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Abbreviations 

ADAMTS A disintegrin and metalloproteinase with 

thrombospondin motifs 

ACL Anterior cruciate ligament 

ACLT Anterior cruciate ligament transection 

AC Articular cartilage 

AFM Atomic force microscopy 

BMP-2 Bone morphogenetic protein-2 

CGRP Calcitonin gene-related peptides 

CT Computer tomography 

DMM Destabilizing medial meniscus 

EGF Epidermal growth factor 

ECM 

EZM 

Extracellular matrix 

Extrazelluläre Matrix 

F Femur 
 

IT-AFM Indentation-type atomic force microscopy 

ITM Interterritorial matrix 

KO Knockout 
 

LMTL Lateral meniscotibial ligament 

MMP-13 Matrix metallopeptidase 13 

MMTL Medial meniscotibial ligament 

MM Medial meniscus 

MED Multiple epiphyseal dysplasia 

OA Osteoarthritis 

PCM Pericellular matrix 

PRELP Proline And Arginine Rich End Leucine 

Rich Repeat Protein 

SLRP Small leucine-rich repeat proteoglycan 

Substance P Substance pain/powder 
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TAC-1 Tachykinin Precursor 1 

T Tibia or Threonin 

TGF-β Transforming growth factor beta 

TRPV4 Transient receptor potential cation channel 
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2. Introduction 

2.1 Osteoarthritis 

The musculoskeletal system is responsible for the stability, movement and 

flexibility of the mammalian organism. It consists of muscles, tendons, car-

tilage, bones, joints and other connective tissues. If any of these given com-

ponents do not work properly due to an injury, genetic predisposition or age-

associated factors, the movement and stability are restricted. The most fre-

quent musculoskeletal disease worldwide is osteoarthritis (OA) and its prev-

alence is rising [1, 2]. Affected patients are complaining about swollen joints, 

pain and a decreased agility and mobility. The currently available treatments 

address only the symptoms or are invasive strategies for advanced OA, such 

as complete knee replacement or autologous cartilage transplantation. How-

ever, this does not lead to a full regeneration and the artificial joint has often 

to be replaced after a usage of up to 25 years [3]. The joint most commonly 

affected by OA is the knee [4]. Up to now, several factors are known that 

can induce OA. These include increasing age, high prevalence of obesity, 

injuries and the menopause [5 – 8]. OA is conservatively defined by cell 

stress and the slow degradation of articular cartilage (AC) where anabolic 

and catabolic pathways are activated but catabolic pathways predominate. 

Today, OA is seen as a multifactorial and whole joint disease that has ge-

netic, biological and/or biomechanical reasons [9]. AC is responsible for the 

lubrication of the joints and needs to withstand high shear stress and com-

pressive forces to protect the underlying bone. Physiological loading is a 

constant stimulus which AC or chondrocytes are exposed to. The biome-

chanics of the extracellular AC matrix is therefore a crucial parameter [10]. 

Thus, healthy articular cartilage is highly adapted to this complex mechani-

cal environment [11]. Today, new therapies are on the way, which are ad-

dressing anabolic, catabolic or inflammatory pathways, the subchondral 
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bone or the nervous system [12]. Nevertheless, the homeostasis of articular 

cartilage is still not fully understood and more research is needed to provide 

satisfactory treatments, including treatments for early OA. 

2.2 Articular Cartilage 

Cartilage is a resilient tissue and serves as a structural component which pro-

tects the end of long bones. Interestingly, it does not contain any blood ves-

sels or nerve fibers. Three types of cartilage are known in the human body: 

the elastic, the fibrous and the hyaline cartilage. Elastic cartilage contains 

mainly collagen II and elastin and is found in the outer ear, the epiglottis and 

some parts in the larynx. Fibrous cartilage is found for instance in the menisci 

and the annulus fibrosus of the intervertebral disc containing mainly collagen 

I. Hyaline cartilage is composed of collagens and proteoglycans and found 

transiently in embryonic bone templates and in permanent tissues such as the 

ribs, the nose or joint surfaces. Hyaline cartilage located on joint surfaces is 

also called articular cartilage (AC). AC is composed out of the extracellular 

matrix (ECM) and to a small extent (5-10%) out of chondrocytes. It can be 

divided into four zones, the superficial, the middle, the deep and the calcified 

zone [13]. Each zone has unique characteristics in terms of cell shape, matrix 

composition and fiber alignment [14] (Fig. 1). The non-calcified and calci-

fied AC is separated by a narrow line called the tidemark and the calcified 

cartilage is firmly attached to the underlaying subchondral bone (Fig. 1). 
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Figure 1 A) Histologic section of normal adult articular cartilage B) Articular cartilage scheme 

originating from: MowVC, Proctor CS, Kelly MA: Biomechanics of articular cartilage, in Nordin 

M, FrankelVH (eds): Basic Biomechanics of the Musculoskeletal System, ed 2. Philadelphia, PA, 

Lea & Febiger, 1989, pp 31–57.) 

In general, the ECM is mainly comprised of collagen II, a triple-helical fiber-

forming structural protein. Three identical alpha-chains (COL2A1) form 

molecules that wrap around each other forming a genuine collagen fiber. 

These fibers are showing a characteristic periodic 67 nm spacing, termed D-

band structure, due to their aminoacid sequence and the subsequent folding. 

The collagen family consists of 28 members. They can be subdivided into 

fibril-forming and fibril-associated collagens with interrupted triple helices 

(FACIT), network-forming and miscellaneous collagens [15]. Collagen II is 

the main structural component of the developing endochondral bones and the 

AC. Mice deficient in collagen II (Col2a1-/-) die at birth due to inproper for-

mation of the cartilaginous elements, unable to support breathing, while het-

erogenous Col2a1+/- mice are viable and show major structural impairments 

and a lower stiffness of the AC [16, 17]. Besides collagen II, there are also 

collagens III, VI, IX, X, XI, XII and XIV that are playing important roles in 

AC [18]. Collagen III is copolymerized and cross-linked to collagen II fibrils 

like collagen IX and XI. It is mostly located in the pericellular matrix, the 

matrix compartment closest to the chondrocytes, and in the superficial zone 
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[19]. Interestingly, it is also upregulated in AC affected by OA [20]. Re-

cently, a biomechanical study on collagen III deficient mouse has shown that 

AC stiffness decreases even though matrix crosslinks increase [21]. Collagen 

VI is a network-forming collagen and is found in the pericellular matrix. It 

has several binding sites for other collagens and also for soluble factors [22]. 

Additionally, the group of Farshid Guilak could show that it contributes 

largely to the stiffness of the pericellular matrix [23]. Therefore, collagen VI 

plays a major role in connecting the chondrocytes to the extracellular matrix 

and maintaining its biomechanical properties. Type IX collagen, a hetero-

typic (α1, α2, α3 chains) minor FACIT collagen, covalently binds to the sur-

face of collagen II. Its distribution pattern is changed in OA cartilage and 

mice lacking collagen IX develop severe OA [24]. The heterotrimeric (α1, 

α2, α3 chains) collagen XI is classified as fibrillar collagen and is formed 

with the support of collagen II and IX. The absence of collagen XI in mice 

results in severe chondrodysplasia and perinatal lethality, whereas heterozy-

gous deletion of Col11a1 encoding the α1 polypeptide chain lead to OA, 

which highlights its important function in AC homeostasis [25]. Research is 

ongoing and additional collagens are found in AC or linked to OA pathogen-

esis [26]. 

The other important components of the ECM are the proteoglycans, with ag-

grecan being the most abundant one. Aggrecan has a typical bottlebrush 

structure that contains a core protein made of one globular and two inter-

globular domains with around 100 chondroitin and about 30 keratan sulfate 

chains attached to it [27]. Chondroitin sulfate chains possess a high negative 

charge that leads to water attraction and therefore a high osmotic pressure, 

giving cartilage the capacity of resisting high compressive forces. These ag-

grecan monomers are non-covalently linked to hyaluronic acid stabilized by 

linker proteins. Hyaluronic acid is also a widely used therapeutic against OA 
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[28]. Nevertheless, the clinical outcome is not satisfying and better interven-

tions need to be developed. Recently, a study could show that in a hypo-

morphic aggrecan mouse model the stiffness of the AC is increased and 

spontaneous OA is more likely [29]. The other proteoglycans are present in 

a smaller amount, such as versican and small leucine-rich repeat proteogly-

cans (SLRPs) that are divided into class I (decorin, biglycan, asporin), class 

II (fibromodulin, lumican, keratocan, osteoadherin, PRELP), class III (epi-

phycan, mimecan, opticin) and class IV (chondroadherin, chondroadherin-

like). Additionally, there is the group of glycoproteins containing the matri-

lin family or the thrombospondin family that are fulfilling diverse functions. 

Proteoglycans do not only possess structural or adaptor functions, but may 

also mediate the immune response or bind to different growth factors [30]. 

Therefore, proteoglycans, glycoproteins, as well as collagens, are contrib-

uting to biomechanics and to signaling pathways of articular cartilage. 

In OA, it is known that before protein alteration is detectable via histochem-

ical staining, biomechanical alterations are measurable [31, 32]. Biomechan-

ics are drastically altered due to the overexpression of catabolic enzymes 

such as matrix metallopeptidase 13 (MMP-13) and ‘A disintegrin and met-

alloproteinase with thrombospondin motifs 4 and 5’ (ADAMTS-4/-5) result-

ing in degradation of collagens and aggrecan, respectively [33, 34]. The com-

plex interplay between the components of this protein network is highly im-

portant to maintain the biomechanical properties of AC, to withstand the 

forces up to three times the body weight during walking [35].This biome-

chanical alterations are sensed in different ways by chondrocytes. They pos-

sess, on one hand, the mechanosensitive channels Piezo1, Piezo2 and 

TRPV4 [36, 37]. On the other hand, integrins, a genuine class of cell adhe-

sion receptors, are also playing a major role in mechanosensing [38]. If this 

balanced biomechanical environment is altered via matrix cross-linking or 

disrupting the collagen/proteoglycan network, chondrocyte metabolism is 
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dysregulated [39, 40]. Thus, the early diagnosis of OA is of high importance 

to intervene with this protein degradation process, which leads to further dis-

ease progression of biomechanical alterations. 

2.2.1 Impact of the nervous system on articular cartilage 

OA is a multifactorial disease and different factors, such as the nervous sys-

tem, are believed to influence disease progression. Although cartilage does 

not contain nerve fibers and blood vessels, chondrocytes do possess recep-

tors for neurotransmitters and can even express substance P, a neurotrans-

mitter mainly expressed by neurons[41, 42]. This makes them susceptive to 

neuronal signaling. Neurotransmitters are divided into sensory and sympa-

thetic transmitters. The most prominent one of the sympathetic neurotrans-

mitters is noradrenaline. Typical sensory neurotransmitters are tachykinins, 

including substance P, which is responsible for nociception and inflamma-

tion, as well as calcitonin gene-related peptides (CGRPs). CGRPs occur in 

two forms: αCGRP and βCGRP. The ß-form is less well studied and most of 

the current research focuses on the α-form. CGRP is mainly known for its 

vasorelaxation effect and CGRP-inhibitors are widely used to treat migraine. 

In the progression of OA, cartilage is severely modified, including innerva-

tion and vascularization even beyond the tidemark [43]. Additionally, neu-

rons of the dorsal root ganglia and the periosteum increase their αCGRP ex-

pression and chondrocytes extracted from OA cartilage express more sub-

stance P upon mechanical stimulation [44, 45]. In a study by Heffner et al. 

they reduced the peripherial sensory nerve function by capsaicin injection. 

Capsaicin is known to lead to the loss of both small myelinated and unmye-

linated fibers [46]. After mechanical loading in this mouse model αCGRP 

expression was increased underlining the biomechanical adaption role of 

neurotransmitters. Furthermore, bone mineral content and the mineral appo-

sition rate were increased [47]. The only study investigating βCGRPs 
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showed no osteogenic stimulatory effect of βCGRPs in vitro [48]. Two dif-

ferent knockout (KO) studies in mice with Tac1, coding for substance P, and 

an αCGRP showed that the complete absence of these neurotransmitters af-

fected bone healing or load-induced bone formation, respectively [49, 50]. 

Thus, sensory neurosignaling has a structural role in the musculoskeletal sys-

tem and, in particular, in degenerating cartilage. 

2.2.2 The matrilin family 

The matrilin family consists of four members all of which are proteoglycan-

associated adaptor proteins. Apart from matrilin-3, they all possess two von 

Willebrand factor A-like (vWA) domains. They also contain several epider-

mal growth factor (EGF) like domains and a coiled-coil (CC) α-helical oli-

gomerization module. Due to their vWA domain, they are able to interact 

with several other ECM proteins like collagen II, IX, and XI, decorin, bi-

glycan or aggrecan [30, 51]. Signaling molecules like bone morphogenetic 

protein-2 (BMP-2) or transforming growth factor β  (TGF-β) may bind to the 

EGF-like domains [52], underlining the multifunctional role of the matrilin 

family. Matrilin-3 and -1 are found almost exclusively in cartilage, whereas 

2 and 4 are more widely distributed. Matrilin-1 is associated with idiopathic 

scoliosis, but the link to OA seems to be weak [53, 54]. One matrilin-1 KO 

study did not show any obvious skeletal phenotype [55], whereas another 

KO study reported an altered fibril organization of the collagen-2 network 

[56]. Mutations in the vWA domain or the first EGF-like domain of matrilin-

3, respectively, are associated with multiple epiphyseal dysplasia (MED) and 

hand OA [57, 58]. MED patients suffer in childhood from joint pain/stiffness 

and develop OA early in adulthood. There are two additional studies for mat-

rilin-3 KO mice. One did not show any sign of dysfunction [59], whereas the 

other study proposed a premature hypertrophy during development, an in-

creased bone mineral density in adulthood and the mice where predisposed 
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for severe spontaneous OA [60]. Interestingly, matrilin-3 is highly upregu-

lated in the middle and deep zone during OA and is able to induce several 

catabolic pathways [61, 62]. Thus, the full function of matrilin-3 is not clear 

yet and further investigation is needed. Therefore, a double knockout (Mat-

rilin-1 and -3) was generated. In this mouse model, thicker collagen fibrils 

and an upregulation of matrilin-4 was observed [63]. From this observation, 

a compensation mechanism has been proposed among the matrilin members. 

Matrilin-2 and -4 knockout studies did not reveal any severe skeletal pheno-

type [64]. Matrilin-2 was found to be upregulated in OA tissue, but its role 

could not be elucidated [65]. Therefore, up to now, there is no link between 

matrilin-2 or matrilin-4 genes to chondrodysplasias or OA. The detailed 

function and the interplay of the matrilin family members in musculoskeletal 

tissues still require further research. 

2.3 Biomechanical analysis of articular cartilage via the atomic force 

microscope 

In 1986, Binnig, Quate and Gerber developed the atomic force microscope 

(AFM) (Fig. 2) [66].  

Figure 2 Schematics of an AFM setup. Modified from: https://www.pngwing.com/de/free-png-itsog (as-

sessed: 15.06.2021 13:41) 
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The AFM relies on the principle that a microscopic cantilever spring, assem-

bled together with a micro- or nanometer-sized tip, is bent due to atomic 

interaction forces between the tip and the surface. This procedure revolution-

ized the field of nanotechnology. One application of the AFM is the possi-

bility to intend different materials with the AFM tip while determining the 

applied force. This so-called indentation-type atomic force microscopy (IT-

AFM) gave a paramount insight into the biomechanics of, for example, 

whole tissues or single cells [67, 68]. One application of interest is the anal-

ysis of the biomechanics of AC. The indentation generates a force-distance 

curve from which the Young’s Modulus can be extracted with an elastic 

model, usually a modified Hertz model  [69, 70] (Formula 1). The classical 

Hertz model assumes an indentation with a spherical indenter into a linear 

elastic half-space. The Hertz model modified by Sneddon also considers dif-

ferent indenter geometries. The modified Hertz model for a four-sided py-

ramidal indenter, which is used in this thesis, is [71]: 

𝐹(𝛿) =
 tan 𝛼 ∗ 𝐸

√2 ∗ [1 − 𝑣2]
∗ 𝛿2 (1) 

  

Here, F is the applied force at the indentation depth δ.  is the half-opening 

angle of the pyramidal tip. E is the Young’s modulus of the indented mate-

rial. Young’s modulus is a key parameter to describe the elastic properties of 

a material and is referred to as stiffness in the following. 

 

Even though cartilage is not a linear elastic material, the Hertz model is a 

reasonable first order approximation for cartilage, providing the effective 

Young’s Modulus of cartilage at a given indentation rate and allowing a 

quantitative comparison between different cartilage samples [72]. This tech-

nique enabled the analysis of  cartilage biomechanics with a lateral resolution 

in the nanometer range. Throughout the last years, numerous studies have 
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been done on different cartilage sites and with different indenter geometries 

[73 – 78] . Thus, in order to compare the different studies, one has to pay 

attention to how the experiments were carried out. In the following, some 

biomechanical studies on articular knee cartilage are summarized. On one 

hand, for example, it could be shown that the AC possesses a stiffness gra-

dient with increasing stiffness from the superficial to the deep zone [29, 73 

– 76]. On the other hand, one study showed a decrease in AC stiffness from 

the superficial to the deep zone [83]. These contradictory results were also 

observed in knockout mice or comparing OA cartilage versus normal carti-

lage. One study of decorin knockout mice showed an increase in stiffness 

[84], whereas another study reported a decrease when decorin was knocked 

out [85]. Of interest, a protective role against spontaneous OA was proposed 

in the study where an increase in stiffness was observed [84]. When compar-

ing OA cartilage versus normal cartilage biomechanics, conflicting results 

show either an increase or a decrease in stiffness when measured on native, 

cryo-preserved sections of the AC [32, 73, 80, 81]. This effect can be ex-

plained by the different indenter sizes and geometries used. When a decreas-

ing stiffness is observed, always micrometer-sized spheres (radius of several 

µm’s) were used. In contrast, the increasing stiffness was detected when na-

nometer-scaled, pyramidal shaped tips were used. In 2009, Stolz et al. pro-

posed that the measurement with a nanometer-scaled tip is more sensitive 

than a micrometer sized tip and is therefore able to detect biomechanical 

changes in the progression of OA much better [78]. Additionally, the same 

group demonstrated that a nanometer-sized tip is even able to discriminate 

between the proteoglycan and the collagen stiffness [88]. The bimodal stiff-

ness observed in this study was also seen in further studies on cartilaginous 

tissue [29, 68]. Recently, we also demonstrated that the stiffness of the base-

ment membrane, which is only about 400 nm thick, can be measured using 

a nanometer-sized tip [84 – 86]. This would not be possible with a spherical 
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tip with a radius of several micrometers. Therefore, one has to carefully dis-

tinguish between nano- and micro-scale indentation. Another advantage of 

the nanometer-sized tip is the possibility of visualizing the collagen structure 

by AFM topography imaging in contact-mode [92].  

Several studies showed a decrease in AC stiffness during OA progression 

when measured on top of the intact condyle [6, 82, 88]. However, when 

measuring on cross sections the stiffness increased in each AC zone [73,  80]. 

Of interest is also the observed decreasing cartilage microstiffness measured 

on top of the condyle during ageing [6]. This allows us to conclude, that the 

biomechanical AC environment is highly dynamic. It depends on the protein 

composition that is changing during development and ageing. Nevertheless, 

an altered biomechanical environment can lead to OA or even protect from 

it as shown in the decorin KO mice. In the near future, AC biomechanics 

should be analyzed with a precise age-association and higher spatial resolu-

tion to get a better understanding of the underlying mechanisms. AC stiffness 

measurement is still a developing field: To which degree each protein is con-

tributing to maintain AC biomechanical properties needs to be further illu-

minated. 

2.4 The destabilizing medial meniscus model 

OA is a disease that has different causes for occurrence as already mentioned 

in chapter 2.1. One of the reasons are injuries in the knee joint that can lead 

to post-traumatic osteoarthritis. In 2007, Glasson and colleagues developed 

the destabilizing medial meniscus model (DMM model) in mice to mimic 

this condition [94]. In this operation, the medial meniscotibial ligament of 

the mouse knee joint is surgically severed (Fig. 3). 



2 Introduction 22 

 

 

Figure 3 Diagram of the right knee joint of the mouse. F = femur; T = tibia; MM = medial me-

niscus; ACL = anterior (cranial) cruciate ligament; MMTL = medial meniscotibial ligament; 

LMTL = lateral meniscotibial ligament. red cross = The MMTL is transected to generate desta-

bilization of the medial meniscus (DMM). The ACL is transected in the ACLT model. Modified 

from Glasson et al. (2007) [94] 

Glasson et al. could show that the DMM model is easier to perform and less 

invasive than the anterior cruciate ligament transection (ACLT) method, 

which is widely used to induce OA in various animal species. In addition, 

DMM provoked a less severe OA resembling the OA progression observed 

in humans more closely. Since then, the DMM model has been widely used 

and analyzed. A lot of studies showed different aspects of OA pathology like 

arthrosis grading, alteration in the subchondral bone, site-specific cartilage 

degeneration, osteophyte formation, gait disparity or alterations in bone min-

eral density in the DMM model [31, 32, 45, 79, 89, 90]. Less attention was 

paid to cartilage stiffness alterations, although loads are changing dramati-

cally due to the induced joint instability [91, 92]. Two papers are addressing 

AC stiffness in the DMM model in detail. Doyran et al. showed a decrease 

in medial condyle stiffness during OA progression, which becomes signifi-

cant one week after the operation. Also on the lateral condyle, a decreased 

stiffness was measurable two weeks after the operation. Measurements were 

conducted on top of the condyle with a spherical intender (R = 5 µm) [31]. 

Chery et al. used 6 µm tissue sections and measured the stiffness of the pe-

ricellular matrix (PCM) and the interterritorial matrix (ITM) in the mid-

dle/deep zone [32]. They showed a decrease in stiffness in the PCM after one 
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week and in the ITM after two weeks when measuring with a sphere 

(R = 2.25 µm). None of the studies discriminated between the three articular 

cartilage zones and between the medial and lateral side. Therefore, we ad-

dressed this question and observed a stiffness gradient throughout the AC 

zones and an increased stiffness after surgery in the DMM model, that was 

always greater on the lateral than on the medial side [87].  

2.5 Aims of this thesis 

Articular cartilage needs to withstand high shear and compressive forces 

every day. Thus, AC is confronted with a highly dynamic biomechanical en-

vironment and it is crucial to maintain its biomechanical and structural in-

tegrity. For this reason it is of pivotal importance to obtain a better, quanti-

tative understanding of AC biomechanics in normal and diseased tissue at 

various morphological and pathological stages.  

At the onset and during the progression of OA, AC stiffness is altered and 

protein degradation takes place. Various factors are influencing OA patho-

genesis including the nervous system and the composition and assembly of 

the ECM. However, their contribution to the proper biomechanical proper-

ties of the AC is not fully understood.  

Aim 1: Chondrocytes possess neurotransmitter receptors and innervation 

along with vascularization is a distinguished feature of OA. It has previously 

been shown that Tac1-KO and αCGRP-KO mice display decreased bone 

healing as well as load-induced bone formation. Therefore, we assumed that 

during the initiation of OA the nervous system plays a crucial role in main-

taining the biomechanical and structural integrity of the AC. Thus, our goal 

was to measure via IT-AFM with a nanometer-sized tip the depth-dependent 

AC stiffness at two different time points after OA induction to illuminate the 

role of these neurotransmitters during the course of OA. Therefore, 12-

weeks-old male Wildtype, Tac1-KOand αCGRP-KO mice were used and 
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post-traumatic osteoarthritis was induced via the DMM model. After two and 

eight weeks, AC stiffness was assessed in both groups, DMM and Sham, 

respectively. Each group contained three mice and cryosections of the medial 

tibia plateau were used.  

Aim 2: The role of the matrilin-family in AC biomechanics was of additional 

interest. Matrilins serve as connector proteins between collagens and prote-

oglycans. In addition, several matrilin mutations are linked to diseases of the 

musculoskeletal system. Single and double knockouts of members of the 

matrilin family showed contradictory results with collagen fibril thickening 

and compensatory regulation in between the protein family. The loss of the 

whole matrilin-family could potentially alter biomechanics, as connecting 

proteins are missing in this network. Thus, our goal was to measure the AC 

stiffness of Matn1-4-/-  mice in two different age groups and to measure the 

collagen fiber diameter to shed light on the function of the matrilin family. 

Medial tibia cartilage from 4-month and one-year-old Matn1-4-/- mice was 

used to assess stiffness in all three non-calcified AC zones. In addition, the 

collagen fiber diameter was measured using AFM topography images of the 

middle and deep zones of 4-month-old mice. 

Aim 3: Furthermore, mutations in matrilin-3 lead to multiple epiphyseal dys-

plasia (MED) and hand OA. Matrilin-3 is able to form heterooligomers with 

matrilin-1. It connects proteoglycans and collagens, and a MATN3 mutation 

can possibly alter AC protein composition and network stability [99]. Thus, 

we assumed that introducing the matrilin-3 T298M mutation (in human 

T303M) linked to hand OA leads to an altered AC stiffness via insufficient 

connecting capability. Our aim was then to assess the AC stiffness T298M-

Mat3 knock-in and wildtype mice at 4-weeks-old of age via IT-AFM to find 

a link between matrilin-3 and cartilage homeostasis.  
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3. Summary 

AC is a highly specialized tissue that withstands high shear and compressive 

forces to provide frictionless movement of the musculoskeletal system. It 

permanently covers the ends of long bones in the diartrodial joint. AC is 

predominantly composed of a bulky ECM and chondrocytes are making up 

just a small percentage of the whole tissue (5-10%). The ECM is a highly 

interconnected network of collagens and proteoglycans. Collagen fibrils pro-

vide tensile strength, whereas the proteoglycan aggrecan due to its high neg-

ative charge density leads to water attraction and therefore contributes to the 

compressive stiffness of AC. Pathological mechanisms can occur if this net-

work is disturbed due to genetic mutations or an altered biomechanical load 

due to an injury or obesity. OA is the main musculoskeletal disease world-

wide and primarily diagnosed by the structural and biochemical degeneration 

of the AC. Today, it is known that OA is a multifactorial disease and it is 

seen as a whole joint disease.  

One important factor in OA pathogenesis is the sensory nervous system in-

fluencing bone and cartilage structure and function. Two main sensory neu-

rotransmitters are substance P, encoded by the Tac1 gene, and αCGRP. We 

hypothesized that the absence of these neurotransmitters in the joint will also 

alter the progression of OA and may change biomechanical properties of the 

articular cartilage. In order to assess our assumption, we utilized the Tac1 

and the αCGRP knockout mouse lines and induced post-traumatic OA via 

the DMM model. In Paper I, we have demonstrated for the first time that 

αCGRP-KO mice exhibit an early onset OA at 4 weeks post-operation com-

pared with Sham mice. In contrast, the wildtype mice and Tac1-KO mice 

developed significant OA degradation at 8 weeks and 12 weeks, respectively. 

Thus, we could show that in wildtype, cartilage stiffness of the medial tibia 

plateau increased significantly two weeks after the DMM operation com-

pared to Sham, but the increase became less pronounced after eight weeks. 
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In the superficial zone, a decrease in stiffness was observed in Tac1-KO 

mice, whereas αCGRP-KO showed an increase in stiffness after two and 

eight weeks, compared to Sham. In the middle and deep zones, an increased 

stiffness was observed in both genotypes. Important in the comparison is that 

Tac1 KO showed a higher stiffness in the Sham-operated group. Interest-

ingly, biomechanical alterations were the first ones to appear two weeks after 

DMM surgery at the medial tibia plateau. Other alterations such as bone min-

eral density, medial tibia plateau length, osteophyte formation, calcified car-

tilage thickness and bone volume of meniscal ossicles have appeared only 

later. We could show for all analyzed parameters significant alterations for 

each neurotransmitter. Therefore, our results demonstrate that the nervous 

system has a significant influence on AC biomechanics and a modulating 

role for αCGRP and substance P in bone and cartilage homeostasis during 

OA can be assumed. Taken together, we demonstrated that the biomechani-

cal properties of the AC ECM are changing dramatically after induction of 

post-traumatic OA via the DMM model and the sensory nervous system con-

tributes to it. 

The cartilage ECM is a highly connected network of a variety of collagens 

and proteoglycans. The non-collagenous matrilin family serves as connector 

proteins between collagens and proteoglycans. The family consists of four 

members whereby mutations in matrilin-1 and -3 genes are associated with 

chondrodysplasias, OA or other forms of musculoskeletal disorders. Single 

or double knockout studies did show mild skeletal phenotypes and compen-

sation in between family members. Thus, the exact function of the whole 

family is still unknown. We were then the first ones generating a quadruple 

knockout (matrilin-1-4 null, Matn1-4-/-) mouse line lacking all matrilins and 

then analyzed the skeleton (Paper II). By high resolution AFM imaging, we 

have observed thickening of the collagen fibers in the growth plate and in 

the middle and deep zones of AC of mutant mice. Even though fibrils were 
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thicker, no stiffness change was observed in the middle and deep zones, but 

the superficial zone was stiffer in 4-months-old Matn1-4-/- mice compared to 

wildtype. At one year of age, superficial and middle zone stiffness was sig-

nificantly decreased, while the deep zone was stiffer in the quadruple knock-

out mice. The altered biomechanics of the AC was accompanied by a more 

severe, age-associated OA phenotype in 18-months-old Matn1-4-/- mice 

compared with control mice. We observed a similar, severe spontaneous AC 

degradation in Matn4-/- mice leading to the assumption that matrilin-4 is of 

high importance in maintaining articular cartilage homeostasis while aging. 

Interestingly, the matrilin 1-4 KO mice developed up to normal size and no 

obvious phenotype was observed in the growth plate. Nevertheless, an al-

tered vertebral pattern was seen in the Matn1-4-/- mice characterized by the 

transition of the last lumbar vertebra into a sacral identity. In conclusion, the 

matrilin family is dispensable for a normal skeletal development except for 

the lumbosacral pattern, but matrilin-4 seems to play an important role in 

healthy cartilage homeostasis in aged AC. Biomechanical alterations oc-

curred even before spontaneous OA developed in matrilin 1-4 KO mice. 

Another important member of the matrilin family is matrilin-3 as human 

MATN3 mutations are associated with various forms of chondrodysplasia 

and hand OA. Matrilin 3 is mainly found in cartilaginous tissues and only 

possesses one vWA domain. The human T303M mutation has been sug-

gested to be associated with hand OA. To address this hypothesis and to 

identify possible pathological mechanisms we were the first ones generating 

the mouse equivalent T298M Matn3 knock-in line (Paper III). We could 

show that the AC stiffness of the mutant was higher in the middle and deep 

zone and it was more prone to OA after the medial meniscotibial section. 

Additionally, collagen fibril diameter was thicker and the endochondral os-

sification in the proximal tibia was disturbed. Thus, we concluded that the 

matrilin-3 T298M mutation indeed leads to a phenotype more susceptible for 
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post-traumatic osteoarthritis. Further analysis with this knock-in mouse line 

will reveal the underlying cause of how matrilin-3 is leading to this altera-

tion. 

In this thesis, we revealed the structural and biomechanical role of the sen-

sory nervous system after post-traumatic OA induction, the association of 

the matrilin-3 T298M mutation with OA and the role of the entire matrilin 

family, particularly matrilin-4, in the maintenance of healthy AC biomechan-

ics. 
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4. Zusammenfassung 

Artikulärer Knorpel ist ein hochspezialisiertes Gewebe, das hohen Scher- 

und Druckkräften standhält, um eine reibungslose Bewegung des muskulos-

kelettalen Systems zu ermöglichen. Die Epiphysen der Knochen sind damit 

ausgekleidet und bilden so einen Hauptbestandteil der Gelenke. Artikulärer 

Knorpel besteht hauptsächlich aus extrazellulärer Matrix (EZM). Einen klei-

nen Anteil des gesamten Knorpels machen Chondrozyten aus (5-10%). Die 

Knorpel EZM ist ein stark verzweigtes Netzwerk aus Kollagenen und Prote-

oglykanen. Kollagene dienen in erster Linie als strukturelle Komponenten 

die dem Knorpel Zugfestigkeit verleihen, während die hohe negative Ladung 

der Proteoglykane zu einer Wasserspeicherung führt und somit zur Druckre-

sistenz beiträgt. Pathologien können auftreten, wenn dieses Netzwerk durch 

genetische Mutationen der beteiligten Proteine oder durch biomechanische 

Fehlbelastungen, beispielsweise Verletzungen oder Adipositas, gestört ist. 

Die weltweit am häufigsten vorkommende muskuloskelettale Erkrankung ist 

Arthrose welche sich hauptsächlich durch die Degeneration des artikulären 

Knorpels definiert. Heute weiß man jedoch, das Arthrose eine multifaktori-

elle Erkrankung ist und als eine Erkrankung des gesamten Gelenks gesehen 

werden muss. Ein Faktor ist der Einfluss des sensorischen Nervensystems 

auf die Knochen- und Knorpelstruktur. Zwei wichtige sensorische Neuro-

transmitter sind die Substanz P, kodiert durch das Tac-1 Gen, und αCGRP. 

Wir stellten daraufhin die Hypothese auf, dass die Abwesenheit beider sen-

sorischer Neurotransmitter sowohl das Fortschreiten der Arthrose als auch 

die biomechanischen Eigenschaften des Knorpels verändert. Um diese Hy-

pothese zu überprüfen, verwendeten wir ein Tac-1-knockout und ein 

αCGRP-knockout Mausmodell und induzierten in diesen Mäusen zum ersten 

Mal posttraumatische Arthrose durch Sektion des medialen meniskotibialen 

Bandes (DMM-Modell). Die αCGRP-knockout Mäuse zeigten im Vergleich 
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zum Wildtypen ein früheres Einsetzen der Arthrose, welches durch einen er-

höhten OARSI-Score festgestellt wurde. Als letztes waren erste Arthrosean-

zeichen beim Tac-1-knockout sichtbar. Im Vergleich zum nicht-operierten 

Knie (Sham) nahm die Knorpelsteifigkeit beim Wildtyp nach zwei Wochen 

auf dem medialen Tibiaplateau nach der DMM Operation signifikant zu. 

Dieser Anstieg wurde jedoch nach acht Wochen geringer. Beim Tac1-knock-

out konnte eine Abnahme der Steifigkeit in der Superfizialzone beobachtet 

werden, während der αCGRP-knockout eine Zunahme nach zwei und acht 

Wochen im Vergleich von DMM zu Sham zeigte. In beiden Genotypen 

wurde ein Anstieg der Steifigkeit in den beiden weiteren Zonen beobachtet. 

Zu beachten gilt, dass der Tac-1 knockout verglichen mit dem αCGRP-

knockout eine höhere Steifigkeit in der scheinoperierten Gruppe zeigte. In-

teressanterweise waren die ersten Veränderungen die Biomechanischen, 

welche zwei Wochen nach der DMM-Operation am medialen Tibiaplateau 

auftraten. Weitere Veränderungen, wie die Knochenmineraldichte, die 

Länge des medialen Tibiaplateaus, die Osteophytenbildung, die Dicke des 

kalzifizierten Knorpels und das Knochenvolumen der Meniskusknöchel-

chen, traten erst später auf. Für alle analysierten Parameter konnten wir sig-

nifikante Veränderungen feststellen. Wir konnten also zeigen, dass αCGRP 

und die Substanz P eine modulierende Rolle in der Knochen- und Knorpel-

homöostase/-mechanik während posttraumatischer Arthrose spielen. Von 

besonderer Bedeutung ist die zunehmende Steifigkeit in allen Knorpelzonen 

des Wildtyps nach der Induktion von Arthrose durch den DMM Eingriff. Die 

biomechanische Veränderung muss also als grundlegender pathologischer 

Mechanismus von Arthrose verstanden werden. Zusammenfassend verän-

dern sich die biomechanischen Eigenschaften der extrazellulären Knorpel-

matrix nach Induktion einer posttraumatischen Arthrose über das DMM-Mo-

dell dramatisch, insbesondere unter Einfluss des sensorischen Nervensys-

tems. 
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Die extrazelluläre Knorpelmatrix ist ein stark verzweigtes Netzwerk aus ei-

ner Vielzahl von Kollagenen und Proteoglykanen. Die Mitglieder der prote-

glykan-assozierten Matrilin-Familie dienen als Verbindungsproteine zwi-

schen Kollagenen und Proteoglykanen. Mutationen in den Genen von zwei 

der vier Mitglieder Matrilin-1 und -3, sind mit Chondrodysplasien, Arthrose 

oder anderen Formen von muskuloskelettalen Erkrankungen assoziiert. Ein-

zel- oder Doppel-knockout-Studien zeigten milde skelettale Phänotypen und 

eine Kompensation zwischen den Familienmitgliedern. Daher ist die genaue 

Funktion der gesamten Familie noch nicht bekannt. Aufgrund dessen gene-

rierten wir zum ersten Mal einen knockout der gesamten Matrilinfamilie 

(Matrilin-1-4). Wir konnten eine Verdickung der Kollagenfasern in der 

Wachstumsplatte und in der Tangential- und Radiärzone des artikulären 

Knorpels beobachten. Obwohl die Fibrillen dicker waren, wurde keine Stei-

figkeitsänderung beobachtet. Nichtsdestotrotz zeigte die Superfizialzone 

eine erhöhte Steifigkeit bei vier Monate alten Mäusen. Im Alter von einem 

Jahr war die Steifigkeit der Superfizial- und Tangentialzone signifikant ver-

ringert, jedoch war die Radiärzone bei den Knockout-Mäusen steifer. Diese 

veränderte Biomechanik kann möglicherweise das altersassoziierte, spon-

tane Auftreten der Kniegelenksarthrose in den Matrilin 1-4  Knockout-Mäu-

sen erklären. Wir verglichen daraufhin diese Ergebnisse mit einem Matrilin-

4 knockout-Modell. Diese Mäuse entwickelten einen ähnlichen Arthrose-

Typ, was wiederum zu der Annahme führt, dass Matrilin-4 bei der Aufrecht-

erhaltung der Homöostase des artikulären Knorpels während des Alterns 

wahrscheinlich die tragendste Rolle spielt. Spannenderweise entwickelten 

sich die Matrilin-1-4-knockout Mäuse bis zu einer normalen Größe und es 

wurde kein offensichtlicher Phänotyp in der Wachstumsplatte beobachtet. 

Jedoch konnte eine veränderte Anzahl der Lendenwirbel beobachtet werden. 

Zusammenfassend lässt sich also feststellen, dass die Matrilin-Familie für 

eine normale Skelettentwicklung entbehrlich ist, allerdings eine tragende 
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Rolle bei der Entwicklung der Lendenwirbelsäule spielt. Des Weiteren wa-

ren die biomechanischen Eigenschaften verändert und im Alter trat ein er-

höhtes Risiko für spontane Arthrose auf. Dies konnten wir hauptsächlich auf 

Matrilin-4 zurückführen. 

Ein wichtiges Mitglied der Matrilin-Familie ist Matrilin-3, da Mutationen in 

diesem Gen mit Chondrodysplasien und Arthrose der Hand assoziiert sind. 

Es kommt hauptsächlich in knorpeligem Gewebe vor und besitzt nur eine 

vWA-Domäne. Die menschliche Mutation T303M, die der T298M Mutation 

in der Maus entspricht, wird mit Handarthrose in Verbindung gebracht. Um 

diesen Sachverhalten zu begründen, generierten wir zum ersten Mal T298M-

Matrilin-3-knock-in Mäuse um mögliche pathologische Mechanismen zu 

entschlüsseln. Wir konnten zeigen, dass die Steifigkeit des artikulären Knor-

pels in der Tangential- und Radiärzone erhöht war im Vergleich zum Wild-

typ. Des Weiteren war die Mutante nach medialer Meniskotibialsektion an-

fälliger für Arthrose. Zusätzlich war der Durchmesser der Kollagenfibrillen 

dicker und die enchondrale Ossifikation in der proximalen Tibia war gestört. 

Daraus schlossen wir, dass die Matrilin-3 T298M-Mutation tatsächlich zu 

einem murinen Phänotyp führt, der anfälliger für posttraumatische Arthrose 

ist. In der Zukunft müssen weitere Analysen mit diesem Mausmodell durch-

geführt werden, um die zugrundeliegenden Ursachen aufzudecken. 

In dieser Dissertation konnte gezeigten werden, dass das sensorische Ner-

vensystem nach der Induktion von posttraumatischer Arthrose eine große 

Rolle in der Aufrechterhaltung von der Struktur und der Biomechanik des 

artikulären Knorpels spielt, dass die Matrilin-3 T298M-Mutation mit muri-

ner Arthrose assoziiert ist und das die gesamte Matrilin-Familie bei der Auf-

rechterhaltung einer gesunden Biomechanik des Knorpels eine tragende 

Rolle spielt, insbesondere Matrilin-4. 
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