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Sina Stücker 

 Differentiation of Basic Calcium Phosphate and  
Calcium Pyrophosphate deposition in articular cartilage 

Abstract 

Osteoarthritis (OA) is a degenerative disease of the joint that is accompanied by structural, functional 

and metabolic changes in articular structures including cartilage, menisci, synovium, and bone. 

Calcification of articular cartilage is a common event in OA joints and involves the pathological 

deposition of calcium crystals in the extracellular matrix. Intra-articular calcium crystals can be divided 

into Basic calcium phosphate (BCP) and Calcium pyrophosphate (CPP) crystals. Individual BCP crystals 

are of submicroscopic size and their formation is associated with cartilage degradation, chondrocyte 

hypertrophy and OA progression. CPP crystals are of larger, needle-shaped morphology and have been 

linked to chondrocyte senescence. Calcified deposits can be detected with various methods including 

conventional radiography, microscopy and spectroscopy that come with several limitations. Thus, 

detection and differentiation of BCP and CPP crystals in calcified cartilage remains difficult, leading to 

conflicting data on prevalence and distribution. The formation of BCP and CPP is proposedly determined 

by extracellular levels of inorganic phosphate (Pi) and pyrophosphate (PPi). However, the formation 

process largely remains elusive. Therefore, this thesis aimed to differentiate BCP and CPP calcification 

in articular cartilage in regards to prevalence, distribution and formation.  

Calcification was detected using conventional radiography, and histological von Kossa staining. Crystals 

were identified using Raman spectroscopy. Radiological calcification was detected in 38% of patients. 

In contrast, histological cartilage calcification was found in 88% of patients, indicating the superior 

sensitivity of histological over radiological detection methods. Topologically, BCP was located on the 

cartilage surface and in the deep zone, while CPP deposition was limited to the superficial to 

intermediate cartilage.  

To elucidate the formation of BCP and CPP in cartilage, I analysed the expression of enzymes of the 

extracellular PPi metabolism using quantitative RT-PCR. Additionally, enzymatic activity, Pi and PPi 

levels were assessed using specific assays. Specifically BCP-calcified cartilage showed elevated 

expression and activity of tissue non-specific-alkaline phosphatase (TNAP). This was accompanied by 

increased Pi concentration and an elevated Pi/PPi ratio, suggesting that BCP deposition in cartilage is 

driven by an imbalance in the extracellular PPi metabolism in favour of Pi. Instead, CPP deposition could 

not be explained by a dysregulated PPi metabolism. To investigate the formation of CPP, I induced 

chondrocyte calcification in vitro. In response to ATP, chondrocytes from CPP-calcified cartilage 

produced CPP, while BCP-cartilage-derived chondrocytes were only able to produce BCP, suggesting 

an inherent, ATP-associated mechanism for CPP formation. In light of the recent association between 

CPP calcification and senescence, I measured senescence-associated cytokines and chemokines in 

synovial fluid of BCP versus CPP-calcified joints by multiplex assay. CPP-calcified joints showed 

upregulated senescence-associated cytokines and chemokines, hinting towards increased senescence. 

In line with these findings, chondrocytes from heavily calcified menisci contained dense cytosolic 



 

 

 

accumulations of CPP crystals. This was accompanied by elevated intracellular PPi concentrations and 

decreased Pi/PPi ratio, suggesting an intracellular pathway of CPP formation.  
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Zusammenfassung 

Osteoarthrose (OA) ist eine degenerative Gelenkserkrankung, die mit strukturellen, metabolischen und 

funktionellen Einschränkungen in allen Bestandteilen des Gelenks einhergeht. Kalzifikation im Knorpel 

stellt ein häufiges Phänomen dar und entsteht durch die pathologische Ablagerung von 

Calciumkristallen in der extrazellulären Matrix. Intra-artikuläre Kalziumkristalle können in Basische 

Calciumphosphat (BCP) und Calciumpyrophosphat (CPP) Kristalle unterteilt werden. BCP Kristalle 

haben eine submikroskopische Größe und ihre Bildung hängt eng mit Knorpeldegradierung, OA 

Fortschreitung und einer hypertrophen Differenzierung von Chondrozyten zusammen. CPP Kristalle 

weisen eine größere, nadelförmige Morphologie auf und wurden kürzlich mit Seneszenz von 

Chondrozyten in Verbindung gebracht. Kalzifikationen können mit verschiedenen Methoden detektiert 

werden, unter anderem konventioneller Radiographie, Mikroskopie und Spektroskopie. Jede dieser 

Methoden weist jedoch Schwächen auf, die die Detektion und Differenzierung von BCP- und CPP-

Kristallen im Knorpel erschweren. Dies führt zu widersprüchlichen Daten über Prävalenz und Verteilung 

von BCP- und CPP-Ablagerungen. Die Kristallbildung hängt mit der Konzentration von Phosphat (Pi) 

und Pyrophosphat (PPi) zusammen. Die genauen Mechanismen, die zur Ablagerung von BCP- oder 

CPP-Kristallen führen, sind allerdings noch nicht bekannt. Das Ziel dieser Arbeit ist es daher, BCP- und 

CPP-Kalzifikationen im Knorpel mit verschiedenen Methoden zu detektieren und im Hinblick auf 

Detektion, Prävalenz und Bildung zu differenzieren.  

Kalzifikationen wurden radiologisch und histologisch detektiert. Die Art der Kristalle wurde mithilfe von 

Raman Spektroskopie identifiziert. In 38% der Patienten konnten radiologische Kalzifikationen des 

Kniegelenks festgestellt werden. Histologisch wurden dahingegen Kalzifikationen in 88% festgestellt. 

Während BCP-Ablagerungen auf der Knorpeloberfläche und in der tiefen Knorpelschicht zu finden 

waren, lagerten sich CPP-Kristalle ausschließlich in der mittleren Knorpelschicht ab.  

Um die Kristallbildung im Knorpel zu untersuchen, habe ich die Expression von Enzymen des 

extrazellulären PPi-Metabolismus mittels quantitativer RT-RCR untersucht. Enzymatische Aktivität, 

sowie die Konzentration von Pi und PPi wurden mithilfe von speziellen Assays gemessen. BCP-

kalzifizierter Knorpel zeigte dabei eine erhöhte Expression und Aktivität von tissue non-specific alkaline 

phosphatase (TNAP), begleitet von einer gesteigerten Pi-Konzentration sowie Pi/PPi Ratio. Folglich 

scheint die Bildung von BCP-Kristallen durch eine Dysregulation des extrazellulären PPi-Metabolismus 

gesteuert zu sein, während dies jedoch nicht die Bildung von CPP-Kristallen erklären kann. Zur 

Untersuchung der Bildung von CPP-Kristallen habe ich Chondrozyten aus kalzifiziertem Knorpel isoliert 

und diese mittels ATP zur Kalzifikation stimuliert. Chondrozyten aus CPP-kalzifiziertem Knorpel waren 

in der Lage, CPP- und BCP-Kristalle zu bilden, während Chondrozyten aus BCP-kalzifiziertem Knorpel 

lediglich BCP-Kristalle produzierten. Diese Beobachtung deutet auf einen inhärenten, ATP-assoziierten 

Mechanismus zur Bildung von CPP-Kristallen hin. Im Hinblick auf den kürzlich gezeigten 

Zusammenhang zwischen CPP-Kalzifikation und zellulärer Seneszenz im Knorpel, habe ich daraufhin 



 

 

 

verschiedende Seneszenz-assoziierte Faktoren in der Synovialflüssigkeit aus BCP- und CPP-

kalzifizierten Kniegelenken gemessen. CPP-Kalzifikation war mit einer erhöhten Konzentration einiger 

Seneszenz-assoziierter Zytokine und Chemokine verbunden, was auf eine erhöhte Seneszenz in diesen 

Gelenken hindeuten könnte. In vitro zeigten Chondrozyten aus stark kalzifizierten Menisken eine große 

Ansammlung von CPP-Kristallen im Zytoplasma. Diese war mit einer erhöhten intrazellulären PPi-

Konzentration sowie einer verminderten Pi/PPi Ratio verbunden. Insgesamt deuten diese Ergebnisse 

auf einen intrazellulären Mechanismus zur Bildung von CPP-Kristallen hin, während BCP-Kristalle 

vermutlich extrazellulär entstehen.  
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1 Introduction 

1.1 Osteoarthritis 

Osteoarthritis (OA) is the most frequent form of arthritis. As a degenerative disease, OA is characterized 

by structural, functional and metabolic changes in the whole joint. Affected tissues include articular 

cartilage, synovium and subchondral bone, causing pain, joint stiffness and functional impairment [1]. 

The knee joint is the most common site of OA [2]. According to a systematic analysis for the Global 

Burden of Disease Study, an estimated 7.6% of the world population suffered from OA in 2020. This is 

equal to a total number of 595 million people [2]. Risk factors for OA development include obesity, injury, 

metabolic diseases (e.g. diabetes) and sociodemographic factors (e.g. age, female gender) [3]. In an 

aging population and rising rates of obesity, the prevalence of OA continues to increase steadily. From 

2020 to 2050, cases of knee OA are set to increase by 75%, imposing a significant burden to the global 

health care system [2]. To date, there is no effective cure available. Current therapeutics mainly focus 

on pain relief with joint replacement surgery remaining the final treatment option [4].   

1.1.1 Clinical presentation and diagnosis 

Knee OA is a heterogeneous multifactorial disease. Affected tissues and clinical symptoms vary 

considerably, challenging accurate diagnosis. The European League Against Rheumatism (EULAR) 

recommends persistent knee pain, stiffness and reduced function as the main symptoms for diagnosis 

[5]. Besides physical examination, imaging adds additional value in making a differential diagnosis. Due 

to its easy availability, conventional radiography is often the first choice imaging method in clinical 

diagnostics [6]. Since pain and other OA symptoms are imprecise markers for disease severity [7], 

radiography is also used to grade the severity of structural changes in OA. The most commonly used 

system therefor is the Kellgren Lawrence (KL) grading system [8]. It describes five grades of OA severity 

based on radiographic findings such as joint space narrowing and osteophyte formation (Figure 1.1.1). 

Grade 0 shows a normal joint indicating no presence of OA. Grade 1 refers to doubtful space narrowing 

and possible osteophytes. Grades 2 and 3 show progressive joint space narrowing, osteophyte 

formation and beginning sclerosis, indicating minimal to moderate OA. Grade 4 is reserved for severe 

OA with large osteophytes, evident joint space narrowing, definite sclerosis and bone end deformity [8, 

9].  

 

Figure 1.1.1: Kellgren Lawrence grading system. Grade 1 (no OA) shows a normal joint without OA. Grade 2 

(doubtful OA) shows doubtful joint space narrowing (left arrow) and possible osteophytes (right arrow). Grade 2 
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(minimal OA) shows beginning joint space narrowing (left arrow) and osteophyte formation (right arrow). Grade 3 

(moderate OA) is characterized by progressive osteophyte formation (left and right arrows) and evident narrowing 

of the joint space (middle arrow). In grade 4 (severe OA) the joint space is severely narrowed (left arrow) and bone 

ends show deformities and large osteophytes (right arrows) (adapted from [10]). 

 

1.2 Pathophysiology of knee OA 

The knee joint is among the largest and most complex joints in the human body. It enables movement 

between femur, tibia and patella. The bones are hold in place by various ligaments, including anterior 

and posterior cruciate ligaments and medial and lateral collateral ligaments. By limiting rotation and 

translation, they stabilize the knee joint. The femoral condyles and the tibial plateau represent the 

articulating surfaces of the tibiofemoral joint and are covered by hyaline cartilage. For an even load 

distribution, the articulating surfaces are divided the medial and lateral meniscus [11] (Figure 1.2.1). The 

joint is enveloped by a capsule that is internally lined with synovial membrane. The capsule contains 

synovial fluid that fills up the joint space and lubricates the articulating surfaces to reduce friction during 

movement [12]. 

 

Figure 1.2.1: Structural changes during OA. Healthy knee with labelled anatomical structures (left). OA knee with 

marked structural changes (right). During OA, articular cartilage and meniscal fibrocartilage degenerate and calcify.  

Degradation products and calcium crystals are released into the synovial fluid, triggering synovial inflammation and 

the secretion of pro-inflammatory mediators. The subchondral bone becomes sclerotic, impairing mechanical 

stability (created with BioRender.com).  

1.2.1 Synovial membrane 

Traditionally, OA was considered a disease of hyaline cartilage and subchondral bone caused by 

mechanical overload. Today, OA is treated as a complex multifactorial pathology, involving virtually all 

intra-articular tissues, including a crucial synovial involvement. The synovial membrane is the connective 
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tissue lining the joint. It contains the synovial fluid inside the joint cavity and forms a physical barrier to 

surrounding fat and connective tissue. Structurally, it is composed of a thin inner layer of cells that covers 

an outer layer of loosely arranged fibro-collagenous tissue. Tissue-resident cells include fibroblasts, 

adipocytes and macrophages [13, 14]. 

During OA, the synovial membrane displays various changes, including hyperplasia, increased 

vascularization, inflammation and fibrosis [15] (Figure 1.2.1). The synovium is infiltrated by immune cells 

that produce high levels of inflammatory cytokines [16]. Synovial inflammation is closely linked to 

cartilage degeneration. Through the synovial fluid, inflammatory catabolic mediators of the synovium 

can diffuse into the cartilage [17]. Here, they can stimulate chondrocytes to produce matrix-degrading 

metalloproteinases (MMPs) and additional inflammatory cytokines [18, 19]. Vice versa, cartilage 

degradation products are released in the synovial fluid where they can trigger secondary inflammatory 

reactions in a cycle of synovial inflammation and cartilage degeneration [20].  

1.2.2 Synovial fluid 

The synovial fluid fills the joint cavity and has various functions, ranging from lubrication and mechanical 

support to intra-articular communication and nutrient exchange. As an ultrafiltrate of plasma, synovial 

fluid is filtered through the fenestrated capillaries in the synovial membrane. Synovial fibroblasts and 

chondrocytes secrete hyaluronic acid, lubricin and other lubricants that give the synovial fluid its viscous 

consistency for lubrication of the articulating surfaces. In addition, synovial fluid contains cytokines, 

growth factors and other soluble mediators, that provide a medium for cellular crosstalk between 

cartilage and synovium [17].    

The composition of synovial fluid is dictated by the permeability of the synovial membrane. Healthy 

synovium has a low permeability, retaining lubricants and other large molecules within the synovial fluid. 

Inflamed synovium is more permeable, impairing its filtration function [21, 22]. Lubricants can diffuse out 

of the synovial fluid into the synovial membrane [23]. Here, they cause synovial edema due to their 

hydrophilic properties [24]. Decreased lubrication also increases friction on the cartilage surface, 

promoting its degradation [25]. With erosion of the cartilage surface, ECM degradation fragments are 

released into the synovial fluid [26] where they can drive synovial inflammation (Figure 1.2.1). These 

fragments also have proteolytic effects themselves, further aggravating cartilage damage [27, 28].  

1.2.3 Cartilage 

Hyaline articular cartilage is the most abundant type of cartilage in the human body and is essential for 

normal joint function. Lining the bone ends, articular cartilage provides a smooth surface for movement 

(Figure 1.2.1). It contains a dense ECM that is mainly composed of collagen fibers (primarily type II). 

These fibers are crosslinked to form a fibrillary network [29]. Non-collagenous ECM proteins include 

proteoglycans like aggrecan. Proteoglycans are highly hydrophilic due to their negatively charged 

glycosaminoglycan side chains. These side chains bind water, hydrating the spaces within the 

collagenous framework [30]. Water is the main component of cartilage and makes up 70-85% of its 

weight [31]. It provides lubrication, durability to compressive forces and nutrient transport to 

chondrocytes [12]. The chondrocyte is the only tissue-resident cell type and is responsible for consistent 
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ECM production and maintenance. As healthy articular cartilage is devoid of vasculature, chondrocytes 

function under low oxygen tension, mainly limiting their metabolism to anaerobic glycolysis [32]. This 

lack of vasculature, nerves and lymphatics also limits the regenerative capacity of articular cartilage.  

The full thickness of articular cartilage ranges from 2-4mm and can be divided into four distinct zones 

(Figure 1.2.2). The superficial zone covers 10-20% of the total thickness and protects the underlying 

zones from shear stresses [33]. Fibers are oriented parallel to the cartilage surface, providing tensile 

strength to the tissue. Chondrocytes are relatively abundant in this zone and show a flattened ellipsoidal 

shape that follows the fiber orientation [34]. The intermediate zone makes up the majority of the total 

cartilage thickness (40-60%). Here, collagen fibers cross over each other to transition from horizontal to 

vertical orientation [35]. Chondrocytes are sparse and display a round and spherical shape [34]. The 

deep zone spans approximately 30% of the cartilage thickness. This zone contains collagen fibers 

perpendicular to the surface, anchoring the cartilage to the underlying subchondral bone. Along these 

fibers, chondrocytes are stacked in vertical columns. From superficial to deep zone, the proteoglycan 

content increases while the water content decreases. The tidemark marks the separation between the 

deep zone and the calcified cartilage that merges into the underlying subchondral bone at the cement 

line [36].   

 

Figure 1.2.2: Zonal structure of articular cartilage. A. Cellular organization and B. Collagen fiber organization in 

articular cartilage (adapted from [37]). 

During OA, the homeostasis of ECM production and degradation is disrupted. This leads to dramatic 

changes in ECM composition. While healthy chondrocytes normally reside in a stable quiescent 

phenotype, OA chondrocytes increase their proliferative activity in early stages of the disease. 

Nevertheless, the proteoglycan content of the ECM decreases, indicating inefficient compensation that 

may leave the cartilage in permanent degeneration [38]. Loss of proteoglycans is among the first 

changes in early OA. This increases tissue permeability and impairs mechanical stability, eventually 

causing cartilage degradation and thinning [39]. 

A hallmark of OA progression is the phenotypic shift of chondrocytes towards terminal hypertrophic 

differentiation. This state is similar to the terminal differentiation of growth plate chondrocytes during 
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bone formation and involves an increase in cell volume, alterations in ECM metabolism and bone 

mineral deposition [40]. Chondrocytes reduce the expression of cartilage-specific genes such as SOX9 

and aggrecan. Simultaneously, the production and activity of MMPs and other matrix-degrading 

enzymes is upregulated. Elevated production of collagen type X and a concomitant inhibition of collagen 

type II synthesis weakens the collagen network and structural ECM integrity [40, 41]. In later stages of 

the disease, hypertrophic chondrocytes undergo apoptosis [41, 42] and the cartilage becomes hypo-

cellular, impairing appropriate remodelling and regeneration [43].  

1.2.4 Meniscus 

The menisci are semi-circular structures of fibrocartilage that are positioned between the articulating 

surfaces of femur and tibia. They mainly function as shock absorbers and evenly distribute load between 

lateral and medial joint compartments [11]. In addition, they increase stability and lubrication of the 

articulating surfaces. The ECM is mainly composed of water and collagen. Meniscal fibrocartilage 

predominantly contains collagen type I, distinguishing it from articular cartilage that is rich in collagen 

type II [44]. Other ECM components include non-collagenous proteins such as fibronectin and 

proteoglycans that provide viscoelasticity to the tissue. During early stages of OA, meniscal 

fibrocartilage degenerates and stiffens, altering its biomechanical properties [45]. These degenerative 

changes increase the risk for meniscal tears, accelerating articular cartilage damage and OA 

progression. Vice versa, meniscal tears in a healthy knee may increase the risk of developing OA [46], 

indicating a complex relationship between these processes. 

1.2.5 Bone 

The cement line connects the calcified cartilage zone to the subchondral bone and represents an 

important site for nutrient supply. In OA, the cement line roughens and the tidemark duplicates. These 

changes are accompanied by defective remodelling of the subchondral bone that worsens with OA 

severity. [47]. Subchondral bone density and volume increases, while mineralization is reduced [48]. In 

addition, the periosteum forms bony outgrowths, referred to as osteophytes [49, 50].  Eventually, the 

subchondral bone becomes sclerotic, impairing mechanical integrity [51] (Figure 1.2.1). Blood vessels 

and nerve fibers breach the tidemark and innervate the non-calcified cartilage, contributing to OA pain 

[49, 52]. 
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1.3 Articular calcification 

Structural changes in OA joints are often accompanied by ectopic calcification. This pathological process 

is defined by the deposition of calcium-containing crystals in tissues that are not designated to calcify 

[53]. Unlike physiological calcification, pathological calcification does not serve a clear function and is 

associated with metabolic abnormalities [54]. In principle, all articular tissues can calcify, including 

synovium [55] , tendons [56] and synovial fluid [57], but calcifications are primarily found in cartilage and 

menisci (Figure 1.2.1). These are directly associated with OA progression, driving cartilage degeneration 

[58] and synovial inflammation [59]. Intra-articular calcium crystals can be divided into two types with 

distinct morphology, size and cellular effects.  

1.3.1 Basic calcium phosphate crystals 

Basic calcium phosphate (BCP) crystals describe a group of amorphous crystals that can occur in 

different phases. Hydroxyapatite (HA) (Ca10(PO4)6(OH)2) is the most common form of BCP in the human 

body as an anorganic component of bone and teeth [60]. HA is the most thermodynamically stable form 

of BCP. In its pure form, it has a Ca/P molar ratio of around 1.67. Other phases include octacalcium 

phosphate or tricalcium phosphate with varying Ca/P ratios and less thermodynamic stability [61]. 

Individual BCP crystal have a size of 1nm [62], but they tend to agglomerate in clusters of micrometre 

size range [63]. 

The link between BCP crystals and OA is well established. BCP deposition actively contributes to OA 

progression, correlating with OA severity and the degree of cartilage degradation [64]. On cellular level, 

BCP deposition is directly associated with chondrocyte hypertrophy and positively correlates with 

collagen type X expression [65]. Induction of hypertrophy in healthy human chondrocytes promotes the 

formation of BCP. Vice versa, stimulation of chondrocytes with BCP induces hypertrophy and elevates 

the expression of hypertrophy markers such as collagen X and MMP-13 [66-68]. Chondrocyte 

hypertrophy is driven by the activation of canonical Wnt signalling. BCP crystals can promote this 

process by binding the canonical Wnt ligands via electrostatic interaction between protein and crystal 

surface. By accumulating around hypertrophic chondrocytes in OA cartilage, BCP crystals increase local 

Wnt ligand availability and promote canonical Wnt activation [64]. This pathway amplifies cartilage 

damage [69]. 

BCP crystals can also trigger inflammatory responses via direct contact with cell membranes [70] or 

interaction with membrane receptors of surface-bound proteins [64, 71]. For instance, BCP crystals can 

trigger the production of pro-inflammatory mediators such as IL-6. In turn, IL-6 amplifies chondrocyte 

calcification in a positive feedback loop [72]. Eventually, BCP crystals also induce cell death by 

apoptosis via MAPK-dependent nitric oxide production [73, 74].    

1.3.2 Calcium pyrophosphate dihydrate crystals 

First detected in arthritic joints in 1962 [75], calcium pyrophosphate dihydrate (CPP) crystals are larger, 

rhomboid or rod-shaped crystals of 1-20µm diameter. In polarized light, they appear birefringent. Pure 
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CPP (Ca2P2O7·2H2O) has a Ca/P molar ratio of approximately one. Within the joint, crystalline CPP can 

be present in a monoclinic or triclinic phase. Monoclinic CPP is more common and has a higher 

inflammatory potential [76], inducing inflammatory cytokine production in various articular cell types [77].  

While BCP crystals are closely linked to chondrocyte hypertrophy, CPP crystals have been associated 

with a different phenotype, namely chondrocyte senescence [78]. Senescence describes a cellular state 

of irreversible cell cycle arrest to contain the proliferation of damaged cells [79]. It can be triggered by 

different stressors, for instance excessive mechanical loading, oxidative stress or DNA damage. 

Senescent cells characteristically produce various cytokines, growth factors and proteases, collectively 

described as the senescence-associated secretory phenotype (SASP) [80]. Cellular senescence has 

been commonly reported in OA synovium [81] and cartilage [82], particularly in damaged areas, 

correlating with cartilage degradation and OA severity [83]. Senescent chondrocytes produce matrix-

degrading enzymes that aggravate cartilage damage [84] and have recently been implicated in cartilage 

calcification [42], specifically CPP deposition [78].  

Unlike BCP, CPP is not normally present in the body. Therefore, CPP deposition is always considered 

pathological e.g. in the case of CPP deposition disease (CPPD). CPPD is an umbrella term that 

describes a collection of arthritis forms with CPP crystal involvement. Clinical phenotypes of CPPD are 

diverse, ranging from asymptomatic to gout-like inflammatory flares and often resemble OA. Although 

CPPD is regarded as a stand-alone arthropathy, it is often accompanied by OA-like degenerative 

changes to the joint, constituting a differential diagnosis to OA [85]. However, growing evidence 

suggests a more poly-articular and systemic nature of CPPD [86, 87]. In this regard, familial forms of 

CPPD are caused by rare genetic mutations [88]. Sporadic CPPD occurs in close correlation with age, 

referring back to the recently established association of CPP with cellular senescence. Considering the 

biochemical differences between BCP and CPP crystals and their clinical heterogeneity, accurate 

detection of intra-articular calcification is an important step in differential diagnostics.  
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1.4 Detection of articular calcification 

While bone displays a homogeneous matrix and mineral composition, pathological calcification often 

varies in composition, structure and size [54]. Therefore, detection of intra-articular calcification and 

identification of involve crystal types prove rather difficult. Thus, the data regarding prevalence and 

distribution is inconsistent [89]. In vivo imaging of calcification is limited to non-invasive techniques such 

as ultrasonography, magnetic resonance imaging and conventional radiography, the latter being the 

most common. Ex vivo imaging techniques include histological staining combined with conventional light 

microscopy, or spectroscopic methods such as Raman spectroscopy. 

1.4.1 Radiography 

Radiography is the most commonly used method for in vivo detection articular calcifications in clinical 

practice. Due to its easy accessibility and cost effectiveness, radiography remains the standard imaging 

method for the diagnosis of calcium-crystal arthropathies [90]. Soft tissue calcification can be identified 

on radiographs due to their increased density compared to the surrounding tissue. Calcification occurs 

as linear or focal opacities in the joint space (Figure 1.4.1A), a phenomenon that is termed 

chondrocalcinosis (CC). CC is usually considered as CPP deposition. In fact, radiographic evidence of 

calcification is commonly used in the diagnosis of CPPD [91]. Struggling with nomenclature, the terms 

CC and CPPD are often used synonymously, even though CC is not specific to CPPD [92] and its 

absence does not exclude CPPD. The inconsistent use of these terms often cause confusion. To avoid 

assumption of involved crystal type, the term CC is substituted by the definitional term “radiological 

calcification” in this thesis. According to EULAR recommendations, a definite CPPD diagnosis relies on 

crystal identification and radiography is not able to distinguish between BCP and CPP deposition [85]. 

In addition, CC or rather radiological signs of calcification can also be observed in OA joint without CPPD 

diagnosis [93, 94]. To avoid premature assumptions of involved crystal types, the term radiological 

calcification will be used here instead.  

As radiography only has a limited resolution, it only detects larger calcification, while smaller 

calcifications of less density often go undetected [95]. In later OA stages, advanced cartilage damage 

and joint space narrowing further exacerbates the detection of calcification [57]. Thereby, radiography 

likely underestimates the prevalence of articular calcification [96]. 
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Figure 1.4.1: Different imaging methods for the detection of articular calcification. A. Representative knee 

radiograph with calcification presenting as visible white opacities in the joint space (white arrows). B. Representative 

von Kossa staining of articular cartilage with calcified deposits stained in black (scale bar 500µm). C. Representative 

SEM image of cartilage crystals embedded in cartilage (scale bar 5µm). D. Representative Raman spectrum 

(bottom) collected on a calcified part of a cartilage section (top). 

 

1.4.2 Histological staining and light microscopy 

Ex vivo, there are more detailed methods for visualizing calcification in articular tissues. Many of these 

methods involve the use of microscopy. Due to their birefringent properties, CPP crystals can be 

detected by polarized light. This property is utilized in synovial fluid analysis to detect the presence of 

CPP crystals. Synovial fluid analysis requires training and experience though and the results are largely 

observer-dependent [97]. It has also become clear that many CPP crystals do not appear birefringent 

[98, 99], rendering this analysis unreliable. 

Microscopic detection of calcification in articular tissues is often facilitated by histological staining 

methods such as von Kossa staining. Von Kossa is a commonly used in vitro stain to detect calcified 

deposits in tissues and cells [100]. It is based on a chemical reaction between a silver nitrate staining 

solution and calcium in the calcified sample. As silver ions replace calcium ions, calcifications initially 

take on a brown colour that turns to black under light exposure (Figure 1.4.1B). Both BCP and CPP 

crystals contain calcium, so von Kossa is not able to differentiate between the two. In addition, the 

resolution of light microscopy is limited, exacerbating the detection of smaller aggregates, particularly 

for BCP crystals of submicroscopic size. The resolution limit of light microscopy also prohibits the 

evaluation of crystal morphology. Instead, morphological analysis of individual crystals requires more 
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high-resolution methods such as scanning electron microscopy. Therefore, determining the exact 

prevalence of articular calcification by radiography or light microscopy remains difficult and many 

calcification studies do not determine the type of detected calcium crystals [101].   

1.4.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) has a manifold higher resolution than conventional light 

microscopy. By scanning the surface of a sample with a beam of electrons, SEM can create images in 

nanometer range [102], making it an ideal method for morphological analysis of individual calcium 

crystals (Figure 1.4.1C). SEM imaging is often combined with energy-dispersive X-ray spectroscopy 

(SEM-EDS) for chemical analysis. EDS scans the sample with X-rays and detects emitted X-rays. Based 

on these emission spectra, EDS can identify and measure chemical elements in a sample. Calculation 

of the calcium to phosphate (Ca/P) ratio enables precise identification of BCP and CPP crystals based 

on characteristic Ca/P ratios of 1.5 and 1, respectively [103]. Providing morphological and chemical 

data, SEM-EDS is a convenient tool for crystal analysis and differentiation and has been used in the 

context of cartilage calcification before [104, 105]. However, samples need to sputter-coated by a 

conductive metal for high quality images. In addition, SEM imaging requires a low-pressure atmosphere 

and EDS detectors need liquid nitrogen cooling [102]. This rather elaborate sample preparation and 

costly operating principle limits the availability of SEM-EDS. 

1.4.4 Raman spectroscopy 

Raman spectroscopy is a type of vibrational spectroscopy for chemical characterisation of biomolecules. 

It utilizes the inelastic scattering of light and the so-called Raman effect. This effect occurs when photons 

of a monochromatic laser interact with the vibrational modes of chemical bonds within a sample. This 

interactions leads to an excitation of the laser photons. The emitted photons have a different energetic 

state compared to the photons that initially hit the sample. Raman spectroscopy measures this shift in 

energy as Raman spectra. Raman spectra represent distinct vibrational modes of molecules in the 

sample, providing qualitative information about its biochemical composition and structure [106]. Due to 

its non-invasive nature and simple sample preparation, Raman spectroscopy is a popular and versatile 

analysis tool in biomedical and material sciences [107]. In recent years, Raman spectroscopy is also 

increasingly used in ex vivo analysis of calcified tissues, allowing precise distinction BCP and CPP 

crystals based on characteristic peaks in the Raman spectrum [108] (Figure 1.4.1D). Spectroscopic 

crystal type determination poses a unique advantage over radiographic and histological analysis, 

rendering it a powerful tool for identification of calcifications within articular tissues [109]. Since 

mechanistic understanding of intra-articular calcification is still lacking, accurate detection and 

differentiation of involved crystals may provide valuable insights into the calcification mechanism.  
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1.5 Calcification mechanism 

Physiological calcification as in the context of bone remodelling or fracture healing [110], proceeds in 

an orderly, highly controlled fashion. In contrast, pathological calcification occurs rather spontaneous 

and disordered and mechanistic understanding of this process is still lacking [54]. Generally, calcification 

is a complex process that can be divided into two steps: crystal nucleation and growth. The former 

requires a local supersaturation of ions, particularly phosphate. In the body, 85% of extracellular 

phosphate exists in the form of free inorganic phosphate (Pi) while the rest is bound to proteins or cations 

e.g. calcium or magnesium [111]. During crystal nucleation, phosphate binds to calcium and precipitates 

as crystal precursor complexes in the ECM. These precursors exist in amorphous phases and can be 

converted to mature crystalline forms under certain conditions [53]. These “pro-calcifying” conditions 

include the exposure to calcification promotors and a deficiency of calcification inhibitors, meaning an 

imbalance of calcification promotors and inhibitors [54]. Various factors have been proposed as 

calcification promotors, including cells, proteins and macromolecules.  For instance, hypertrophic 

chondrocytes produce matrix vesicles that are able to concentrate phosphate and calcium ions. These 

matrix vesicles have been reported in calcified tissues such as bone [112] and cartilage [113]. Synovial 

fibroblasts also seem to have the ability to form calcium crystals in a yet to be identified mechanism 

[114]. In addition to cellular calcification promotors, ECM components can function as calcification 

promotors. Particularly collagen fibrils are critical for calcification as they provide a template for crystal 

nucleation and growth. Assembled collagen fibrils contain gap zones with charged amino acids. These 

amino acids bind amorphous crystal precursors and attract calcium and phosphate ions [115]. Once 

converted into stable crystalline forms, deposits grow along the collagen fibers. Proteoglycans and othe 

non-collagenous proteins (NGPs) regulate this process by binding to collagen fibers [116, 117] and 

concentrating additional crystal precursors. This process eventually results in uncontrolled extrafibrillar 

crystal growth [118]. 

In environments supersaturated with calcium and phosphate ions (e.g. blood or synovial fluid), the body 

produces endogenous calcification inhibitors. These inhibitors bind pre-nucleated calcium phosphate 

complexes to prevent crystal growth [119]. One of these endogenous calcification inhibitors is inorganic 

pyrophosphate (PPi), a potent inhibitor of BCP formation. PPi binds to amorphous calcium phosphate 

and prevents the crystallization to mature BCP [120]. PPi also prevents BCP crystal growth by occupying 

growth sites [121]. In addition, PPi inhibits the release of Pi. Thereby, PPi deficiency disrupts bone 

mineralization [122]. Chondrocytes usually produce large quantities of PPi to prevent BCP formation in 

the non-calcified cartilage matrix [123]. However, the effects of PPi on calcification are bimodal as 

excessive PPi levels cause the deposition of CPP crystals [124, 125]. Therefore, the nature of the 

phosphate substrate is a key determinant in the pathological calcification process. In particular, the 

balance of PPi and Pi proposedly guides the crystal formation [125, 126]. 
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1.5.1 Pyrophosphate metabolism 

As byproducts of many biosynthetic reactions, PPi and Pi are ubiquitous ions in the human body. The 

synthesis of biological macromolecules requires the hydrolysis of adenosine triphosphate (ATP). A 

molecule of ATP can be hydrolysed to adenosine diphosphate (ADP) and Pi or adenosine 

monophosphate (AMP) and PPi. The former reaction  takes place more often but the latter produces 

more energy [127]. In calcifying cells such as osteoblasts and chondrocytes, the ratio of free PPi to Pi 

is regulated by the PPi metabolism. This metabolism comprises a group of membrane enzymes that 

participate in extracellular transport and degradation of ATP and its metabolites (Figure 1.5.1).  

 

Figure 1.5.1: Calcium crystal formation is determined by extracellular phosphate (Pi) and pyrophosphate (PPi) ions. 

High Pi levels promote BCP deposition, while PPi has an inhibitory effect. Instead, excess PPi leads to CPP 

formation. The extracellular Pi/PPi ratio is regulated by the extracellular PPi metabolism. Adenosine triphosphate 

(ATP) is exported from the cell via the transmembrane transporters progressive ankyloses homolog (ANKH) and 

ATP-binding cassette subfamily C member 6 (ABCC6). Outside the cell, ATP is progressively hydrolysed to 

adenosine monophosphate (AMP) by CD39, releasing two Pi ions. AMP can be further degraded to adenosine and 

Pi by CD73. On the other hand, ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) directly degrades 

ATP into AMP via elaboration PPi that can further be transformed into Pi by tissue-nonspecific alkaline phosphatase 

(TNAP) (created with BioRender.com and adapted from [128]). 

The transmembrane protein progressive ankylosis homolog (ANKH) transports intracellular ATP to the 

extracellular space [129]. The hepatic ATP-binding cassette subfamily C number 6 (ABCC6) protein has 

a similar function, mediating cellular ATP efflux. Extracellularly, ATP is converted into AMP by CD39, 

elaborating two Pi molecules, the phosphate component of BCP crystals [130]. On the other hand, ATP 

can also be degraded into AMP and PPi. This reaction is catalyzed by ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1) and increases local extracellular PPi levels [131], the 

anionic component of CPP. The by-product AMP is further degraded into to Pi and adenosine by CD73. 

Downstream of ENPP1, tissue-nonspecific alkaline phosphatase (TNAP) converts PPi into Pi. Both 
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reactions elevate local Pi levels in favour of BCP formation. As part of a self-regulatory feedback loop, 

adenosine inhibits TNAP activity, limiting TNAP-mediated Pi release [132].  

Disturbances in this metabolism can shift the sensitive balance of PPi and Pi in favor of one or the other 

crystal type. In this context, pathological calcification could be viewed as a local metabolic disease. For 

instance, inactivating mutations in ENPP1 and ABCC6 reduce extracellular PPi. These mutations can 

cause calcification disorders as Pseudoxanthoma elasticum (PXE) and generalized arterial calcification 

of infancy (GACI) [133, 134]. Deficiency of CD73 causes arterial and joint calcification via upregulation 

of TNAP activity and subsequent reduction of PPi levels [135, 136]. Loss-of-function mutations in TNAP 

deplete Pi levels, causing hypophosphatasia that manifests in a hypomineralization of bone and teeth 

[137]. As neither BCP nor CPP calcification is curable, understanding the calcification process may help 

to identify potential intervention targets and advance the development of treatment options.  
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1.6 Aims 

With rising incidence of degenerative arthropathies such as OA, articular calcification is a frequent 

problem in the aging population. It is caused by the deposition BCP or CPP crystals that have 

heterogeneous biochemical properties and clinical phenotypes. As accurate detection and differentiation 

of involved crystal types remains difficult, there is conflicting data on prevalence and distribution of 

articular BCP and CPP deposition. Therefore, the first part of this thesis sought to detect and differentiate 

the type of calcification in articular cartilage of OA patients by combining histological staining with Raman 

spectroscopy.  

Mechanistically, pathological calcification is considered an active and complex multifactorial process 

that lacks understanding. Specifically, the mechanism(s) that determine what crystal type is formed, 

remain elusive. As distinct phosphate sources, extracellular Pi, PPi and its metabolism are proposed as 

important factors in crystal formation. Therefore, the second part of this thesis aimed to identify changes 

in the PPi metabolism in articular cartilage with regards to the crystal type detected in the tissue.  

 

The specific questions this thesis intended to answer were: 

- Does histology-directed Raman spectroscopy improve the detection of cartilage calcification in 

comparison to conventional radiography?  

- What is the prevalence and distribution of BCP and CPP deposition in OA cartilage detected by 

this method? 

- Is there a difference in the PPi metabolism in cartilage depending on the presence and type of 

calcification detected in the tissue?  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Equipment 

All equipment that was used in the experiments for this thesis is listed in Table 1. 

 
Table 1: List of instruments and equipment. 

Equipment Manufacturer 

Biological Safety Cabinets S2020 1.5  

Biological Safety Cabinets KS 18 
Thermo Scientific 

Bio-Plex 200 Bio-Rad Laboratories 

Binder CO2 incubator Binder Labortechnik GmbH 

Senterra II Confocal Raman Microscope Bruker 

Centrifuge Heraeus, Fresco 17 

Centrifuge Heraeus Megafuge 16R 
Thermo Scientific 

ChemieDoc MP Imaging Systems Bio-Rad Laboratories 

Embedding Center Shandon HistoCentre 2 GMI 

Inverse microscope Axio Observer Z1 Zeiss 

Inverse microscope BX51 Olympus 

Inverse microscope  Eclipse TS100 Nikon 

Microplate reader Infinite F200 Pro Tecan 

Microplate reader Infinite M Plex Tecan 

Microtome Hyrax M55 Zeiss 

QuantStudio 6 Flex Applied Biosystems 

Perfect Spin Plate Spinner C1000-PEQ-230EU  Applied Biosystems 

Platform rocker SSL24 Stuart 

Roll mixer RS-TR05 Phoenix Instrument 

Rotator Fa-45-30-11 Phoenix Instrument 

Scale ALC-810.2 

Scale A 120 S 
Eppendorf 

Scanning electron microscope FEI/Philips 

Shaking Incubator Thermo Mixer C IKA 
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Tissue processor TP1020 Eppendorf 

Tube Revolver Rotator Leica Biosystems 

T100 Thermal cycler Bio-Rad Laboratories 

Vortex Genie 2 Mixer Bohemia 

Water bath Thermolab 1070 GFL 

 

2.1.2 Reagents 

Chemical reagents that were used in the experiments are listed below (Table 2). 

Table 2: List of reagents and manufacturer. 

Reagents Manufacturer 

Acetic acid Carl Roth 

Adenosin-5‘-triphosphate magnesium salt (A9187) Sigma 

Canada balsam Carl Roth 

DMEM (11965092) Gibco™ 

Ethanol denatured 70%, 80%, 96%, 99,8% Carl Roth 

Fast Green FCF Sigma Aldrich 

Fetal bovine serum (FBS) PAN-Biotech 

Formaldehyde 4% Otto Fischar 

HEPES Carl Roth 

MgCl2 Carl Roth 

Nuclease-free water  Carl Roth 

QIAzol lysis reagent QIAGEN 

Penicillin/Streptomycin (10,000 U/mL) Biochrom AG 

Protease Inhibitor Cocktail (cOmplete ULTRA Tablets) Roche 

Pyrogallic acid Carl Roth 

Safranin Orange AppliChem 

Silver nitrate Carl Roth 

Sodium pyruvate Sigma Aldrich 

Sodium thiosulfate Carl Roth 

Thymidine monophosphate nitrophenyl ester (PNTM) Sigma Aldrich 

Tris Carl Roth 
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2.1.3 Consumables 

Consumables that were used for the experiments are listed in Table 3. 

Table 3: List of consumables and manufacturer. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.4 Kits and Enzymes 

All kits and enzymes that were used in this thesis are listed in Table 4. 

 

 

Triton-X100 Sigma Aldrich 

Trypsin/EDTA Biochrom AG 

Xylene (isomers) Carl Roth 

Consumables Manufacturer 

Cell culture flask Greiner 

Cell scraper Sarstedt 

Cell strainer (100, 70, 40µM) Greiner 

Cover glasses (24x50mm) Thermo Scientific 

Cover slips 12mm Paul Marienfeld 

Filter pipette tips (10, 200, 1000µL) Sarstedt 

Microtome blades A35 pfm medical 

Petri dishes Sarstedt 

Pipette tips (10, 200, 1000, 5000µL) Sarstedt 

Safe-lock tubes (0.2, 0.5, 1.5, 2ml) Eppendorf 

Sterile filters (0.22µM) TPP 

Stripettes (5, 10, 25, 50ml) Greiner 

Superfrost Plus Microscope Adhesion Slides Epredia 

Syringes (20ml) BD 

Tubes (15ml, 50ml) Greiner 

Well plates (12-well, 24-well) Greiner 
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Table 4: List of kits and enzymes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.1.5 Primers 

All primers used for qRT-PCR were purchased from Metabion (Martinsried) at a stock concentration of 

100µM. Prior to use, primers were diluted to 10µM in nuclease-free water. Primer sequences are listed 

below (Table 5).  

 
Table 5: Human primer sequences. 

Gene Product length Sequence (5´-3´) 

GAPDH 90 bp 
Forward 

Reverse 

CCC ACT CCT CCA CCT TTG AC 

AGC CAA ATT CGT TGT CAT ACC AG 

TNAP 137 bp 
Forward 

Reverse 

GACCTCCTCGGAAGACACTC 

TGAAGGGCTTCTTGTCTGTG 

ENPP1 246 bp 
Forward 

Reverse 

GTC GTC AGT GGT CCT GTG TT 

GTC ATG CTT CCC ATG CAC AC 

ANKH 204 bp 
Forward 

Reverse 

GGC AGT GGC GAT TTT GAC AG 

ATC ACG AAA CAG AGC GTG AGT 

CD73  111 bp 
Forward 

Reverse 

CCA GTC CAC TGG AGA GTT CC 

CGA CAC TTG GTG CAA AGA AC 

CD39 116 bp 
Forward 

Reverse 

ACTTATGGAAGATACAAAGGAGTCT 

TCAACCCCACAGCAAGCAA 

ABCC6 195 bp 
Forward 

Reverse 

AAG GAA CCA CCA TCA GGA GGA G 

ACC AGC GAC ACA GAG AAG AG G 

 

Name Manufacturer 

High-Capacity cDNA Reverse Transcription Kit 
(4368814) 

Thermo Scientific 

RNeasy® Plus Micro Kit QUIAGEN 

Alkaline Phosphatase Assay Kit (ab83369) Abcam 

Pierce BCA Protein Assay (23227) Thermo Scientific 

Human XL Cytokine Luminex® Performance Assay 
(LKTM014)  

R&D Systems 

SYBR®Green Mastermix (4309155) Thermo Scientific 

Pronase (Streptomyces griseus) Roche 

Phosphate Assay Kit (ab65622) Abcam 

Pyrophosphate Assay Kit (ab112155) Abcam 

Collagenase IV (Clostridium histolyticum) Worthington 
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2.1.6 Buffers and solutions 

All buffers and solutions that were prepared during the experiments are listed below (Table 6). 

 
Table 6: List of buffers and solutions with ingredients. 

Solution Ingredients 

Chondrocyte medium 

DMEM (4.5g/mL glucose, L-glutamine) 

+ 10% FBS 

+ 1% Penicillin/Streptomycin 

+ 1% sodium pyruvate 

Collagenase digestion  

(articular chondrocytes) 

1mg/mL collagenase IV 

in chondrocyte medium 

Collagenase digestion  

(meniscal fibrochondrocytes) 

1.8mg/mL collagenase IV 

in meniscal fibrochondrocyte medium  

HEPES lysis buffer 
50mM HEPES in dH2O (pH7.5) 

+ 1% Triton-X 

HEPES sample buffer 50mM HEPES in dH2O (pH7.5) 

Meniscal fibrochondrocyte medium 

DMEM (4.5g/mL glucose, L-glutamine) 

+ 10% FBS 

+ 1% Penicillin/Streptomycin 

PC-1 buffer 
1.6mM MgCl2 in dH2O (pH8.1) 

+ 0.2M Tris 

Phosphate buffered saline (PBS) Ready to use (#D8537) 

Pronase digestion 
1mg/mL pronase 

in DMEM 

Safranin-Orange solution 2% Safranin-Orange in dH2O 
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2.2 Histological methods 

2.2.1 Sample collection and processing 

Articular cartilage, meniscus and synovial fluid samples were obtained from OA patients the time of 

elective knee joint replacement. Prior to surgery, patients provided written informed consent. Patients 

with post-traumatic osteoarthritis or previous surgery on the ipsilateral knee were excluded. All 

procedures were approved by the Institutional Review Board (IRB) of the Medical School, Otto-von-

Guericke University Magdeburg (IRB No. 28/20). Radiographs were taken by the department of 

radiology at the Otto-von-Guericke University Magdeburg. Radiological calcification was determined and 

scored by radiograph evaluation. OA severity was assessed radiographically according to the KL score. 

Histological assessment of OA severity was done using the OARSI score. Synovial fluid samples were 

frozen in liquid nitrogen and stored at -80°C. Full thickness cartilage samples of approximately 1x0.5cm 

were taken from the main loading area of the tibia plateau. Cartilage and meniscus samples were fixed 

in 4% formaldehyde for a minimum of 24h, dehydrated and embedded in paraffin. For histological 

staining, samples were cut into consecutive sections of 4µm thickness on a microtome and mounted on 

microscope adhesion slides.  

2.2.2 Safranin-Orange/Fast Green staining 

Before staining, paraffin sections were deparaffinised using Xylene. After paraffin removal, sections 

were rehydrated using a degrading ethanol series and washed in dH2O. Rehydrated cartilage sections 

were stained with Fast Green for 1min, followed by a 1% acetic acid wash for 30s and 30min of 

incubation in 2% Safranin-Orange solution. Subsequently, sections were dehydrated with 96% and 

100% ethanol and xylene before mounting with Canada balsam on glass cover slides. 

2.2.3 Von Kossa staining 

Sections of cartilage and menisci were deparaffinised and rehydrated as described above (2.2.2). 

Deparaffinised sections were incubated in 5% silver nitrate in dH2O for 1h under light exposure and 

washed in dH2O. Tissue sections were incubated in 1% pyrogallic acid in dH2O for 3min and washed, 

followed by a 3min incubation in 5% sodium thiosulfate in dH2O. Subsequently, sections were 

dehydrated using an increasing series of ethanol (96% and 100%) and xylene and mounted with Canada 

balsam [138].  

2.2.4 Imaging and image analysis 

Stained sections were imaged on a Zeiss Axio Observer Z1 using a 2.5x objective (Axio Observer, 

Axiocam 702 mono, HXP 120V, Zeiss) with a light source intensity of 4.2V and an exposure time of 7ms. 

Images were analysed using ImageJ software (Version 1.53). Von Kossa staining was quantified by 

applying a threshold and measuring the stained area percentage. 
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2.2.5 Raman spectroscopy 

BCP and CPP crystals were identified using a confocal Raman microscope (Bruker Senterra II, Software 

OPUS 7.8, Bruker). For tissue analysis, sections were deparaffinized with xylene and air dried to remove 

any paraffin residue. Corresponding von Kossa images served as templates to guide region of interest 

(ROI) selection. Raman spectra were mapped on a grid of individual measurement points with a distance 

of 10µm in x and y direction. A 785nm laser with a power of 50mW and a 10x/0.25 objective with a focal 

spot of 1.915µm were used to scan ROIs. Measurements were obtained in a spectral range of 50-

1410cm-1 to cover signature peaks for both crystals (BCP: 960cm-1, CPP: 1050cm-1). The resolution was 

set to 1.5cm-1. Each point was measured once with an integration time of 500ms. In vitro calcification of 

chondrocytes on coverslips was mapped on a grid with 5µm distance between individual measurement 

points using 20x/0.40 and 50x/0.65 objectives with an integration time of 1000ms. After mapping, Raman 

spectra were normalized. Outliers were manually removed and replaced by an average of surrounding 

spectra. Integration of normalized spectra at 960cm-1 and 1050cm-1 yielded heat maps visualizing BCP 

and CPP deposition, respectively. 

2.2.6 Scanning electron microscopy and energy-dispersive X-ray spectroscopy 

SEM imaging was performed on a FEI XL30 ESEM-FEG (FEI/Philips) with a secondary electron (SE) 

detector at 10kV under ~5×10−5 mbar environmental pressure. Cartilage sections were deparaffinised 

and air dried as described in 2.2.5. Before imaging, samples were sputter-coated with gold at 25mA for 

4min. Images were taken in SE mode. EDS (EDAX-AMETEK) was used to determine the elemental 

composition of calcified deposits. The accelerating voltage was set to 10kV. ROIs for imaging and EDS 

measurements were selected based on corresponding von Kossa images. 
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2.3 Molecular biological methods 

2.3.1 RNA isolation and cDNA synthesis 

Fresh cartilage tissue was snap frozen in liquid nitrogen. Frozen samples were manually homogenized 

in liquid nitrogen by mortar and pestle. Pulverized tissue was lysed in QIAzol lysis reagent (QIAGEN) 

on rotation at 4°C overnight. RNA was isolated by phenol/chloroform extraction and RNeasy® Plus 

Micro Kit (QIAGEN). After extraction, RNA was dissolved in nuclease-free water. Concentration and 

quality of extracted RNA were measured on a microplate reader (Tecan Infinite F200 Pro). For cDNA 

synthesis, the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific) 

was used. Therefore, 1µg RNA was diluted in 10µL nuclease-free water and mixed with the same 

volume of master mix containing reverse transcriptase, primers and nucleotides as listed below (Table 

7). The reaction was performed in a thermal cycler using a four step protocol (25°C 10min, 37°C 120min, 

85°C 5min, 4°C hold). Transcribed cDNA was diluted in 80µL nuclease-free water and kept at 4°C. 

Table 7: Reverse transcription master mix. 

Reagents Volume 

10x RT Buffer 

25x dNTP-Mix (100mM) 

10xRT Random Primer 

MultiScribe Reverse Transcriptase (50U/µL) 

RNAse Inhibitor 

Nuclease-free water 

2.0µL 

2.0µL 

0.8µL 

1.0µL 

1.0µL 

3.2µL 

 

2.3.2 Quantitative RT-PCR 

Quantitative RT-PCR was perfomed on a QuantStudio 6 Flex PCR system according to the protocol 

below (Table 8).  

Table 8: Step-wise qRT-PCR protocol. 

Step Temperature Time 

Initial denaturation 95°C 15min 

40 cycles of 

denaturation 

annealing 

elongation 

95°C 

60°C 

72°C 

30s 

30s 

30s 

Dissociation 95°C   60°C   95°C 15s each 
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In a 384-well plate, 2.5µL of cDNA was mixed with 7.5µL of master mix containing SYBR®Green 

Mastermix (Thermo Scientific) and primers for the gene of interest (Table 9). 

Table 9: Master mix for quantitative RT-PCR. 

Reagents Volume 

SYBR®Green Mastermix 

Forward primers (10µM) 

Reverse primers (10µM) 

Nuclease-free water 

5µL 

0.5µL 

0.5µL 

1.5µL 

For quantification, relative standard curves for each gene of interest were included on each plate. All 

samples and standards were run in duplicates and gene expression was normalized to the expression 

of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  
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2.4 Protein biochemical methods 

2.4.1 Tissue homogenization 

Frozen cartilage samples were pulverized with mortar and pestle and solved in 50mM HEPES sample 

buffer (pH7.5) including protease inhibitor cocktail (Roche). Samples kept on a rotator at 4°C overnight. 

Protein concentration was measured colorimetrically by Pierce BCA protein assay kit (Thermo Scientific) 

according to manufacturer’s instructions. Therefore, samples were diluted 2.5 fold in PBS and mixed 

with 200µL of working solution in a 96-well plate. Supplied standards were included on each plate. After 

30min of incubation at 37°C, the absorbance at 560nm was measured on a microplate reader (Tecan 

Infinite F200 Pro). A standard curve was created to calculate protein concentration in sample wells. 

2.4.2 Enzymatic activity of ENPP1 and TNAP 

ENPP1 activity of cartilage lysates was assessed by colorimetric conversion of Thymidine 

monophosphate nitrophenyl ester (PNTM) (Sigma). Therefore, 10µL of samples was mixed with 100µL 

of PC-1 buffer including 1mM PNTM and protease inhibitor cocktail (Roche). After 1h incubation at 37°C 

in the dark, the absorbance at 410nm was measured on a microplate reader. Measured absorbance 

values were normalized to the protein concentration in the sample. 

TNAP activity was determined with the colorimetric Alkaline Phosphatase Assay Kit (ab83369, Abcam) 

that was used according to the manufacturer’s instructions. Briefly, 20µL of samples was mixed with 

60µL of supplied assay buffer and 50µL of 5mM p-Nitrophenyl phosphate solution. After 1hr incubation 

in the dark, the conversion of p-Nitrophenyl phosphate substrate into colored p-Nitrophenyl measured 

at 405nm. Supplied standards were included on each plate. Calculated TNAP activity in sample wells 

was normalized to protein concentration. 

2.4.3 Pi and PPi concentration 

Pi concentration in cartilage lysates was quantified with a colorimetric Phosphate Assay Kit (ab65622 

Abcam). Therefore, 10µL of sample was diluted in 190µL dH2O. For the reaction, 200µL of Phosphate 

reagent was added to all sample and standard wells. After 30min in the dark, the absorbance at 650nm 

was measured. PPi concentration was measured using a Pyrophosphate Assay Kit (ab112155, Abcam). 

Here, 10µL of sample was diluted in 40µL HEPES sample buffer in a black 96-well plate. 50µL of assay 

solution containing 1x PPi sensor was added to each sample and standard well. After 10 min incuation 

protected from light, fluorescence was measured on a microplate reader at 316/456nm 

(Excitation/Emission).   

2.4.4 Multiplex cytokine assay 
 
Synovial fluid concentrations of IL-6, IL-7, IL-8, IL-10, IL-13, IL-15, IL-1ra (IL-1 receptor antagonist), 

granulocyte-macrophage colony stimulating factor  (GM-CSF), Fms-like tyrosine kinase 3 (FLT3) 

Ligand, platelet-derived growth factor-AB/BB (PDGF-AB/BB), vascular endothelial growth factor 

(VEGF), eotaxin, macrophage inflammatory protein-1b (MIP-1b), MIP-3b and growth-regulated proteins 
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(GROa, GROb) were measured using the Human XL Cytokine Luminex® Performance Assay 

(LKTM014, R&D Symstems) as instructed by the manufacturer. Thawed synovial fluid samples were 

centrifuged for 4min at 16000g to remove any cellular component and diluted 1:1 in provided calibrator 

diluent RD6-65. 50µL of sample, supplied standard or control was added to each well. All samples, 

standards and controls were mixed with the same volume (50µL) of Microparticle Cocktail containing 

magnetic antibody-coated microparticles. After a 2h incubation on a shaker at 800rpm protected from 

light, wells were washed using a hand-held microplate magnet to prevent loss of microparticles. After 

three washes, 50µL of Biotin-Antibody cocktail was added and incubated for 1h at 800rpm in the dark. 

Wells were washed again followed by 30min incubation with Streptavidin-PE. After a final wash, the 

plate was read on a Bio-Plex 200 Analyzer (Bio-Rad) by measuring mean fluorescence intensity. 

Measurement parameters were set to a reporter gain of 3631, a flow rate of 60µL/minute and 50 

count/region. For each analyte, a standard curve was created to quantify the concentration in sample 

wells.  
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2.5 Cell culture methods 

2.5.1 Isolation of primary articular chondrocytes 

Cartilage from the tibial plateau was dissected into small pieces of approximately 1mm and digested 

with pronase at 1mg/mL in DMEM for 30min at 37°C. A second digestion was done with collagenase 

type IV (1mg/mL in DMEM supplemented with 10% FBS, 1% pencillin/streptomycin and 1% sodium 

pyruvate) overnight at 37°C. The remaining pieces were manually homogenized by repeated pipetting. 

The solution was filtered (40µm strainer) and centrifuged (700g, 5min). The pellet of cells was 

resuspended in DMEM with 10% FBS, 1% pencillin/streptomycin and 1% sodium pyruvate and plated 

in a cell culture flask. 

2.5.2 Isolation of primary meniscal fibrochondrocytes 

Meniscal fibrocartilage was cut into small pieces of approximately 1mm and digested with collagenase 

type IV (1.8mg/mL per 1.5mg tissue weight in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin) overnight at 37°C. The solution was spun down at 700g for 5min. The pellet was 

resuspended in 10% FBS and 1% penicillin/streptomycin, transferred to a petri dish and kept at 37°C. 

After two days, the remaining pieces were manually homogenized by repeated pipetting. The solution 

was filtered through strainers of decreasing pore size (100µm, 70µm, 40µm) and transferred into a cell 

culture flask. 

2.5.3 Cultivation of primary articular chondrocytes and meniscal fibrochondrocytes 

Cells were cultured at 37°C, 98% relative humidity and 5% CO2. Primary articular chondrocytes were 

cultured in chondrocyte-specific medium containing DMEM supplemented with 10% FBS, 1mM sodium 

pyruvate and 1% penicillin/streptomycin. Primary meniscal fibrochondrocytes were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin.  

2.5.4 In vitro calcification 

Primary articular chondrocytes were seeded in 12-well plates at a density of 5x104 cells/well. Seeded 

cells were left to attach overnight. To induce calcification, cells were stimulated with 1mM ATP (Sigma) 

or 5% calciprotein particles (kindly provided by the Department of Musculoskeletal Medicine, University 

of Lausanne, Switzerland). Briefly, calciprotein particles were synthesized in DMEM supplemented with 

10% FBS, 1% penicillin/streptomycin, 1% L-Glutamine, 1mM CaCl2 and 3.5mM Pi at 37°C for 7d [139]. 

Cells were stimulated with calciprotein particles and ATP for 24h. Medium was removed and cells were 

washed in PBS, fixed in 4% formalin and kept in PBS at 4°C until Raman analysis.  

Primary meniscal fibrochondrocytes were seeded in 12-well plates at a density of 7x104 cells/well. After 

24h, medium was aspirated and cells were washed in cold PBS. On ice, cells were manually detached 

from the plate with a cell scraper, transferred into tubes and centrifuged at 700g for 5min at 4°C. The 

cell pellet was resuspended in HEPES lysis buffer and kept at -20°C until measuring Pi and PPi 

concentrations. For Raman analysis of produced crystals, cells were seeded on coverslips in 24-well 
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plates at a density of 3x104 cells/well. After 24h, medium was removed and cells were washed and fixed 

in 4% formalin. Fixed cells were kept in PBS at 4°C until Raman analysis. 
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2.6 Statistical analysis 

Statistical analysis was performed in GraphPad Prism V.9 (GraphPad Prism Software). Data are 

presented in bar graphs as or dot plots. The method of data presentation is indicated in the respective 

figure legend. Normality of data distribution was tested by Shapiro-Wilk test and QQ-plot. In case of 

normal distribution, data were compared by t-test or ordinary one-way ANOVA with Dunnett’s multiple 

comparisons test. Non-parametric data are analyzed by Mann-Whitney or Kruskal-Wallis test with 

Dunn’s multiple comparisons test. Parametric data are presented with mean. Non-parametric data are 

presented with median. For correlation analysis, individual values are plotted in scatter plots. Parametric 

data were correlated with Pearson correlation. For correlation of non-parametric data, Spearman 

correlation was used. A p-value of p<0.05 was considered statistically significant under consideration of 

95% confidence intervals. 
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3 Results 

3.1 Histology-directed Raman spectroscopy for accurate differentiation of 

articular calcification 

For detection and characterization of articular calcifications, I used a combination of conventional 

radiography, histological staining and Raman spectroscopy [140]. Therefore, cartilage was collected 

from 83 OA patients that underwent knee arthroplasty. OA severity and radiological calcification were 

assessed and scored by radiograph evaluation. As radiographs showed calcifications of varying 

severity, the degree of radiological calcification was graded into four stages from 0 (no visible 

calcification), 1 (mild focal calcification), 2 (moderate peripheral calcification) to 3 (severe areal 

calcification) (Figure 3.1.1A, white arrows) [140]. According to radiograph analysis, 34% of patients 

(28/83) displayed intra-articular calcification (grades 1-3) (Figure 3.1.1B).  

 

More than half (55%) of included patients were male (46/83), while 45% (37/83) were female. Gender 

distribution was relatively balanced for radiological grades 0 (m=29, f=26), 1 (m=2, f=3) and 3 (m=4, 

f=6). Merely patients with moderate radiological calcification (grade 2) were predominantly male (m=11, 

f=2) Figure 3.1.1B). Patients’ age was comparable across different grades of radiological calcification 

(Figure 3.1.1C). Mean age values ranged from 63.49 (grade 0) to 69.30 (grade 3) (p=0.14), refuting age 

as a sole cause radiological calcification. Median KL grades ranged from 3.00 (grade 0) to 4.00 (grade 

2) and did not differ significantly between calcification grades (p=0.22) (Figure 3.1.1D). This indicated 

similar radiological OA severity independent of radiological calcification. 
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Figure 3.1.1: Demographic information of the patient cohort and radiological detection of articular calcification. A. 

Representative radiographs of articular calcification graded by severity from 0 (no visible calcification), 1 (mild focal 

calcification), 2 (moderate peripheral calcification) to 3 (severe areal calcification) with arrows indicating 

calcifications. B. Number and gender distribution of patients per radiological calcification grade (grade 0: m=29, 

f=26, grade 1: m=2, f=3, grade 2: m=11, f=2, grade 3: m=4, f=6). C. Mean age of patients graded by radiological 

calcification (grade 0: 63.49±1.26, grade 1: 69.00±6.13, grade 2: 68.69±3.32, grade 3: 69.30±2.55, n=83, p=0.14). 

D. Median Kellgren Lawrence grade of patients graded by radiological calcification (grade 0: 3.00±0.11, grade 1: 

3.50±0.19, grade 2: 4.00±0.24, grade 3: 3.75±0.20, n=83, p=0.22) (adapted from [140]). Data are presented as 

individual values with mean and were analysed using ordinary one-way ANOVA followed by Dunnett’s multiple 

comparisons test for C. For D, data are presented as individual values with median and were analysed by Kruskal-

Wallis test followed by Dunn’s multiple comparisons test. 
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3.1.1 Histological cartilage calcification is more prevalent than radiological calcification 

In a second step, cartilage calcification was visualized histologically by von Kossa staining. Regardless 

of radiological calcification, cartilage samples often displayed evident histological calcification of black 

color (Figure 3.1.2A) [140]. Quantification of the von Kossa stained area showed cartilage calcification 

in 88% (73/83) of patients (Figure 3.1.2B), yielding a more than two-fold higher prevalence than 

radiograph analysis (Figure 3.1.1B). Thus, histological calcification was far more frequent than 

radiological calcification, emphasizing the superiority of histology in the detection of articular 

calcification. Nevertheless, the histologically calcified area was positively correlated with the grade of 

radiological calcification (p=0.006) (Figure 3.1.2B). Particularly severe radiological calcification (grade 

3) translated to a large calcified area stained by von Kossa of up to 8%. This correlation acknowledged 

the adequacy of radiography for the detection of larger calcified deposits. Even in the absence of 

radiological calcification (grade 0) cartilage samples often displayed von Kossa-positive areas though 

(Figure 3.1.2A-B), highlighting the limitation of radiography to detect smaller calcifications. 

In contrast, the calcified area did not correlate with the patients age, discounting articular calcification 

as a simply age-related phenomenon (p=0.12) (Figure 3.1.2C). The size of histological calcification 

further correlated with the severity of cartilage damage assessed by the OARSI score (p=0.03) (Figure 

3.1.2D), indicating the destructive potential of calcium crystal to cartilage integrity. Unsurprisingly, 

cartilage damage was rather advanced with a median OARSI of three. Since cartilage samples were 

collected from end stage OA patients during joint replacement surgery, cartilage damage was to be 

expected.  

 
Figure 3.1.2: Histological detection of articular calcification. A. Representative von Kossa-stained cartilage samples 

for each grade of radiological calcification (scale bars=100µm). B. Spearman correlation of radiological calcification 

grade and calcified cartilage area (n=83, r=0.30, p=0.006). C. Spearman correlation of patient age with calcified 

cartilage area (n=83, r=0.17, p=0.12). D. Spearman correlation of calcified cartilage area with OARSI score (n=83, 

r=0.24,  p=0.03) (adapted from [140]). 
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3.1.2 Cartilage calcification is predominantly caused by BCP deposition 

Following the detection of cartilage calcification, I determined the type of calcium crystal present in the 

tissue. To do so, I combined Kossa staining with Raman spectroscopy, developing a fast and easy 

protocol for qualitative crystal analysis in articular tissues [140]. Raman spectroscopy can differentiate 

BCP and CPP crystals by distinct peaks in the Raman spectrum at 960cm-1 and 1050cm-1, respectively 

(Figure 3.1.3B). Using this method, BCP crystals were detected in 75% of cartilage samples (62/83) 

(Figure 3.1.3A), making it the predominant calcium crystal in OA cartilage. In contrast, CPP was only 

identified in 22% (18/83) patients, discounting the common misinterpretation of radiological calcification 

as CPP deposition. Instead, in this cohort, radiological calcification was often BCP-mediated. In the 

presence of radiological calcification (grades 1-3), 39% (11/28) of patients exclusively contained BCP 

calcifications while only 25% (7/28) showed exclusive CPP calcification.  

Interestingly, in 10% of patients (8/83), BCP and CPP crystal were located in close proximity within the 

same cartilage section (Figure 3.1.3A-B), indicating a possible existence of mixed endotypes or 

crystallopathies [140].  

 

Figure 3.1.3: Identification of calcium crystals in cartilage by Raman spectroscopy. A. Calcium crystal types in 

cartilage graded per radiological calcification grade (grade 0: BCP=44, CPP=4, both=1, no=5, grade 1: BCP= 1, 

CPP=3, both=1, grade 2: BCP=6, both=4, no=3, grade 3: BCP=3, CPP=4, both=1, no=1, n=83). B. Representative 

image of calcified cartilage (top) with heat maps of CPP (middle left) and BCP (middle right) deposition and matching 

Raman spectra below (adapted from [140]).  

 

3.1.3 Discrete histology and distribution of BCP and CPP deposits in OA cartilage 

In correspondence with the spectroscopic identification of the calcification type, I was able to infer 

crystal-specific histological patterns for BCP and CPP deposition in von Kossa-stained cartilage. BCP 

displayed as compressed variably sized nodules of frail appearance. In most cases, these were loosely 
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attached to the cartilage surface (Figure 3.1.4A-B) [140]. Occasionally, BCP deposits were found buried 

in the deep zone close to the zone of calcified cartilage. In contrast, CPP was exclusively located in the 

superficial to intermediate cartilage zone, accumulating in solid definitive pockets (Figure 3.1.4A and C). 

Peripherally, CPP could also appear less dense granular, needle-shaped clusters. These presumably 

indicate earlier calcification stages that may gradually solidify to calcified CPP pockets. 

 

Figure 3.1.4: Histological presentation of BCP and CPP deposition in articular cartilage. A. Schematic location of 

BCP (purple rectangles) and CPP (blue rectangle) deposits in articular cartilage. B. Representative von Kossa 

images showing fragments of clumped BCP (purple arrows) on the cartilage surface (left, scale bars: 500µm, 

100µm) and in the deep zone (right, scale bar: 100µm) C. Representative von Kossa images of CPP deposits (blue 

arrows) in large condensed bodies (left and middle, scale bars: 500µm, 100µm) or as granular, needle-shaped 

clusters (right, scale bar: 20µm) in the superficial and intermediate cartilage zone (adapted from [140]). 

For more detailed morphological distinction of BCP and CPP, cartilage, sections with representative 

BCP and CPP calcifications were imaged by SEM-EDS (Figure 3.1.5) [138]. As observed at a lower 

resolution on von Kossa images, BCP clumped in chunks that were loosely attached to the cartilage 

surface. In the deep zone BCP accumulated in empty chondrocyte lacunae (Figure 3.1.5A). EDS 

analysis detected calcium and phosphate with a weight percentage ratio of approximately 1.5, that is 

characteristic of BCP. CPP instead was more embedded in the tissue, presenting as densely stacked 

crystals (Figure 3.1.5B). This needle-like appearance was already indicated by von Kossa staining 

(Figure 3.1.4C), appearing more pronounced in high resolution SEM imaging. EDS analysis detected 

calcium and phosphate at a CPP-specific Ca/P ratio of 1. These results corroborate the previous 

observations of CPP in von Kossa staining.  



3 Results 

34 

 

 

Figure 3.1.5: Scanning electron imaging and energy dispersive X-ray spectroscopy (SEM-EDS) of cartilage 

calcifications. A. Representative SEM image of a clumped BCP agglomerate on the cartilage surface (left) and in a 

chondrocyte lacunae in the deep zone (middle). Corresponding EDS analysis (right), revealed a characteristic Ca/P 

ratio of 1.5 (scale bars: 10µm). B. Representative SEM image of densely stacked rhomboid-shaped CPP crystals 

embedded in cartilage with characteristic EDS-measured Ca/P ratio of 1 (scale bars: 10µm, 5µm) (adapted from 

[138]). 
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3.2 Upregulated extracellular PPi metabolism as a driver of BCP deposition 

After analyzing prevalence, distribution and morphology of BCP and CPP calcification, the second part 

of this thesis aimed to elucidate the calcification mechanism in cartilage. Therefore, I focused on the 

extracellular PPi metabolism as a potential determinant of crystal type formation. In this context, gene 

expression levels of the candidate enzymes TNAP, CD73, CD39, ENPP1, ANKH and ABCC6 were 

analyzed in cartilage in regards to histological calcification visualized by von Kossa. Cartilage RNA was 

extracted and gene expression was analyzed using qRT-PCR (Figure 3.2.1) [141]. Gene expression of 

the phosphatase TNAP was markedly upregulated in histologically calcified cartilage compared to non-

calcified cartilage (Figure 3.2.1A, p=<0.0001). Similarly, gene expression of CD73 was elevated in 

calcified cartilage too (Figure 3.2.1B, p=0.003). Instead, CD39 gene expression did not differ 

significantly with regards to histological cartilage calcification (Figure 3.2.1C, p=0.73). Calcified cartilage 

also showed greatly increased gene expression of the pyrophosphatase ENPP1 (Figure 3.2.1D, 

p=<0.0001). In addition, gene expression of the ATP efflux transporter ANKH was evidently elevated in 

the presence of cartilage calcification (Figure 3.2.1E, p=<0.0001). This was also the case for ABCC6, 

although the effect was less pronounced (Figure 3.2.1F, p=0.02). As most of these PPi metabolism 

enzymes showed elevated gene expression in calcified cartilage, calcification may underlie an 

imbalance of the extracellular PPi metabolism [141].  

 

Figure 3.2.1: Gene expression of PPi metabolism enzymes in cartilage in the presence (+) compared to the 

absence (-) of histological calcification. Median mRNA expression of A. TNAP (p=<0.0001, n=83), B. CD73 
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(p=0.003, n=82), C. CD39 (p=0.73, n=79), D. ENPP1 (p=<0.0001, n=83), E. ANKH (p=<0.0001, n=82), and F. 

ABCC6 (p=0.02, n=83) in non-calcified and calcified cartilage (adapted from [141]). Data are presented as individual 

values with median on log10 scale and were analysed using Mann-Whitney test. *=p≤0.05, **=p≤0.01, 

****=p≤0.0.0001. 

 

3.2.1 Upregulated gene expression of PPi metabolism enzymes in BCP-calcified cartilage 

In order to attribute the calcification-associated changes in gene expression to a specific crystal type, 

calcified cartilage were analyzed by Raman spectroscopy. Spectroscopic crystal identification was 

performed as described and cartilage samples were classified by the detected crystal type. Cartilage 

samples containing both crystal types were excluded for the following crystal-specific analysis to prevent 

blending and isolate BCP- from CPP-related effects. Classification by crystal type showed an evident 

upregulation of TNAP gene expression specifically in BCP-calcified cartilage (Figure 3.2.2A, p=0.0001) 

[141]. TNAP gene expression in CPP-calcified was comparable to cartilage without calcification. CD73 

gene expression was upregulated in both BCP- and CPP-calcified cartilage (Figure 3.2.2B, p=0.01). A 

similar pattern was observed for ANKH, showing elevated expression in BCP- and CPP-calcified 

cartilage (Figure 3.2.2E, p=0.0001). Gene expression levels of CD39 (p=0.24) and ABCC6 (p=0.06) did 

not differ significantly with regards to calcification or crystal type (Figure 3.2.2C and F). Similarly to 

TNAP, ENPP1 was specifically overexpressed in BCP- but not CPP-calcified cartilage (Figure 3.2.2D, 

p=0.0001). Thus, upregulated gene expression of TNAP and ENPP1 detected in calcified cartilage 

(Figure 3.2.1A and D) could be specifically attributed to BCP deposition (Figure 3.2.2A and D). This 

suggests that BCP deposition in particular may be driven by an upregulation of the extracellular PPi 

metabolism [141].  
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Figure 3.2.2: Gene expression of PPi metabolism enzymes in cartilage classified by the type of calcification in the 

tissue. Median mRNA expression of A. TNAP (p=0.0001, n=74), B. CD73 (p=0.01, n=74), C. CD39 (p=0.24, n=71) 

D. ENPP1 (p=0.0001, n=74), E. ANKH (p=0.0001, n=74) and F. ABCC6 (p=0.06, n=74) in non-calcified, BCP- and 

CPP-calcified cartilage (adapted from [141]). Data are presented as individual values with median on log10 scale 

and were analysed by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *=p≤0.05, **=p≤0.01, 

***=p≤0.001 ****=p≤0.0.0001. 

 

3.2.2 Upregulated TNAP activity and Pi levels in BCP-calcified cartilage 

With a focus on the BCP-specific upregulation of TNAP and ENPP1 expression, I aimed to investigate 

potential associated metabolic changes. Therefore, I assessed the enzymatic activity of TNAP and 

ENPP1 in cartilage lysates as a proxy for Pi and PPi production. Activity levels were measured by the 

colorimetric conversion of a synthetic substrate for the respective enzyme (Figure 3.2.3) [141]. With no 

changes between non-, BCP- and CPP-calcified cartilage, ENPP1 activity was independent of 

calcification and crystal type (Figure 3.2.3A, p=0.40). In contrast, TNAP activity was specifically 

upregulated in BCP-calcified cartilage (Figure 3.2.3B, p=0.004).  

 

As the main respective products of TNAP and ENPP1, Pi and PPi levels were measured in the same 

samples as before, using colorimetric and fluorescence assays. Similarly to ENPP1 activity, PPi levels 

did not differ between non-, BCP- and CPP-calcified cartilage (Figure 3.2.3C, p=0.56) [141]. Pi levels 

instead were significantly increased in BCP-calcified cartilage (Figure 3.2.3D, p=0.02), matching the 
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upregulated TNAP activity detected before (Figure 3.2.3B). In addition, the Pi/PPi ratio was increased 

in BCP-calcified cartilage (Figure 3.2.3E, p=0.03). This highlights the importance of the relation of both 

ions in the calcification process. As a product of TNAP, Pi levels directly correlated with TNAP activity 

(Figure 3.2.3G, r=0.43, p=0.0002) while there was no correlation observable for ENPP1 and PPi (Figure 

3.2.3F, r=0.17 p=0.18). 

 
Figure 3.2.3: TNAP and ENPP1 activity and concentrations of Pi and PPi in articular cartilage A. Median ENPP1 

activity (n=73, p=0.40) and B. TNAP activity (n=75, p=0.004) in cartilage classified by the type of calcification. Levels 

of C. PPi (n=60, p=0.56) and D. Pi (n=66, p=0.02) and E. their ratio (n=58, p=0.03) in non-calcified, BCP- and CPP-

calcified cartilage. F. Spearman correlation of cartilage ENPP1 activity and PPi levels (n=67, r= 0.17, p=0.18). G. 

Spearman correlation of cartilage TNAP activity and Pi levels (n=72, r=0.43, p=0.0002) (adapted from [141]). Data 

are presented as individual values with mean and were analysed using ordinary one-way ANOVA followed by 

Dunnett’s multiple comparisons test for A. For B-E, data are presented as individual values with median and were 

analysed using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *=p≤0.05, **=p≤0.01. 
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3.3 Intracellular and ATP-dependent induction of CPP deposition 

Retrospective analysis of calcified cartilage identified increased TNAP-mediated Pi content as a driver 

of BCP deposition. However, CPP deposition could not be explained by a dysregulated extracellular PPi 

metabolism. Instead, CPP deposition seems to be regulated by additional factors that have yet to be 

identified.  

3.3.1 ATP stimulation induces CPP formation in vitro 

Taking a prospective approach to calcification, I induced and characterized calcification in vitro. With 

the aim of identifying characteristics unique to CPP deposition, chondrocytes were isolated from calcified 

cartilage, cultured in the presence of calcification promotors and monitored for calcification. To induce 

calcification, chondrocytes were stimulated with calciprotein particles or ATP that act as calcification 

promotors. As an amorphous precursor form of BCP, calciprotein particles naturally resulted in BCP 

deposition (Figure 3.3.1A-B, left panel). In contrast, ATP stimulation lead to a more diverse calcification 

process. While chondrocytes isolated from BCP-calcified cartilage responded with BCP deposition 

(Figure 3.3.1A, right panel), chondrocytes from CPP-calcified cartilage produced both crystal types 

following ATP stimulation (Figure 3.3.1B, right panel). Interestingly, BCP presented as spherical 

deposits located on top of the monolayer of chondrocytes. Instead, CPP appeared as individual crystals. 

While some of these crystals were located in the extracellular space between the cells, a majority 

appeared to occupy the cytoplasm (Figure 3.3.1B, blue arrows). This observation suggests that CPP 

deposition may be regulated by an ATP related cell-intrinsic factor.  

 

Figure 3.3.1: In vitro calcification of human primary chondrocytes stimulated with calciprotein particles or ATP. 

Representative Raman spectra of detected crystals are located on the right. A. In response to calciprotein particles 

(left panel) and ATP (right panel), they produced BCP crystals (purple arrows). B. Chondrocytes isolated from CPP-

calcified cartilage produced BCP (purple arrows) in response to calciprotein particles (left panel). ATP induced the 

formation of both BCP (purple arrows) and CPP crystals (blue arrows) (right panel). 
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3.3.2 CPP calcification is associated with elevated levels of senescence-associated cytokines 

in synovial fluid 

In view of ATP-induced in vitro CPP formation, disruptions in ATP synthesis are commonly reported in 

OA. For instance, OA chondrocytes often display mitochondrial dysfunction that precedes and promotes 

cellular senescence [142, 143]. Chondrocyte senescence is a common phenomenon in OA cartilage 

[82, 83] and has been proposed to be involved in CPP deposition [78]. Further elucidating this link, I 

compared intra-articular concentrations of senescence-associated mediators in the context of cartilage 

calcification. To this end, various inflammatory mediators that can be released by senescent cells, were 

measured in synovial fluid by magnetic-bead based multiplex assay in respect to the crystal type 

detected in corresponding cartilage samples. Here, CPP deposition in cartilage was associated with 

elevated synovial fluid levels of senescence-associated cytokines, chemokines and growth factors 

(Figure 3.3.2) [144]. Specifically, the pro-inflammatory cytokines IL-15 and GM-CSF were upregulated 

in synovial fluid of patients with CPP compared to BCP cartilage calcification (Figure 3.3.2A, IL-15: 

p=0.0007, GM-CSF: p=0.02). Similarly, IL-1ra and IL-10 were significantly higher in synovial fluid of 

CPP- compared to BCP-calcified joints (Figure 3.3.2B, IL-1ra: p=0.003, IL-10: p=0.01).  Synovial fluid 

concentrations of the growth factors PDGF-AB/BB and VEGF (Figure 3.3.2C, PDGF-AB/BB: p=0.04, 

VEGF: p=0.04) as well as the chemokines MIP-1b (Figure 3.3.2D, p=0.01) were also higher in patients 

with articular CPP deposition. Collectively, these data show an elevated synovial fluid cytokine profile in 

CPP- compared to BCP-calcified joints that may indicate increased senescence [144].  
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Figure 3.3.2: Synovial fluid concentrations of senescence-associated mediators classified by the crystal type 

detected in corresponding cartilage tissue. Concentrations of various senescence-associated mediators in synovial 

fluid of BCP- and CPP-calcified joints including (A) pro-inflammatory cytokines (IL-6: p=0.06, n=28, IL-7: p=0.002, 

n=30, IL-15: p=0.0007, n=29, GM-CSF: p=0.02, n=29, FLT3-Ligand: p=0.92, n=25) (B) anti-inflammatory cytokines 

(IL-1ra: p=0.003, n=29, IL-10: p=0.01, n=28, IL-13: p=0.64, n=28) (C) growth factors (PDGF-AB/BB: p=0.04, n=29, 

VEGF: p=0.04, n=29) and (D) chemokines (IL-8: p=0.06, n=28, Eotaxin: p=0.69, n=29, MIP-1b: p=0.01, n=29, MIP-

3b: p=0.77, n=20, GROa: p=0.18, n=26, GROb: p=0.13, n=29) (adapted from [144]). Data are presented as 

individual values with mean and were analysed by unpaired two-sided t-test for IL-15, FLT3-Ligand, VEGF, Eotaxin, 

and MIP-3b. Data are presented as individual values with median and were analysed by Mann-Whitney test for IL-

6, IL-7, GM-CSF, IL-1ra, IL-10, IL-13, PDGF-AB/BB, IL-8, MIP-1b, GROa and GROb. *=p≤0.05, **=p≤0.01, 

***=p≤0.001. 

 

3.3.3 Intracellular CPP deposition is accompanied by elevated PPi levels in meniscal 

fibrochondrocytes 

In addition to calcification of articular cartilage, meniscal fibrocartilage is a frequent site of calcification. 

In particular, menisci often show very extensive forms of CPP deposition. For specific investigation into 

CPP calcification, I collected menisci from eight end-stage OA patients during knee replacement 

surgery. Similar to articular cartilage samples, menisci were stained with von Kossa and detected 

calcifications were analyzed by Raman spectroscopy. Spectroscopic analysis of calcified deposits 
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revealed large meniscal CPP deposits in 3 out of 8 patients. Patients with meniscal CPP deposition did 

not differ in age or KL grade from patients without meniscal CPP (Figure 3.3.3A).  

In a second step, I isolated chondrocytes from meniscal fibrocartilage with and without CPP deposition. 

Isolated meniscal fibrochondrocytes were cultured and observated for spontaneous microscopic 

calcification. Meniscal fibrochondrocytes from donors without meniscal calcification served as a control 

and displayed no evident in vitro calcification (Figure 3.3.3B). Von Kossa staining of corresponding 

meniscus sections revealed no calcification in the tissue. In contrast, von Kossa images of calcified 

menisci displayed large CPP deposits embedded in the tissue (Figure 3.3.3C), presenting the peculiar 

nodular and granular histology of CPP that has been described in articular cartilage above (3.1.3.). In 

contrast to cartilage, there was no apparent distribution pattern of CPP in menisci, depositing both at 

the outer margins and deep inside the tissue. Interestingly, fibrochondrocytes isolated from these 

calcified menisci contained large accumulations of evident, easily visible crystals. Inside these cells, the 

cytoplasm was packed with vibrant, needle-shaped crystals (Figure 3.3.3C, white arrow), resembling 

CPP deposits embedded in cartilage (Figure 3.1.4C and Figure 3.1.5B) and CPP crystals formed in 

response to ATP (Figure 3.3.1B). In contrast to the densely crystal-filled cytoplasm, the nucleus usually 

remained visible and free of crystals (Figure 3.3.3C, black arrow). Occasional crystals could also be 

found outside the cells. These extracellular crystals were markedly less frequent compared to the 

density of intracellular crystal accumulation. Spectroscopic analysis validated these crystals as CPP, 

showing the characteristic Raman band at 1050cm-1 (Figure 3.3.3C). Appositely, intracellular PPi levels 

were elevated in CPP-containing chondrocytes (Figure 3.3.3E, p=<0.0001) while intracellular Pi levels 

were similar to those of chondrocytes without crystals (Figure 3.3.3D, p=0.45). Accordingly, the Pi/PPi 

ratio was decreased in the presence of intracellular CPP (Figure 3.3.3F, p=0.001), proposing an 

intracellular mechanism for CPP formation. 
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Figure 3.3.3: Intracellular CPP deposition in meniscal fibrochondrocytes with von Kossa staining of corresponding 

menisci. A. Demographic information on the cohort of patients grouped by the presence of meniscal CPP 

deposition. Number and gender (left, no: m=2, f=3, CPP: m=3, f=0), age (middle, no: 65.80±3.25, CPP: 68.67±5.55, 

n=8, p=0.65) and Kellgren Lawrence grade (right, no: 3.60±0.19, CPP: 3.00±0.58, n=8, p=0.27)  B. Representative 

light microscopy images from meniscal fibrochondrocytes without intracellular calcification (-) isolated from non-

calcified meniscus tissue (left, scale bar: 200µm). C. Representative light microscopy images of meniscal 

fibrochondrocytes containing intracellular CPP crystals (+) derived from CPP-calcified meniscus (left, scale bar: 

200µm) with a representative Raman spectrum of a CPP-filled chondrocyte (right). D. Cellular concentration of Pi 

(n=8, p=0.45) E. Cellular concentration of PPi (n=8, p=<0.0001). F. Ratio of cellular Pi to PPi in meniscal 

fibrochondrocytes in regards to intracellular CPP deposition (n=8, p=0.001). Data in A are presented as individual 

values with mean and were analysed using an unpaired two-sided t-test. Data in D are presented as median and 

were analysed using Mann-Whitney test for D. In E and F, data are presented as individual values with mean and 

were analysed using unpaired t-test. **=p≤0.01, ****=p≤0.0001. 
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4 Discussion 

The involvement of articular calcification in joint degeneration and OA progression is well recognized. 

Calcified deposits in cartilage cause abrasive mechanical damage, ECM degradation and cell death. 

Calcium crystals can also shed into the synovial fluid, triggering inflammatory reactions that further drive 

calcification. They exist in two major types that share overlapping clinical presentations while being 

associated with distinct underlying cellular phenotypes and etiologies. Thus, differentiation in the context 

of detection and formation remains challenging [145]. Therefore, the main aim of this thesis was to 

differentiate and characterize BCP and CPP deposition in cartilage, assessing prevalence, distribution 

and formation. 

4.1 Histology-directed Raman spectroscopy for accurate differentiation of 

articular calcification 

4.1.1 Histological cartilage calcification is more prevalent than radiological calcification 

The first part of this thesis focused on detection and differentiation of articular calcification. Since crystal 

type differentiation remains difficult, there is inconsistent date on the prevalence of BCP and CPP 

deposition in cartilage. By combining histological von Kossa staining with Raman spectroscopy, this 

thesis established a convenient protocol for precise identification of BCP and CPP deposition in 

cartilage. As the standard imaging method in clinical practice, conventional radiography served as a 

comparison. Conventional radiography detected articular calcifications in 34% of patients (28/83) 

(Figure 3.1.1A-B), coinciding with studies on other OA patient cohorts that detected radiological 

calcification in 31% to 35% [57, 146]. Still, reported prevalence values vary considerably from 9% [147] 

up to 40% [148], highlighting the weak reliability of radiography in detecting articular calcification. In 

addition, most studies in this context include large community-based cohorts and determine the 

prevalence of radiological calcification in the general population without specifying involved crystal types 

[149, 150]. In these studies, radiological evidence of calcification is often equated with CPP deposition 

[148], reinforcing this common misinterpretation. Instead, radiological calcification more often involves 

BCP deposition (Figure 3.1.3A).  

In addition, radiograph interpretation and evaluation requires training and is at least partially dependent 

on the observer [151]. Radiograph evaluation could be further impaired by advanced OA severity, 

particularly severe joint space narrowing, that is not uncommon in end stage OA patients. Severe joint 

space narrowing or osteophytosis have been mentioned as an impediment to accurate detection of 

calcification before [95, 152]. These limitations likely contribute to the mediocre accuracy for radiography 

in detecting articular calcification. The lack of sensitivity of radiography in detecting articular calcification 

has been recognized before with sensitivity estimates of around 50% [151, 152], favoring detection 

methods with higher resolution and sensitivity that are less affected by OA-related articular changes 

such as ultrasonography [153] or computed tomography [154]. 
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Despite its limited sensitivity, radiography did present in various levels of severity (Figure 3.1.1A). Since 

there is no standard grading system for radiological calcification available, a novel system was 

developed here to assess the severity of radiological calcification. Therefore, patients were classified 

into grades 0-3 based on the presence and extend of calcifications on radiographs (Figure 3.1.1A-B). 

Gender distribution and age between these grades were relatively even (Figure 3.1.1B-C). While an 

equal calcification prevalence for both genders has been reported before, the radiological calcification 

has been associated with an increased age average [149]. Due to lack of a grading system, literature 

findings refer to the mere presence of radiological calcification, not considering the extend or severity 

as done here. Radiographic OA severity assessed by KL score did not change with the grade of 

radiological calcification (Figure 3.1.1D). This is supported by the current view in literature, stating that 

radiological calcification does not seem to worsen radiographic changes in OA [147, 155, 156]. As the 

applied grading system is novel and self-established, data on reliability is still lacking and onward 

application requires further validation.  

Histological analysis revealed calcifications in 88% of cartilage samples (Figure 3.1.2A-B), pointing out 

a large discrepancy between histological and radiological calcification (34%). Histological analysis in 

other studies provided similar values of cartilage calcification in 92% [58] to 100% of donors [65]. In this 

study, von Kossa staining revealed calcifications even in the absence of radiological calcification (grade 

0) (Figure 3.1.2B), indicating a vast underestimation of articular calcification by radiography. 

Nonetheless, the calcified cartilage area increased with radiological calcification grade (Figure 3.1.2B), 

indicating that larger calcification are adequately detected by both radiography and histology. 

Considering its low resolution [95], radiography seems to be to particularly insensitive to smaller 

calcifications. In addition, localization of detected deposits proves rather challenging on conventional 

radiographs [157] as radiologically visible calcification often represent calcification of meniscal 

fibrocartilage [58]. Thus, histology represents a superior method for the detection of articular 

calcification. The invasive sample collection and rather elaborate processing largely limits application to 

research purposes though. 

In view of the cartilage degeneration, the calcified cartilage area positively correlated with cartilage 

damage measured by OARSI (Figure 3.1.2D). Although, some studies report calcifications in the 

absence of severe cartilage damage, these often only assess cartilage integrity macroscopically instead 

of histologically [91, 158] or focus on non-weight-bearing joints such as the shoulder [159]. Studies on 

weight-bearing joints instead demonstrate a robust correlation between cartilage calcification and 

damage[65, 160, 161]. In addition to mechanical damage, crystals can also induce proteolytic ECM 

degeneration[162]. These findings emphasize the inseparable link between cartilage calcification, 

degradation and OA progression. The causative chain of these events remains a topic of ongoing 

research and debate, though. 

In contrast, the calcified cartilage area did not correlate with patient age (Figure 3.1.2C). According to 

epidemiological data, articular calcification frequency increases with age [157, 161], proposing 

calcification as a secondary effect to normal aging [91]. Age-related changes such as decreasing water 
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or proteoglycan content may likely contribute to the calcification process [163]. Nonetheless, mounting 

evidence supports an age-independent calcification of cartilage [58, 65, 160], reinforcing the lack of age-

association observed here.  

4.1.2 Cartilage calcification is predominantly caused by BCP deposition 

Raman analysis identified BCP as the most common crystal type present in 75% of all cartilage samples 

(Figure 3.1.3). CPP was only found in 13%, while 10% of samples contained both crystals. Studies 

directly comparing BCP and CPP calcification in OA cartilage are rare and often lack generalizability 

due to limited sample size [105]. Thus, the sample size of 83 cartilage samples attests a strength of this 

study.  

Many articular calcification studies focus on CPP detection in synovial fluid without considering BCP 

[164]. Thus, crystal-specific prevalence data is inconsistent. While some studies identified BCP as the 

most common crystal type in OA synovial fluid [165], others found the combination of BCP and CPP to 

be more frequent than any crystal type alone [166, 167]. Some never observed both crystal types in the 

same sample [168] and yet others most frequently reported findings of CPP [169, 170]. Furthermore, 

these studies do not specify the source of synovial crystals.  

The few studies that focus on cartilage calcification most frequently detect BCP in up to 100% of cartilage 

samples at the time of arthroplasty [65, 104]. This data ties in with the frequent detection of BCP in this 

study (Figure 3.1.3). According to general consensus, cartilaginous CPP deposition is less common 

than BCP. Literature reports CPP in cartilage of roughly 13-20% of OA patients [65, 171], consistent 

with the present CPP frequency of 18% (Figure 3.1.3). In 10% of patients, both crystals were detected 

in the same cartilage section, demonstrating that BCP and CPP calcifications are not mutually exclusive. 

This coexistence of BCP with CPP in cartilage has been reported before [65, 104], suggesting the 

possibility of mixed endotypes.  

Surprisingly, Raman analysis often solely detected BCP in the presence of radiological calcification 

(Figure 3.1.3A). Crystals other than CPP as the cause of radiological calcification have been 

acknowledged before, usually defined as a rarity though. For instance, an early study from 1966 

ascribed 5% of radiological calcification to calcium crystals other than CPP [172]. In contrast, patients 

with radiological calcification in this cohort more often displayed exclusive BCP than CPP deposition in 

cartilage (Figure 3.1.3A). This emphasizes that radiological calcification does not necessarily reflect 

CPP deposition, stressing the relevance of radiographic BCP deposition and its accurate detection. On 

the other hand, some histological CPP calcifications were not visible on radiographs (Figure 3.1.3A). 

Thus, radiological calcification does not prove the deposition of CPP, while CPP cannot be excluded by 

negative radiographs. These findings challenge the synonymy of radiological calcification and CPP 

deposition [151, 154]. Similarly, detection of CPP in a singular joint is often equated with CPPD 

pathology [148, 171] despite the recommendation of additional diagnostic criteria [85]. In fact, CPPD 

has been proposed as a systemic pathology with poly-articular involvement [86]. Since this study 

focused on singular knee joints as the most common site for articular calcification [95], systemic changes 

and CPPD diagnostics cannot be evaluated based on the current data. These terminological 
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inconsistencies and the coexistence of both crystals accentuate the need for differential detection and 

analysis. Although the awareness for differentiated detection has increased in recent years [173], 

crystal-specific research is still underrepresented. Therefore, the strength of the present study lies in the 

integration of radiographic, histological and spectroscopic data to systematically compare BCP and CPP 

calcifications in cartilage. 

Naturally, these findings come with limitations. Radiography encompasses the full joint, whereas 

histology and Raman analysis are limited to a small area of cartilage [58]. Also, soft tissue calcification 

does not proceed homogeneously [174], so smaller, initial or peripheral calcifications could be missed. 

Conscious of these limitations, samples were taken from the main loading area of the tibia plateau, 

arguably representative for each patient. Sampling large areas, or ideally, the full cartilage, in a cohort 

of this size is methodologically challenging and would go beyond the scope of this thesis.  

Histological sample processing may raise the concern of losing calcified deposits. Inherent to the 

methodology, this limitation cannot be avoided. However, BCP and CPP are resilient and, in contrast to 

monosodium urate crystals in gout  [175], can hardly be dissolved [176]. Histological and spectroscopic 

detection also underlies the light microscopic resolution limit (>1µm), that misses individual BCP crystals 

[65]. Likewise, Raman spectroscopy underlies a similar resolution limit, in this case 2µm. As BCP tends 

to deposit in aggregates though [177], this technical limitation may be neglectable here. 

4.1.3 Discrete histology and distribution of BCP and CPP deposits in OA cartilage 

Morphological studies on cartilage calcification are limited and mostly focus on a singular crystal type. 

Histologically, CPP is frequently determined on the basis of birefringence under polarized light [176] 

even though it has become clear that a majority of CPP crystals lack this birefringent appearance [99, 

178]. Histomorphological studies on cartilage calcification often lack crystal determination altogether. 

Therefore, this thesis directly compared the histomorphology and distribution of BCP and CPP in 

cartilage at different magnifications, using both light microscopy and SEM imaging. This approach 

revealed distinct von Kossa patterns for BCP and CPP in cartilage that were reflected by SEM imaging. 

BCP presented as spherical, rather smooth deposits that were loosely attached to the surface (Figure 

3.1.4A, Figure 3.1.5A). This observation is supported by earlier electron microscopy studies, describing 

BCP deposits as irregular clumps on the surface [179] and highlights the relevance of BCP over CPP in 

superficial cartilage damage. In fact, severe CPP deposition has been observed in cartilage with a 

smooth surface [180]. BCP also accumulated around hypertrophic chondrocytes in the deep zone 

(Figure 3.1.4A-B), reinforcing its association with chondrocyte hypertrophy [181]. In view of this 

localization, apoptosis has been suggested as a mechanism for BCP deposition before. Apoptotic 

chondrocytes in the deep zone release apoptotic bodies that increase towards the subchondral bone 

and co-localize with BCP deposition [182]. These apoptotic bodies can accumulate calcium and 

phosphate ions, providing nucleation centers for BCP crystals [42, 53, 182].   

 

In contrast, CPP deposition was limited to the superficial and intermediate zone. Dating back to early 

SEM and transmission electron microscopy studies, this peculiar location of CPP in the middle cartilage 
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zone has been reported before. While some of these studies observed CPP deposition adjacent to 

chondrocytes in areas with a high content of poorly organized collagen [183], others detected it 

independent of collagen [184, 185]. Early CPP deposition is described as scattered needle-shaped 

crystals [186]. These were already visible at low magnifications on von Kossa stained cartilage (Figure 

3.1.4C). These granular clusters seem to condense to focal deposits distinctively outlined from the 

surrounding matrix, replacing resident chondrocytes [185, 187]. Consistently, dense CPP pockets were 

observed adjacent to clusters of dispersed CPP crystals (Figure 3.1.2B). Reportedly, linear CPP 

deposits are oriented parallel to the cartilage surface [188], presumably following the orientation of 

collagen fibers [189]. In line with this, superficial deposits aligned parallel to the cartilage surface while 

deeper CPP deposits showed a perpendicular orientation (Figure 3.1.4). This pattern matches the 

orientation of the collagen fibers in intermediate and superficial cartilage zones (Figure 1.2.2). A more 

recent study by Nguyen and colleagues found no difference in the crystal content between superficial 

and deep zone [104]. However, that study combined superficial and deep layers of the medial and lateral 

tibio-femoral compartment, while the present study focussed on the primarily affected tibial 

compartment.  

Despite their frequent coexistence in the same sample, BCP and CPP were never observed in the same 

cartilage zone (Figure 3.1.4). A similar spatial separation of BCP and CPP deposition has been 

mentioned before [65, 180], suggesting distinct underlying etiologies.    

 

4.2 Upregulated extracellular PPi metabolism as a driver of BCP deposition in 

OA cartilage 

4.2.1 Upregulated gene expression of PPi metabolism enzymes in BCP-calcified cartilage 

With the aim of elucidating the calcification process, I investigated the extracellular PPi metabolism as 

a regulator of local extracellular Pi and PPi. Therefore, gene expression of PPi metabolism enzymes 

were measured in cartilage in respect to calcification. TNAP, CD73, ENPP1 and ANKH were 

considerably upregulated in calcified over non-calcified cartilage (Figure 3.2.1A, B, D and E). Many of 

these enzymes have been more or less extensively studied in the context of calcification, often without 

specifying involved crystal types. The strength of this thesis represents the differentiation of crystal types 

within calcified cartilage. With this information, expression levels CD73 and ANKH were found to be 

upregulated in both BCP- and CPP-calcified cartilage (Figure 3.2.2B and E). Gain-of-function mutations 

in the ANKH gene are known to elevate extracellular PPi levels and promote CPP deposition [88], 

supporting the upregulated ANKH expression in CPP-calcified cartilage (Figure 3.2.2E). Surprisingly, 

BCP-calcified cartilage displayed a similarly upregulated ANKH expression. Recent evidence proposed 

a non PPi-transporter role for ANKH. ANKH also seems to interact with the phosphate transporter PiT-

1 expression [190, 191], allowing a potential role in BCP deposition. In addition, ANKH mediates ATP 

efflux independent of extracellular PPi [129]. During chondrogenesis, ANKH expression and function 

seems to require phosphate and calcium [190], further supporting a potential role in BCP calcification.  
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CD73 is mostly studied in vascular calcification so data on its role in articular calcification is still missing. 

In aortic calcification, high CD73 rather than CD39 expression has been reported [192], supporting the 

upregulation of CD73 but not CD39 expression in calcified cartilage. Via conversion of AMP into 

adenosine and Pi, CD73 likely promotes BCP deposition by elevating Pi levels [136].  In contrast, 

adenosine is known to inhibit TNAP [132]. Thus, CD73 could possibly be involved in CPP formation by 

inhibiting TNAP-mediated hydrolysis of PPi to Pi.  

 

Most importantly, elevated expression of TNAP and ENPP1 was specific to BCP-calcified cartilage 

(Figure 3.2.2A and D). Both of these enzymes have been extensively studied in the context of OA and 

ectopic calcification. Mutations in ENPP1 and TNAP are the cause of various inherited calcification 

disorders [137, 193, 194]. ENPP1 expression shows a negative correlation with cartilage calcification 

and OA severity [195], while ENPP1 deficiency promotes OA progression [196]. These protective effects 

are likely based on the ENPP1-mediated elaboration of PPi that subsequently inhibits BCP formation. 

Therefore, ENPP1 holds a reputation as an inhibitor of BCP calcification. Paradoxically, ENPP1 

expression was upregulated in BCP-calcified (Figure 3.2.2D). In fact, there is evidence linking ENPP1 

to BCP formation. For instance, ENPP1 overexpression promoted osteoblast differentiation in vitro [197]. 

In meniscal fibrochondrocytes, upregulated ENPP1 expression induced BCP matrix calcification [198], 

possibly through increased downstream breakdown of PPi by TNAP. Consistently, TNAP expression 

was also upregulated in in BCP-calcified cartilage here (Figure 3.2.2A). Overexpression of TNAP has 

been linked to calcification in vivo [199] and BCP formation in vitro [104, 200] and was accompanied by 

elevated CD73 expression [104]. TNAP expression also stimulated transdifferentiation of synovial 

fibroblasts and vascular smooth muscle cells into mineralizing cells [200, 201].  

4.2.2 Upregulated TNAP activity and Pi levels in BCP-calcified cartilage 

In OA cartilage, TNAP expression has been located in the upper zone [202], matching the superficial 

location of BCP deposits (Figure 3.1.4A, Figure 3.1.5A). Likewise, TNAP activity was upregulated in 

BCP-, but not CPP-calcified cartilage (Figure 3.2.3B). Upregulated TNAP activity has also been detected 

in mineralizing growth plate and hypertrophic OA chondrocytes [203, 204]. Yet, data on TNAP activity 

in human OA cartilage, particularly in the context of crystal-specific calcification remains limited. One of 

the few studies in this context localized high TNAP activity in the deep zone of OA cartilage [205], 

corresponding to diffuse BCP deposition around chondrocytes observed here (Figure 3.1.4A, Figure 

3.1.5A).  As the main product of TNAP, Pi was also upregulated in BCP-calcified cartilage, correlating 

with TNAP activity (Figure 3.2.3D and G). This was accompanied by an increased Pi/PPi ratio (Figure 

3.2.3E), favouring BCP formation [126]. 

 

Increased ENPP1 activity is known to cause CPP deposition via excess PPi liberation from ATP [206]. 

Against expectation, CPP-calcified cartilage was not associated with elevated ENPP1 activity or PPi 

concentration. Instead, ENPP1 activity and PPi levels were comparable in calcified and non-calcified 

cartilage regardless of crystal type. This lack of effect may be ascribed to the limited number of 

exclusively CPP-calcified cartilage samples, especially in comparison to BCP-calcified samples. 
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Samples containing both crystals were excluded from these analyses to isolate crystal-specific effects. 

Thereby, detection of smaller effects may require larger sample numbers. 

Further, total Pi and PPi concentrations were measured here, whereas specifically the extracellular ratio 

of these ions proposedly regulates cartilage calcification. While extracellular ion levels are easily 

detected in fluids or cell culture, tissue measurements remain challenging.  

In the context of articular calcification, PPi concentrations are usually measured in synovial fluid. Healthy 

synovial fluid contains PPi in a narrow range of 10±0.5µM [207], while its concentration is significantly 

elevated in synovial fluid of CPP-calcified joints [208, 209]. For Pi and PPi levels in cartilage, reference 

values are missing.  Similarly, enzymatic expression and activity were measured in full thickness 

cartilage, possibly concealing small, local changes. Indeed, there is evidence for variations in 

mineralisation potential for chondrocytes of different cartilage zones. Superficial zone chondrocytes 

seem to calcify less than deep zone chondrocytes and display lower TNAP activity [210]. Colorimetric 

assays like those applied here are based on the conversion of synthetic substrates, producing a 

colorimetric signal. This is a standard and widely applied method to measure phosphatase activity. 

However, their specificity and sensitivity have been criticized by some authors. Thus, in recent years, 

new detection approaches have been proposed, including fluorescence or nano-based strategies [211],  

which may be useful to validate the current data.  

 

In combination with the spatial separation of BCP and CPP in the same sample, these findings suggest 

that calcification may be regulated by a very localized microenvironment. Considering its peculiar 

localization, CPP deposition in particular may be under tight spatial limitation. In line with this, in vitro 

CPP calcification was associated with a very localized increase in PPi [212]. Thus, investigating the 

spatial expression of PPi metabolism enzymes may be of great value for future research. Future studies 

may also consider enzymatic interactions for a more comprehensive insight into calcification as a 

multifactorial process. For instance, TNAP is able co-localize with ENPP1 and reduce ENPP1-mediated 

PPi formation [213]. This could explain the comparable ENPP1 activity and PPi levels in calcified and 

non-calcified cartilage (Figure 3.2.3A and C). Conversely, ENPP1 deficiency fully inhibited in vitro 

calcification even under supplementation with Pi [197]. Double-knock out of TNAP and ENPP1 in mice 

did not disrupt skeletal mineralization [213], suggesting a tight counterbalance of both enzymes in 

regulating calcification. Thus, elevated ENPP1 expression in BCP-calcified cartilage may serve to 

compensate for TNAP upregulation in an attempt to restore a balance between both enzymes.  

 

Collectively, these findings show that BCP deposition in cartilage is driven by an imbalance in the 

extracellular PPi metabolism. Specifically, upregulated TNAP activity and an elevated Pi/PPi ratio favour 

the formation of BCP crystals. CPP deposition instead cannot fully be explained by a dysregulated PPi 

metabolism, suggesting other or additional mechanism. 
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4.3 Intracellular and ATP-dependent induction of CPP deposition 

4.3.1 ATP stimulation induces CPP formation in vitro 

In a prospective approach to calcification, I aimed to characterize the mechanism of CPP deposition. To 

do so, chondrocytes isolated from BCP and CPP-calcified cartilage were stimulated to calcify by 

supplementation with calciprotein particles or ATP. Calciprotein particles are amorphous calcium 

phosphate precursors and are used in short-term calcification assays, inducing in vitro calcification 

within 24h [139]. They can also promote transdifferentiation into mineralizing cells [214]. Consistently, 

calciprotein particles induced BCP deposition by both BCP- and CPP-chondrocytes (Figure 3.3.1A-B). 

Considering BCP as the mineral of the calcified cartilage zone and its common physiological deposition 

during endochondral ossification [215], chondrocytes may have the inherent ability to precipitate BCP.  

 

The role of ATP in calcification appears to be more controversial. While ATP inhibited calcification in 

canine tenocytes [216], it stimulated calcification in meniscal fibrochondrocytes [101]. In fact, a more 

recent study demonstrated bivalent effects of ATP on calcification [217]. While promoting calcification 

at low concentrations, ATP seems to inhibit it at high concentrations. Unfortunately, these studies did 

not determine the calcification type, a common limitation in calcification studies. Upon ATP stimulation, 

I detected CPP crystals in chondrocytes from CPP-calcified cartilage (Figure 3.3.1B). This observation 

is consistent with ATP being the main source of extracellular PPi [218]. Similarly, ATP induced CPP 

formation in matrix vesicles, while the absence of ATP resulted in BCP formation [203]. CPP-calcified 

joints also showed high synovial fluid levels of ATP that correlated with PPi concentration [219]. 

In addition to CPP crystals, CPP-chondrocytes also precipitated BCP crystals in response to ATP. In 

contrast, chondrocytes from BCP-calcified cartilage merely produced BCP (Figure 3.3.1). As ATP can 

also be metabolized to Pi, BCP formation is not unlikely. In the presence of a collagen matrix, ATP 

stimulated BCP precipitation via rapid Pi release [220, 221], suggesting that the local enzymatic 

environment may determine the preferred crystal type that is formed. In addition, ATP is essential for 

the phosphorylation of ECM proteins that facilitates their function as nucleation centers [220]. The 

universal detection of BCP during in vitro calcification supports the hypothesis of an inherent BCP-

forming ability of chondrocytes. The ability for CPP formation instead seems to be conserved in cartilage 

and isolated chondrocytes, hinting at a cell-intrinsic mechanism for CPP calcification.  

 

Topologically, BCP deposits also appeared to sit on top of the chondrocyte monolayer attached to the 

cells. This observation is consistent with BCP deposition being driven by a dysregulated extracellular 

PPi metabolism discussed in the previous chapter. In contrast, CPP appeared as individual crystals. 

These often seem to be located inside the cells, possibly suggesting an in intracellular source of CPP. 

An intracellular mechanism of CPP formation may explain why CPP deposition in cartilage could not 

explained by a dysregulated extracellular PPi metabolism. In line with this, CPP stimulation decreased 

mitochondrial membrane potential, resulting in reactive oxygen species (ROS) generation and ATP 

release [222, 223]. Conversely, exogenous ATP has been shown to induce oxidative stress, premature 
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senescence and oscillations in intracellular calcium levels [224, 225], supporting the proposed link of 

CPP deposition and chondrocyte senescence [78]. 

4.3.2 CPP calcification is associated with elevated levels of senescence-associated cytokines 

in synovial fluid 

In chondrocytes, a majority of ATP is produced in mitochondria, creating ROS in the process [226]. A 

dysbalance of ATP and ROS formation drives OA progression and induces chondrocyte senescence 

[227, 228]. Senescence is common process in OA cartilage and correlates with disease severity [82]. 

Importantly, senescence has also been implicated in the calcification of OA chondrocytes, inducing 

crystal production, which further drives ROS generation [229, 230]. In view of this link, I measured a 

panel of inflammatory mediators in the context of cartilage calcification, comparing the effect of BCP 

and CPP cartilage calcification on the joint environment. Specifically, I measured various senescence-

associated cytokines, chemokines and growth factors in synovial fluid in BCP- versus CPP-calcified 

joints. Crystal-type specific concentrations of these factors in synovial fluid hav not been compared 

before. Synovial fluid of CPP-calcified joints demonstrated increased levels of pro-inflammatory 

cytokines (IL-15, GM-CSF) (Figure 3.3.2A), growth factors (PDGF-AB/BB, VEGF) (Figure 3.3.2C) and 

chemokines (MIP-1b) (Figure 3.3.2D). These factors are part of the characteristic SASP and are 

commonly secreted by senescent cells [231]. Of interest, many of these factors have also been linked 

to calcification, albeit mostly to vascular calcification [232]. MIP-1b for example is secreted by senescent 

vascular smooth muscle cells [233], contributing to atherosclerosis. Conversely, some of these factors 

are produced upon calcium crystal exposure. For instance, serum MIP-1b levels are increased in 

coronary artery calcification [234] and BCP crystals induce MIP-1b secretion in vitro [235]. Similarly, 

VEGF secreted by chondrocytes stimulated vascular smooth muscle cell calcification in vitro [236]. In 

addition, VEGF was highly expressed in atherosclerotic lesions [237]. GM-CSF expression is reportedly 

promoted by CPP crystals [238]. Recently, cerebrovascular calcification has been associated with 

elevated PDGF-BB serum levels in aging mice. Moreover, PDGF-BB promoted osteogenic 

differentiation and phosphate transporter PiT-1 expression in cerebral microvasculature [239]. PDGF-

BB was also able to promote ROS generation by elevating cellular calcium homeostasis [240]. This way, 

PDGF-BB may advance both senescence and calcification.  

IL-15 is an important cytokine for skeletal mineralization, impairing osteoblast function and bone 

mineralization when deficient [241]. Interestingly, IL-15 stimulated the release of proteases [242] and 

correlated with pain and OA severity [243]. Unfortunately, none of these studies identified involved 

crystal types. An involvement of MIP-1b, VEGF or PDGF-AB/BB in articular calcification has not been 

assessed yet. Thus, upregulated synovial fluid levels of MIP-1b, GM-CSF, VEGF and PDGF-AB/BB in 

CPP-calcified joints may be the first evidence for their involvement in CPP deposition.  

 

These findings suggest CPP-calcified cartilage as a potential source for elevated synovial fluid cytokine 

concentrations. Accordingly, chondrocytes are known to release pro-inflammatory cyto- and 

chemokines [244] and ROS into synovial fluid, driving cartilage senescence and degradation [245, 246]. 

Abreu and colleagues found an increased frequency of CPP deposition in areas of direct contact with 
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synovial fluid (e.g. hyaline cartilage) compared to areas without (e.g. tendons and ligaments) [148]. 

Conversely, CPP crystals induced chondrocytes senescence in vitro [78, 247]. Recent studies 

established a link between chondrocyte calcification and senescence via Krüppel-like factor 10 (Klf10). 

In vitro, Klf10 knockdown ameliorated chondrocyte calcification, dysfunctional mitochondrial ATP 

synthesis and senescence by inhibiting ROS production [247, 248]. In vivo, Klf10 knockdown attenuated 

cartilage senescence, calcification and degeneration [247]. Another study identified increased 

expression of sortilin and alkaline phosphatase during chondrocyte senescence and calcification [249]. 

Thus, elevated synovial fluid levels of IL-7, IL-15, GM-CSF, PDGF-AB/BB and MIP-1b in CPP-calcified 

joints may indicate increased articular senescence. 

 

Surprisingly, CPP-calcified joints also showed elevated levels of the anti-inflammatory cytokines IL-1ra 

and IL-10 (Figure 3.3.2B). These findings contrast the reportedly higher inflammatory potential of CPP 

over BCP crystals in vitro [250] that has been ascribed to their sharp needle-like morphology [251]. 

Instead, both IL-1ra and IL-10 [252] ameliorate calcification in cartilage [253] and vasculature [254, 255]. 

On the other hand, BCP [251, 256] and CPP [257, 258] crystals can induce their release. Thus, 

increased levels of IL-10 and IL-1ra in synovial fluid may serve to antagonize the high concentrations of 

pro-inflammatory factors. 

 

Sample number restrictions for SASP profiling only enabled the comparison of synovial fluid samples of 

BCP and CPP calcified joints, excluding non-calcified joints for reference. The BCP group included more 

samples than the CPP group. Further, sample collection was limited to the time of joint replacement, 

enabling only a single measurement per patient. This makes it difficult to determine a causation chain. 

Thus, it remains unclear whether upregulated cytokine levels in synovial fluid precede or follow 

calcification. In addition, the extend of senescence in corresponding cartilage samples was not 

measured here. As senescence and the characteristic secretion of SASP factor is common in OA 

cartilage [82, 259] and OA chondrocytes frequently secrete SASP factors, elevated cytokine levels 

observed in CPP-calcified joints may indicate increased senescence.  

4.3.3 Intracellular CPP deposition is accompanied by elevated PPi levels in meniscal 

fibrochondrocytes 

While BCP deposition is driven by a dysregulated extracellular PPi metabolism in favor of Pi, CPP 

appears to be linked to increased senescence, a largely internal process. In favor of an intracellular 

origin of CPP formation, spontaneous CPP calcification densely accumulated inside the cytoplasm of  

meniscal fibrochondrocytes (Figure 3.3.3B). In vitro, CPP crystals inside chondrocytes have been 

reported before, although in very few numbers [260]. While literature predominantly localizes CPP in the 

extracellular space, there is some evidence for an intracellular CPP formation site. Vijen and colleagues 

identified ANKH mutants with intracellular location [261]. Overexpression of these mutants decreased 

extracellular PPi while still promoting calcification. Unfortunately, the type and cellular location of these 

calcifications were not specified.  
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Intracellular CPP deposition in meniscal fibrochondrocytes was accompanied by increased intracellular 

PPi but not Pi levels (Figure 3.3.3C-D) and a decreased Pi/PPi ratio (Figure 3.3.3F). In vitro, elevated 

PPi levels were measured in chondrocytes [262] and fibroblasts [263] of patients with hereditary CPPD 

before, although not in combination with an evident intracellular CPP deposition as observed here. Thus, 

decades ago, speculations on an intracellular PPi overproduction emerged [263]. Accordingly, a case 

report from 1995 described a patient with temporomandibular joint calcification showing intracellular and 

intra-mitochondrial CPP deposition [260]. However, subsequent research exclusively focussed on 

extracellular PPi metabolism. Hence, there is much less known about intracellular than extracellular PPi 

metabolisation. For instance, ENPP1 is mostly studied as part of the extracellular PPi metabolism, but 

appears to also have intracellular effects. Overexpression of ENPP1 or its isoform ENPP2 increased 

intracellular PPi in chondrocytes, while extracellular PPi was only affected by ENPP1 [264, 265].  

 

In fact, the large majority of PPi production takes place in mitochondria inside the cell [266, 267]. The 

extracellular PPi metabolism belongs to the few extra-mitochondrial mechanism of PPi synthesis [268]. 

Due to charge and polarity, PPi cannot diffuse across cellular membranes, requiring specialized 

transporters or channels for externalization [269]. Alternatively, PPi can be hydrolysed to Pi by cytosolic 

inorganic pyrophosphatases. These are reportedly involved in calcification of osteoblasts, without 

affecting extracellular PPi levels [270]. Thereby, dysregulation of these gatekeepers of intracellular PPi 

may cause a build-up and local supersaturation of PPi in the cytoplasm, potentially predisposing this 

site for CPP formation. Additionally, mitochondria contain high levels of calcium and are known to 

mineralize during bone formation in the growth plate [271]. Growth plate chondrocytes also contain high 

levels of Pi that can precipitate to amorphous calcium phosphate upon mitochondrial calcium release 

[272, 273]. In a similar manner, intracellular PPi may cause CPP formation inside the cell, especially 

considering that cellular senescence is accompanied by a cytosolic calcium overload [274].  

 

Further, CPP crystals have membranolytic effects via disintegration and local thinning of the 

phospholipid bilayer [275]. The irregular sharp-edged morphology of CPP (Figure 3.1.5B) and their high 

negative surface charge probably contributes to the membranolytic properties of CPP [275]. Crystals 

with smoother and less negative surfaces such as BCP appear to be less membranolytic [275, 276]. 

Thereby, intracellular CPP deposition may cause affected cells to rupture and release their crystal 

content. This could explain the occasional finding of extracellular crystals (Figure 3.3.3B). Morphological 

studies further found a preferred deposition of CPP around cellular debris [180, 277], possibly 

representing remnants of ruptured cells. Within a collagenous ECM, extracellular CPP may 

subsequently accumulate and grow along collagen fibers [189].  

 

The main limitation of this study poses the small number of samples, particularly those containing 

intracellular CPP crystals. To confirm the existence of an intracellular CPP formation, further validation 

is needed, e.g. by expanding the sample size to increase statistical power. The present study was also 

limited to Pi and PPi measurements. Thus, it would be interesting to consider intracellular calcium or 

senescence markers in following experiments. In addition, assessing mitochondrial activity in the 
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presence of intracellular CPP crystals could be a next step to identify underlying intracellular calcification 

pathways.  
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5 Conclusion and Outlook 

This is the first study to characterize and directly compare BCP and CPP calcification in cartilage, 

assessing distribution, morphology and formation processes. With the combination of histological von 

Kossa staining with spectroscopic Raman analysis, this thesis established a simple and convenient 

protocol for detection and characterization of articular calcification. 

Thereby, BCP was determined as the predominant crystal type in calcified OA cartilage, located 

superficially and in the deep zone. Mechanistically, BCP precipitates outside of chondrocytes driven by 

a dysregulation of the extracellular PPi metabolism. Particularly, BCP deposition is favored by elevated 

TNAP activity and Pi content. Instead, CPP deposition is far less common and often accompanied by 

BCP. Topologically, CPP deposits are limited to the intermediate cartilage zone and seem to be 

associated with increased senescence. The underlying mechanisms of this association could not be 

answered in this thesis and require further investigation. The peculiar location of BCP and CPP in 

cartilage could not be addressed here either and may depend on spatial omics techniques to be 

answered. 

For the first time, excessive cytoplasmic CPP deposition in combination with elevated intracellular PPi 

was observed, suggesting the existence of an intracellular formation. Thereby, this thesis provides new 

evidence for the understudied hypothesis of an intracellular CPP formation pathway. However, the 

underlying mechanisms of how CPP may form inside the cell remain open and require further research. 

This work also indicates increased senescence in calcified OA joints. Detailed comparison of the 

senescent state of CPP- against BCP-calcified cartilage in future studies may help to unravel its role in 

the calcification process. 

Taken together, this study demonstrates an extracellular deposition of BCP in articular cartilage driven 

by elevated TNAP activity and Pi, while providing evidence for an intracellular CPP formation pathway.  
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6 Abbreviations 

ABCC6   ATP-binding cassette subfamily C number 6 

ADP   Adenosine diphosphate 

AMP   Adenosine monophosphate 

ANKH   Progressive ankylosis homolog 

ANOVA   Analysis of variance 

ATP   Adenosine triphosphate 

BCP   Basic calcium phosphate 

°C   Degrees Celsius 

CaCl2   Calcium chlorid 

CC   Chondrocalcinosis 

CD   Cluster of differentiation 

cDNA   Complementary deoxyribonucleic acid 

cm-1   Wavenumber 

CPP   Calcium pyrophosphate dihydrate 

CPPD   Calcium pyrophosphate dihydrate deposition disease 

Ca/P   Calcium phosphate 

d   Days 

dH2O   Distilled water 

dNTP   Deoxyribonucleotide triphosphate 

DMEM   Dulbeco’s modified eagle medium 

DNA   Deoxyribonucleic acid 

ECM   Extracellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

EDS   Energy-dispersive X-ray spectroscopy 

ENPP1   Ectonucleotide pyrophosphatase/phosphodiesterase 1 

EULAR   European League Against Rheumatism 

f   Female 

FBS   Fetal bovine serum 

FLT3   Fms-like tyrosine kinase 3 

g   Gravity 

GACI   Generalized arterial calcification of infancy 

GAPDH  Glyceraldehyd-3-phophate-dehydrogenase 

GM-CSF  Granulocyte-macrophage colony stimulating factor 

GRO   Growth-regulated protein 

HA   Hydroxyapatite 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

h  Hours 

IL   Interleukin 
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IL-1ra   Interleukin-1 receptor antagonist 

IRB   Institutional Review Board 

KL   Kellgren Lawrence 

Klf10   Krüppel-like factor 10 

kV   Kilovolt 

m   Male 

MgCl2   Magnesium dichloride 

mg   Milligram 

min   Minutes 

MIP   Macrophage inflammatory protein 

mL   Milliliter 

mM   Millimolar 

mm   Millimeter 

MMP   Matrix metalloproteinase 

ms   Milliseconds 

mW   Milliwatt 

NGP   Non-collagenous protein 

nm   Nanometer 

OA   Osteoarthritis 

OARSI   Osteoarthritis Research Society International 

PBS   Phosphate buffered saline 

PDGF-AB/BB  Platelet-derived growth factor AB/BB 

Pi   Inorganic phosphate 

PiT   Inorganic phosphate transporter 

PNTM   Thymidine monophosphate nitrophenyl ester 

PPi   Inorganic pyrophosphate 

PXE   Pseudoxanthoma elasticum 

r   Pearson correlation coefficient 

qRT-PCR  Quantitative reverse transcription polymerase chain reaction 

RNA   Ribonucleic acid 

ROI   Region of interest 

ROS   Reactive oxygen species 

rpm   Revolutions per minute 

RT   Reverse transcription 

SASP   Senescence associated secretory phenotype 

s   Seconds 

SE   Secondary electron 

SEM   Scanning electron spectroscopy 

TNAP   Tissue non-specific alkaline phosphatase 

Tris   Trisaminomethane 
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U   Units 

VEGF   Vascular endothelial growth factor 

Wnt   Wingless-related integration site 

µg   Microgram 

µL   Microliter 

µm   Micrometer 

µM   Micromolar 
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