macrophages in the synovial subintima (Figure 

6.17H-K), along with an increase in AM-3K+ expressing cells in the synovial lining, resulting in 

the highest ratio of percent AM-3K+ over the percent of RAM-11+ (Figure 6.17A-C). After 3 

weeks post-BMS, the number of RAM-11+ macrophages had increased compared to 1-week 

post-BMS, while the number of AM-3K+ macrophages has decreased (Figure 6.17A-B), with no 

significant effect of IA-injected test articles relative to vehicle-only. The ratio of AM-3K+ 

macrophages over RAM-11+ reduced and was closer to parity around a value of 1 for all 

conditions including saline control, which was around 4-fold lower than the AM-3K/RAM-11 

ratio at 1-week post-BMS (Figure 6.17C). Both types of macrophages were found in the lining 

and subintima irrespective of IA-injected article and both types were very heterogeneously 

distributed within the synovial tissue (Figure 6.17L-S).  

The supra-patellar synovial membrane in the intact knee had few blood vessels (Figure 

6.18A) with no indication of IA-bleeding based on the absence of Prussian Blue positive stain 

(Figure 6.18B). BMS visibly induced angiogenesis in the synovial membrane and synovial 

macrophages show accumulation of iron, which occurs following the phagocytosis of red blood 

cells, and this effect was sustained until 3-weeks post-BMS. None of the tested articles had 

significant effects on the increased blood vessel volume density or the Prussian Blue-positive 

tissue stain at 3 weeks post-BMS, but both variables were slightly decreased by the IA-injection 

of 98-Oligo HD formulation. 
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Figure 6.16 – Morphology of the supra-patellar synovial membrane. Lining thickness (A) and 

percentage of continuous lining (B) were measured by histomorphometry by blinded observers 

from H&E stained synovial sections. Representative images of supra-patellar synovial 

membranes are shown with an overview of the entire synovial tissue (C, F, I, L), and closer-up 
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views of zones with (D, G, J, M) and without (E, H, K, N) a synovial lining layer. Data (A-B) are 

presented as mean (bar), median (full marker) and raw data (hollow markers) with the uncertainty 

estimated by 0.95% confidence interval. Abbreviations: Pre-OP – pre-operative, BMS – 1-week 

post-BMS, LD – Low dose, HD – High dose. 

 

 

Figure 6.17 – Identification of macrophages number and location within the supra-patellar 

synovial membrane. Percentage of stain for the entire synovial tissue were measured for RAM-

11+ (A) and AM-3K+ (B) macrophages. AM-3K is said to be a marker of M2 macrophages that 
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express anti-inflammatory factor, thus the ratio of percent AM-3K+ over percent RAM-11+ was 

also evaluated. Representative images of RAM-11 (D-E, H-I, L-M, P-Q) and AM-3K (F-G, J-K, 

N-O, R-S) staining by IHC are presented. Data (A-C) are presented as mean (bar), median (full 

marker) and raw data (hollow markers) with the uncertainty estimated by 0.95% confidence 

interval. Abbreviations: Pre-OP – pre-operative, BMS – 1-week post-BMS, LD – Low dose, HD – 

High dose. 

 

 

Figure 6.18 – Vascularity and iron uptake in the synovial membrane. By stereology, the blood 

vessel volume density VV (A) was measured over the entire synovial tissue. The percentage of 

Prussian Blue stain (B) is an indicator of iron accumulation following clearing of blood by 

macrophages. Data are presented as mean (bar), median (full marker) and raw data (hollow 

markers) with the uncertainty estimated by 0.95% confidence interval (whiskers). 

 

6.5 Discussion  

This study is the first to look collectively at the effect of BMS on the cartilage, the synovial 

fluid and the synovial membrane. Despite a small number animal per condition, this study give 

new insights on how the knee responded as a whole organ to BMS at 1-week post-operatively 

and to BMS combined with IA-injections of chitosan materials and Synvisc® at 3 weeks post-

operatively. Generally, IA-injected chitosans did not lead to any dramatic change in body weight, 

body temperature or in blood composition, showing the relative safety of the all IA-injected 
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formulations. Monitoring of the knee effusion showed a general beneficial effect of IA-injections 

with the effusion being reduced after 1-week post-BMS with the start of IA-injections, while in 

previous studies it was shown to only decrease after 15 to 17 days post-operatively [169].  

Analysis of the repairing microdrilled holes showed the ongoing repair and did not allow us 

at this timepoint to determine if the tested IA-injected formulation would lead to an improved 

cartilage repair structure or volume. Saline injections led to the best cartilage repair among all the 

conditions with more GAG expressing chondrogenic foci in the repairing holes; this is consistent 

with previous observations that microdrilling leads to rapid fibrocartilage formation at 3 weeks 

post-operative [33]. By comparison, the more immature tissue and lower tissue resurfacing seen 

in the defect knees injected with chitosan or Synvisc could represent inhibition of fibrosis that 

could potentially allow regeneration of a more hyaline repair at later timepoints.  Previous pre-

clinical studies with chitosan implants applied to the microdrill holes showed no or little GAG 

expression at 3-week post-surgery and yet led to improved repair at 6 months [33, 235].  

This study is the first to our knowledge to report the significant increase of high Mw HA 

levels in synovial fluid following BMS. No low Mw HA chains were detected in any of the tested 

samples following the 28-days chronic defect or the BMS by microdrilling. As studies report a 

decrease of HA level and HA Mw in cases of arthritis or injury [69, 236], the increase of HA 

concentration following BMS was an unexpected result. Differential counts of immune cells in 

synovial smears also revealed an increase in the number of inflammatory cells present in the 

synovial fluid. We found that 80-10K led to a significant increase in synovial fluid volume and 

induced a high recruitment of neutrophils into the synovial fluid, while 98%DDA chitosans 

induced an increase in lymphocyte and monocytes like the saline and Synvisc® injections. 

Overall the synovial fluid composition was significantly altered by BMS on the femoral trochlea, 

but the general inflammatory state of the synovial fluid could not be assessed without the analysis 

of pro- and anti-inflammatory cytokines, such as for example the balance between interleukin-1�� 

and IL-1ra. Collection of neat synovial fluid in a rabbit model is a limitation for this type 

analysis, with an estimated volume of 50 ��L of synovial fluid rabbit joint [67], a large animal 

model might have to be considered for future studies.  

For the synovial membrane, we observed a drastic change from an adipose subintima to a 

more fibrous areolar synovial tissue. At 1-week post-BMS, the supra-patellar synovial membrane 
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exhibited all typical signs of synovitis, with hyperplasia, increased immune cell infiltration and 

increased vascularity, showing the high response of the synovial membrane to the BMS 

procedure. The inflammatory response of the synovial membrane to BMS was maintained at 3-

week post-surgery with a highly variable percentage of continuous synovial lining and weekly 

IA-injections induced little change in lining thickness. Studies have previously reported a high 

variability in synovial tissue structure in normal knees and have attributed this to the absence of 

basal lamina in the synovial tissue [52]. Thus, the high variably in percentage lining could be an 

indicator to the dynamic and adaptable nature of the synovial membrane structure. RAM-11 and 

AM-3K staining revealed the increased number of macrophages in the synovial lining and the 

subintima, however it is unclear whether these cells participate and influence joint homeostasis 

through the secretion of pro-inflammatory or anti-inflammatory factors. At 1-week the synovial 

response to BMS led to a larger ratio of AM-3K+ macrophages than of RAM-11+ macrophages 

which resolved at 3 weeks post-BMS. It is unclear if it is simply the temporal response of the 

synovial membrane or if the IA-injections of chitosans and the controls helped modulate a change 

in macrophage profiles.  

A limitation of this study is the low number of animals used which translated into a small 

power of analysis, but the high variability in cartilage repair and in the synovial membrane 

response could potentially be related. We found in this study that HA Mw was not altered in 

knees with either a chronic defect, or submitted to BMS, but we’ve seen that IA-injected chitosan 

can influence immune cell recruitment without observable effects on HA with the parameters 

studied here and with only 3 weekly injections. With the high reactive response of the synovial 

membrane to BMS, HD of 98%DDA oligomers and 98%DDA 10K suggested a potential to 

reduce the synovial lining thickness and the blood vessel volume density. This study provides 

new insights on the collective effect of BMS on the cartilage, the synovial fluid and the synovial 

membrane. By adopting the modern view of the knee as whole organ, we might be able to better 

understand the variability in cartilage repair outcomes. For future studies, we plan on also 

analysing the changes occurring in menisci, and the effect of IA-injections on the cartilage, the 

synovial fluid and the synovial membrane at a longer post-operative timepoint. 
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CHAPTER 7 GENERAL DISCUSSION 

In the context of cartilage tissue-engineering, this project was carried out with the purpose 

to investigate the effect of common cytokines on fibroblast-like synoviocytes (FLS) cellular 

behavior in vitro, and to investigate the responses in vivo of menisci and the synovial membrane 

to the knee joint inflammation following surgical interventions for cartilage repair.  

Our study of primary human FLS monolayer in vitro cultures showed that cytokines 

known to participate in wound-healing induced hyaluronic acid (HA) release but did not 

qualitatively relate to UDP-glucose dehydrogenase (UDPGD) activity. Instead, UDPGD was 

strongly upregulated by cell-cell contact in FLS aggregate cultures. UDPGD activity is often used 

as an indicator of FLS normal function and is also commonly used as a marker of FLS to 

distinguish them from the co-residing macrophage-like synoviocytes [61-63]. Previous work by 

Pitsillides et al. reported that UDPGD activity is depressed in the synovial membrane biopsies 

from patients with inflammatory joint diseases where immune cells have infiltrated the synovial 

lining [62, 65]. These data lead us to hypothesize that FLS in the synovial membrane could lose 

cell-cell contact during immune cell infiltration [82, 183, 202], leading to low UDPGD activity 

[62, 65], however the mechanistic of FLS cell-cell contact is not well understood.  

Because of the absence of concrete basal lamella, the synovial lining is said to be a “free-

flowing” and discontinuous cellular layer, where FLS are surrounded by a fine fibrillar meshwork 

of collagens, laminin, fibronectin and proteoglycans [49, 50]. In fact, the synovial lining has been 

reported to be a continuous network of compact cells aggregates rather than a continuous cellular 

lining layer, allowing notably the interaction of the subintima layer with the synovial fluid [54]. 

With transmission electron microscopy imaging, some studies have reported desmosomes and 

gap junctions between FLS in various animal models, but these structures have not yet been 

observed in human synovial membrane [50, 54]. Studies have shown that FLS express adhesion 

molecules, such as cadherine-11, vascular cell adhesion molecule-1 (VCAM-1) and intercellular 

adhesion molecule-1 (ICAM-1), which provides some insights on the mechanistic of synovial 

lining architecture [51, 237]. For example, cadherine-11 has been reported to drive the synovial 

membrane remodelling in rheumatoid arthritis (RA) pathology, in addition to inducing release of 

pro-inflammatory cytokines by FLS [238].  



115 

 

The intense remodelling of the synovial membrane is a characteristic feature of RA 

pathology, where affected joints exhibit apparent chronic inflammation of the synovial membrane 

featuring hyperplasia of the synovial lining and some fibrosis of the synovial subintima [122]. In 

our study of the synovial membrane following bone marrow stimulation (BMS) by microdrilling, 

the synovial tissue was highly remodelled with a shift from an adipose synovial tissue to a highly 

heterogeneous fibrous areolar synovial tissue. To further our understanding of the synovial lining, 

the percentage of continuous synovial lining was measured along the intra-articular (IA) surface 

of the entire supra-patellar synovial membrane in our samples and used as a histomorphometrical 

indicator of synoviocytes’ cell-cell contact. However, the measure of percentage lining only 

reflected the heterogeneity seen in histology cross-sections of the synovial membrane 

independently of IA-injected formulations. Despite the lack of effect from treatment, this 

measure of continuity of the synovial lining could potentially be related to alterations of the cell-

cell dynamic of FLS, however analysis of adhesion molecules or UDPGD expression in the 

synovial lining would have to be carried-out.  

In our analysis of the synovial membrane in a chronic cartilage defect rabbit model, we 

found that the supra-patellar synovial membrane exhibited the typical signs of synovitis in 

response to BMS both at 1-week and 3-weeks post-operative. We observed a significant 

thickening of the synovial lining, a high influx of activated macrophages in synovial subintima 

and an overall increase in vascularity of the synovial tissue. The thickening of the synovial lining, 

or hyperplasia, is said to occur due to unrestrained FLS proliferation and to infiltrating 

macrophages into the synovia lining [55, 123]. The synovial lining is known to be composed of 

both FLS and macrophage-like synoviocytes, which are resident macrophages composing 20-

30% of the synovial lining layer. These macrophages are said to be quite quiescent in the healthy 

synovial membrane, but in cases of synovitis they are known to release several pro-inflammatory 

cytokines into the synovial fluid such as interleukin-1������IL-����), �W�X�P�R�U���Q�H�F�U�R�V�L�V���I�D�F�W�R�U���.����TNF-�.) 

or interleukin-6 (IL-6) [39, 40, 48, 127, 128]. Consequently, many studies reported that synovitis 

plays a key role in the progression of arthritic diseases, with the released cytokines affecting the 

articular cartilage and other connective tissue of the joint [43]. Studies also report changes in the 

synovial fluid composition of patients diagnosed with RA or osteoarthritis (OA), with a decrease 

in HA concentration and HA molecular weight in synovial fluid [66, 69].  
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In our in vitro study of FLS monolayer cultures, results showed however that IL-1����

stimulated FLS to release HA into the culture media, and the synergic effect of IL-������ �D�Q�G��

transforming growth factor-� �� � � �� � � �TGF-����) lead to 30x fold increase in HA release. These data 

illustrate well how the release of cytokine by activated macrophages in the synovial lining could 

influence the HA production of co-residing FLS and alter HA levels in the synovial fluid, but 

results are not consistent with changes reported in vivo for the synovial fluid HA composition in 

RA and OA pathology. Our study on FLS HA release and the effect of cytokine is limited by 

nature of chosen model, which consists only of one cell type. To further our knowledge of 

synovial cells response to inflammation, the development of a FLS-macrophage co-culture model 

should be considered. Several other studies investigated the release of pro-inflammatory IL-6, 

�7�1�)�.���L�Q���)�/�6-macrophage co-culture models and related their findings to the implication of the 

synovial membrane in RA pathology [239-242]. For example, early work by Chomarat et al. has 

demonstrated that FLS and blood-derived monocyte release low amounts of IL-6 when cultured 

separately, while co-cultures lead to 26-fold more IL-6 release in the culture medium [239]. 

These studies provide some insights on the response of the synovial lining to inflammatory 

conditions and its effect on the joint health, but much of the in vitro co-culture models tested 

were carried out with FLS extracted from RA synovial samples. Thus, little is still known about 

the normal synergic behavior of FLS-macrophage co-culture, prior to any alterations induced by 

injury or pathology.  

Macrophages identified in the synovial membranes of the in vivo chronic rabbit model 

were both RAM-11+ and AM-3K+, which suggests both pro-inflammatory and anti-

inflammatory phenotypic macrophages were present in the synovial membrane post-BMS [56]. 

Because the analysis of the synovial fluid was limited to the measure of HA level and the count 

of immune cells present in the fluid, we do not know which pro- and anti-inflammatory cytokines 

were released by macrophages in response to BMS and how they are balanced. In addition, many 

of the macrophages located in the disorganized synovial lining were partly detached and several 

exhibited thin cell extensions, seeming to lift off from the synovial lining into the joint cavity or 

vice-versa to become localised on the synovial lining. Since the high number of monocytes has 

been found in synovial smears at 1-week and 3-week post-BMS, we hypothesized that synovial 

macrophages are trafficking between the synovial membrane and the synovial fluid in response to 

BMS, as part of their role in clearing the synovial fluid of debris, blood and apoptotic cells [50, 
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54]. Because BMS induces bleeding by microdrilling defects into the subchondral bone, 

mononuclear cells identified in the synovial fluid could potentially be blood-derived monocytes. 

In a study by Hart et al., macrophages extracted from the synovial fluid of RA patients responded 

differently to interleukin-10 (IL-10) and interleukin-4 (IL-4) stimulation in vitro than blood-

derived monocytes [243], thus futures studies should investigate potential markers able to 

distinguish synovial macrophage from blood-derived monocytes. A better understanding of the 

synovial macrophages and the cytokines they release could help determine how synovial 

macrophages can create an anabolic environment of cartilage repair instead of a catabolic 

inflammatory state in the joint [48].  

From the analysis of the synovial fluid, we found that HA was significantly increased 

after 3-weeks post-BMS in comparison to normal levels in an intact knee, indicating that FLS 

metabolic activity is altered by the surgical procedure performed in the femoral trochlea. Despite 

no change detected in HA chains Mw, altered HA concentration can have an effect of the 

synovial fluid’s viscoelastic behavior. The synovial fluid is responsible for the lubrication of 

articular surfaces in the joint and protecting them from friction and wear. HA works in synergy 

with lubricin (PRG4) to support the boundary lubrication of articular surfaces in the joint 

provided by the synovial fluid [77, 78]. A change in the synovial fluid viscosity could 

consequently change the thickness of the fluid film between two articular cartilage surfaces and 

consequently change the boundary lubrication conditions during the motion of joint [79, 244]. 

Boundary lubrication is also supported by the adsorption of PRG4 molecules on articular 

surfaces, which enables the steric repulsion of two PRG4-coated surfaces [77]. Like HA, PRG4 

has been defined as a chondro-protectant due to its role in boundary lubrication, and lower 

concentrations have been reported in cases of OA and RA [245]. A study by Elsaid et al has 

shown that PRG4 concentrations in the synovial fluid decreased following anterior cruciate 

ligament injury, while markers of inflammation and cartilage damage were increased [130]. 

Having measured an increase in HA levels, PRG4 levels could also have been changed in 

response to BMS affecting the lubricant properties of the synovial fluid and potentially 

submitting the joint to additional mechanical stress. 

Over recent studies, it has become clear that the knee joint should be viewed as one single 

organ, as many studies have reported that the malfunction of one of the joint’s connectives tissues 

will affect the rest of the joint. For example, OA pathology is no longer seen as only the 
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destruction of the articular cartilage but is now defined as a whole-joint disease [39, 40, 43]. In 

addition, studies have also shown that meniscectomy or meniscal injury often leads to OA in the 

joint [212]. In our proof-of-concept study on the meniscus, we have shown that joint 

inflammation following surgery for cartilage repair could affect the microarchitecture of the 

meniscal ECM by inducing thicker inter-tie coils. In our pilot study in a chronic cartilage defect 

model in the rabbit, we have shown that BMS of the femoral trochlea affected the synovial fluid 

composition and the synovial membrane structure and cellular composition. Thus, based on the 

literature and the findings of this thesis, the knee could be defined as a closed-loop complex 

system, where synovial fluid acts as the liquid matrix circulating through all connective tissues of 

the joint (Figure 7.1).  

 

Figure 7.1 – Schematic overview of the knee joint as a closed-loop complex system.  
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Based on the high reactivity of the synovial membrane to BMS and the reported 

implication of synovitis in arthritic diseases and injury, the synovial membrane could also be 

defined as the analyzer-transmitter element of the joint synovial micro-environment. FLS and 

macrophages can be stimulated by cytokines found in the synovial fluid as part of the “analyzer” 

role of the synovial membrane, with the synovial fluid acting as a “hydraulic signal”. 

Subsequently, as part of the “transmitter” role, cytokine-stimulated FLS can adjust their 

production of HA and PRG4 released into the system and activated macrophages can respond by 

releasing a panel of cytokines into the synovial fluid as well. Changes in the synovial fluid 

composition induced by the synovial cells can then affect both the meniscus and the articular 

cartilage, which are essential element of the knee system. This illustration of the knee as a closed-

loop system helps visualize the knee as a whole organ and the function of the synovial membrane 

in maintaining the joint homeostasis, and future studies could potentially help integrate missing 

elements, such as ligaments, in the illustrated system.  
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS  

This project has made contributions to our understanding of the effect of inflammation on 

fibroblast-like synoviocyte (FLS) cellular behavior in vitro, on the meniscal extracellular matrix 

(ECM) microarchitecture and on the in vivo response of synovial membrane in a chronic cartilage 

defect rabbit model treated by bone marrow stimulation (BMS). Overall, our findings support the 

modern notion that the knee functions as one whole organ.  

In the first study of this thesis, a novel method of in situ enzymatic staining was 

developed to assess UDP-glucose dehydrogenase (UDPGD) activity in FLS in vitro cultures, 

along with a novel model for controlled aggregate FLS cell culture. FLS are the main producer of 

hyaluronic acid (HA) in the synovial fluid that lubricates articular surfaces in synovial joints. 

With these optimized methods, we found that HA release in vitro by FLS monolayer was up-

regulated by anabolic factor PDGF-BB, morphogenetic factor TGF-������ �D�Q�G�� �F�D�W�D�E�R�O�L�F��

inflammatory factor IL-���������Z�K�L�O�H���8�3�'�*�'���D�F�W�L�Y�L�W�\���Z�D�V���P�D�L�Q�O�\���X�S-regulated by serum and PDGF-

BB. Based on our qualitative assessment of UDPGD in situ staining, UDPGD activity in FLS did 

not change in proportion to the average HA release following cytokine stimulation of FLS 

cultures. Unexpectedly, we found that cell-cell contact, simulated in our controlled aggregate 

culture, was the highest inducer of FLS UPGD activity, but did not affect HA release in serum-

free condition. High variability was observed in the UDPGD staining pattern of FLS monolayer 

cultures, which could be attributed to uncontrolled passage number of FLS cultures and donor-to-

donor variations, however FLS aggregate cultures showed similar capacity to induce UDPGD. 

Due to the strong UDPGD activity in aggregate FLS culture, the mechanism governing cell-cell 

contact in FLS cultures and in the synovial lining should be investigated.  

The second study was submitted for publication to the Journal of Orthopaedic Research 

and investigates the microarchitecture of the meniscal ECM. Processing unfixed meniscal 

samples by rapid sucrose infiltration and cryo-embedding allowed us to visualize inter-tie coils. 

Inter-tie coils are little known structures found in the coronal cross-section of unfixed meniscus 

in between tie-fibers, but they are lost with formalin fixation. Histology of unfixed meniscus 

allowed use to show that inter-tie coils are composed of type I and type II collagen and that they 

are only seen in regions of ECM with no or little glycosaminoglycan (GAG) present. In healthy 

rabbit and sheep menisci, we measured that inter-tie coils are 8.8 µm and 7.9 µm thick by 
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histomorphometry which was consistent with the few publications reporting on these structures. 

As proof-of-concept, we studied the thickness of inter-tie coils in menisci collected post-mortem 

from rabbits that underwent either a series of intra-articular (IA) injections and had repairing 

osteochondral defects, and from sheep at 6 months post-BMS with visible meniscal fibrillation. 

With these results, we were able to link abnormal inter-tie coils thickness with joint 

inflammation. The contributions of this work led us to recommend the routine processing of 

unfixed coronal slabs of meniscal tissue to assess inter-tie coils morphology. Despite the small 

number of samples studied, the easy processing method developed for unfixed meniscal tissue 

allowed the visualization of the inter-tie coils. We believe that this proof-of-concept study on the 

inter-tie coils provided new insights into the complex architecture of the meniscal ECM, that 

could help design new tissue-engineered mimetics of meniscal ECM.  

The third study of this thesis is the first to our knowledge to investigate the collective 

response of the articular cartilage, the synovial fluid and the synovial membrane to BMS by 

microdrilling in the knee. For better translation of our findings to clinical use, we chose a recently 

designed chronic cartilage defect rabbit model for this study, and despite a small animal number 

and high inter-animal variability, we believe this work to be an important contribution to our 

understating of BMS and the response of the knee as a whole organ. First, we demonstrated the 

relative safety of IA-injected chitosan material, as no dramatic change of body weight, body 

temperature or of peripheral blood composition was measured. Secondly, we observed that little 

knee effusion was detected over the span of 28 days following the creation of a full -thickness 

cartilage defect, but BMS triggered significant knee effusion, which IA-injections were able to 

partly resolve by 3-week post-operative. We did not observe any specific effect of IA-injected 

treatments on cartilage repair volume or quality, but cartilage repair was still on going at 3-week 

post-BMS, with all samples having GAG present in the subchondral part of remodelling 

osteochondral defects. Specific IA-injections were however able to induce some significant 

changes in the synovial fluid composition. At 3-week post-BMS, 80-10K formulation led to a 

significant increase of the synovial fluid volume and induced a significant recruitment of 

neutrophils in the synovial fluid in comparison to the intact knee, whereas different doses of 98-

Oligo led to a similar increase in HA level and recruitment of monocyte and lymphocyte in the 

synovial fluid as the saline and Synvisc® IA-injected controls. And finally, we found that BMS 

alone led to drastic changes in the synovial membrane, with a significant thickening of the 
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synovial lining, a shift in subintima type, a high infiltration of AM-3K+ cells and an increase in 

vascularity at 1-week post-BMS. These changes are usually attributed to synovitis and were 

maintained at 3-week post-BMS, however IA-injections of high dose 98-Oligo and 98-10K 

seemed to reduce synovial lining thickness and blood vessel volume density and could potentially 

be adequate formulations for further testing. This study was not without limitations but viewing 

the knee as one whole organ and collectively analyzing the cartilage, the synovial fluid, the 

synovial membrane and potentially the meniscus as well, could help further our understanding of 

the synovial joint, and help improve treatments against osteoarthritis (OA) and design novel 

medical device for cartilage repair. 

This doctoral thesis has provided new insights on the response of the synovial membrane, 

the synovial fluid and the menisci to joint inflammation and to surgical procedures for cartilage 

repair. All together the findings of this doctoral thesis support the notion that the knee should be 

treated as one whole organ, but each study presented several limitations and have given rise to 

more questions.  

Although beyond the scope of this research, following recommendations are worth 

considering for the future:  

I. Comprehensive characterization of cell-cell contact in FLS in vitro cultures. We 

have shown that the highest inducer of UDPGD activity was cell-cell contact with 

controlled aggregate FLS cultures, however mechanisms governing FLS cell-cell 

interaction and their subsequent effect on the synovial fluid are still unknown. 

Investigating the effect of cytokines on FLS expression of adhesion molecules 

such as VCAM-1, ICAM-1 or cadherin-11 in parallel to HA level release in the 

culture media, could help further our understanding of FLS.  

II.  Development of a FLS-macrophage co-culture model. The synovial lining is 

composed of two cell types: FLS that are the main producers of lubricant 

molecules for the synovial fluid, and macrophage-like synoviocytes that release 

the majority of cytokines found in the synovial fluid. Thus, using a FLS-

macrophage co-culture model in vitro could provide more information about the 

synergy of FLS and macrophage and give better insights on synovial cells 

response to cytokines and biomaterials. Preferably macrophage used should be 
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extracted from the synovial membrane or collected from the synovial fluid. 

Studies have reported differences in cytokine released by synovial macrophages 

versus blood-derived macrophages. The novel method developed in this doctoral 

thesis for in situ UDPGD stain could be used to gage normal behavior of FLS cells 

and help optimize co-culture conditions.  

III.  Analysis of meniscus’ response to BMS in our chronic cartilage defect model. 

During the pilot in vivo study carried out with rabbits, menisci of all joints were 

collected and processed unfixed. Analysis of the meniscal inter-tie coils in these 

samples could provide additional insight on the effect of BMS on the whole knee 

joint.  

IV. Characterization of the inflammation in our chronic cartilage defect model. In our 

pilot in vivo rabbit study, we have found a significant infiltration of macrophages 

in the synovial subintima and a significant amount of either neutrophils or 

monocytes in the synovial fluid, but expression of either pro- or anti-inflammatory 

cytokines were not quantified. ELISA assays for IL-1ra and IL-�������Z�H�U�H���W�H�V�W�H�G���E�X�W��

no signal was detected. Because a rabbit model is used, commercial ELISA kits 

are not always available and only a small volume of synovial fluid (8x diluted by 

synovial lavage) were available. As an alternative, we planned to use 

immunohistochemistry on the synovial membrane to detect IL-1ra and IL-���������E�X�W��

optimisation of the technique has not been carried out yet.  

V. Study of temporal changes in the synovial fluid composition and the synovial 

membrane structure in chronic cartilage defect model. Due to reports on 

rheumatoid arthritis (RA) and OA pathology, we initially expected HA level to 

decrease with the progression of the full-thickness cartilage defect to chronicity 

over 28 days and also decrease following BMS. With our results showing an 

increase in HA levels, it become clear that the “normal” response of the synovial 

membrane to BMS are actually unknown, and so are the alterations it induces in 

synovial fluid composition. Thus, we suggest defining first how the synovial 

membrane and the synovial fluid composition (HA, lubricin, cytokines) changes 

after the creation of a full-thickness cartilage defect.  
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VI. 2nd Pilot study – Effect of IA-injected chitosan as a post-operative treatment 

following BMS. A limitation of our pilot study is that repairing osteochondral 

defects at 3-weeks post-BMS were mostly below 40% of tissue resurfacing within 

the holes. Based on previous studies, we recommend carrying out the repair to 12 

weeks post-BMS or more to have a fully repaired defect and better assess the 

quality of the repaired cartilage, in addition to the 3-week post-BMS timepoint. 

Tested IA-injected formulation could be reduced to two formulations, either the 

high dose of 98-Oligo and 98-10K or either of them compared to 80-10K. And 

study should reproduce the collective analysis of the cartilage, the synovial fluid 

and the synovial membrane, but should also include the analysis of the menisci.  
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Introduction: Hyaluronic acid (HA) is an abundant glycosaminoglycan secreted by 
fibroblast- like synoviocytes (FLS) into the synovial fluid. UDP-glucose dehydrogenase 
(UDPGD) is an enzyme expressed in FLS and a reported rate-limiting enzyme in HA 
synthesis[1]. 
FLS and macrophages form the synovial membrane and modulate together the composition 
of the synovial fluid, including HA levels and bioactive factors[2],[3]. To develop novel 
approaches to stimulate endogenous HA release into the synovial fluid, more knowledge is 
needed on the effect of cytokines on UDPGD activity. 
In this study, a novel in situ enzyme assay was developed to visualize UDPGD activity in 
primary FLS monolayer cultures, to test the hypothesis that anabolic, inflammatory and 
morphogenetic factors known to induce HA release [4] also up-regulate UDPGD activity. 
We also tested the role of cell-cell contact in UDPGD activity using a new plastic disc 
method to generate controlled FLS aggregates in vitro. 

 
Methods: FLS cells were extracted from donated human synovial biopsies from 
consenting patients undergoing arthroscopic knee surgery (N=6) with mild synovitis and 
moderate knee pain, following approved protocols. 
UDPGD in situ enzyme staining of in vitro cell cultures was adapted from Pitsillides [5], used 
an extra cryoprotection step prior to staining, and unfixed rabbit synovium cryosections as 
controls. Confluent FLS cultures were incubated 24 hours in serum-free medium with and 
without IL-�������� �3�'�*�)-bb, TGF-� �� �� �� � � R� U� � � �� �� �� � � V� H� U� X� P� �� � � +� $� � � U� H� O� H� D� V� H� � � Z� D� V� � � P� H� D� V� X� U� H� G� � � E� \� � � (� /� ,� 6� $� � � S� H� U� �
DNA content. Cells were stained for in situ UDPGD activity in 8-well CultureSlide chambers. 
To create controlled cell aggregates, a fixed number of cells were attached to a specific area by 
capillary force using a sterile plastic disc. UDPGD stain was quantified by densitometry. 
Differences were calculated using Statistica (v10). 
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Results: Specific UDPGD staining in confluent FLS cultures was obtained by a freeze-thaw 
step in a buffer that maintained cell morphology and eliminated false-positive oxidase stain. 
UDPGD activity and HA secretion were very low in serum-free medium (Fig. 1). Despite 
donor-to-donor variation in UDPGD activity, staining results showed that UDPGD activity 
was intensified by serum, TGF-�������D�Q�G���,�/-�������D�Q�G���P�R�V�W���V�W�U�R�Q�J�O�\���L�Q�G�X�F�H�G���E�\���3�'�*�)�E�E�����)�L�J�������$������
In vitro HA secretion in serum-free medium was increased 3-fold by serum and TGF-���������D�Q�G��
6-fold by PDGFbb and IL-���������)�L�J�������%�������7�K�H���F�R�P�E�L�Q�D�W�L�R�Q���R�I���7�*�)-�������D�Q�G���,�/-���� synergized to 
induce 30- fold greater HA release, with only minor UDPGD induction. 

 

 
Correlation analyses did not reveal a linear correlation between HA release and UDPGD 
activity. Instead, results showed that cell aggregation was the strongest inducer of UDPGD, 
with or without serum or cytokines (Fig. 2A). Cell aggregation was insufficient to induce HA 
secretion in serum-free medium (Fig. 2B). 

 

 
Discussion: Human FLS reproducibly up-regulated HA release in response to anabolic 
(PDGF- bb), catabolic (IL-���������D�Q�G���P�R�U�S�K�R�J�H�Q�H�W�L�F�����7�)�*-���������I�D�F�W�R�U�V�����,�Q���W�K�H�V�H���V�D�P�H���F�R�Q�G�L�W�L�R�Q�V����
we showed that UDPGD in situ enzyme activity is also induced, but not in direct proportion to 
the level of HA secreted in vitro. In addition, UDPGD activity was very low in the face of 
intense HA production that occurs under the synergic effect of catabolic and morphogenetic 
factors[4]. It was previously reported that UDPGD activity is suppressed in highly inflamed 
knee synovial tissue[5]. Data from this study suggest that the loss of UDPGD activity does not 
necessarily reflect loss of HA synthesis by FLS. The highest increase in UDPGD enzyme 
activity was observed in cell aggregates, which is consistent with the notion that cell-cell 
contact is a critical step prior to glycosaminoglycan deposition in the extracellular matrix[6]. 
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Conclusion: UDPGD in situ activity was variably induced by inflammatory cytokines and 
growth factors previously shown to induce FLS to secrete HA in vitro. These same factors are 
also known to be released by macrophages under inflammatory conditions or after 
phagocytosis of certain biomaterials[7]. Intensification of UPDGD activity in cell aggregates 
may render cells competent to deposit glycosaminoglycan in the extracellular matrix. 
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An altered synovial microenvironment in the knee joint following bone 
marrow stimulation in a rabbit chronic model 
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Purpose 
Bone marrow stimulation (BMS) initiates inflammation and cellular mechanisms necessary 
for  cartilage repair, but repaired tissue is not long-lasting. To enable better translation of 
pre-clinical findings to clinical use, a model for chronic cartilage defects in rabbit knees 
was previously  developed [1], yet little is known on the altered homeostasis of the chronic 
joint. This study aims to evaluate changes occurring after BMS on the synovial 
microenvironment of a chronic cartilage defect rabbit model. 

 
Methods and Materials 
Following ethics approved protocol, we used skeletally mature NZW rabbits (N=3) to 
create unilateral 4x4 mm defects in the femoral trochlea brought to chronicity over four 
weeks; defects were then microdrilled with four 0.9 mm diameter holes at 6 mm depth. 
Contra-lateral knees served as intact controls. Rabbits were monitored throughout the 
experiment for knee temperature, knee effusion, synovial lavage volume and HA level by 
ELISA assay, and sacrificed 7 days post-microdrilling to  collect osteochondral tissues for 
histological analysis. 

 
Results 
After 4 weeks, the chronic defect looked macroscopically like the freshly created cartilage 
defect (Fig.1A-B), whereas BMS by microdrilling (Fig.1C) started the cartilage repair 
process (Fig.1D). BMS induced more post-operative effusion than surgery I (Fig.2A), 
knee temperature and synovial fluid volume were not altered by any surgery. Preliminary 
results showed HA concentration in synovial fluid remained unchanged following the 
chronic defect and was 6-fold higher 7 days after microdrilling (Fig.2B). 
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figure 1.png 

 
 
figure 2 rev.png 

 
Conclusion 
The chronic defect was asymptomatic which is consistent with early stages of OA [2]. 
Slight knee effusion was observed in all rabbits 7 days post-microdrilling and HA levels 
were increased compared to baseline, suggesting that synovial cells responded to 
subchondral bone bleeding. A better understanding of the synovial joint microenvironment 
post-BMS would help improve cartilage repair treatments. 

Reference: [1] Dwivedi (2017) Trans ORS, San Diego; [2] Bredella (1999) Am J Roentgenol. 
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