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2. Il ntroducti on

21 Osteoarthritis

The musaloskeletal system is responsible for thability, movemenand
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
as®ciated factors, the movement and stability are restricted. The most fre-
guent musculoskeletal disease worldwide is osteoarthritis (OA) and its prev-
alence is risindjl, 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 qettlmnsplantation. 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 yEdrs he joint most commonly
affected by OA is the kn€ld]. Up to now, several factors are known that
can induce OA. These include increasing age, high prevalence of obesity,
injuries and the menopauge i 8]. OA is consernviively 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, biolayical and/or biomechanical reasdfk AC is responsibléor the
lubrication of the joints and needs to withstand high skass 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 pararyigipr
Thus, healthy articular cartilage is highly adapted to this complex mechani-
cal environmenfl1]. 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 systd?]. Nevertheless, the homeostadisadicular
cartilage is still not fully understood and more research is needed to provide

satisfactory treatments, including treatments for early OA.

22 Articular Cartil age

Cartilage is aesilienttissue and serves as a structural componkith pro-

teds the end ofong 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 Il an@lastinand is foundn theouterear, the epiglottis and
someparts in théarynx. Fibrous cartilage is fourfdr instancen the menisci

and the annulus fibras of the intervertebral disontainingmainly collagen

|. Hyaline cartilage is composed obllagens 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). A€ composed out dheextracellular
matrix (ECM) and to a small extent-{®%) out of chondrocyte#t. 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 alignmefi4] (Fig. 1). The noncalcified 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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A~ T *. . N B Articular surface

A [~ Superficial tangential zone

’| [—Middle transitional zone

| I—Deep zone

Calcified zone

Figure 1 A) Histologic section of normal adult articular cartilage B) Articular cartilage sehem
originatingfrom: MowVC, Proctor CS, Kelly MA: Biomechanics of articular cartilage, in Nordin
M, FrankelVH (eds): Basic Biomechanics of the Musculoskeftatem, ed 2. Philadelphia, PA,
Lea & Febiger, 1989, pp B47.)

In general,he ECM is mainlycomprised of collagen Il, a tripleelical fiber
forming structural protein. Three identical alptfaains COL2A] form
molecules that wrap around each othemiioig a genuine collagen fiber.
These fibers are showing a characteristic periodieré dpacing, 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 fibritassociated collagens with interrupted triple helices
(FACIT), networkforming and miscellaneous collagdi$]. Collagen Il is

the main structural component of the developing endochondral bones and the
AC. Mice deficient in cdagen Il Col2a1”) die at birth due to inproper for-
mation of the cartilaginous elements, unable to support breathing, while het-
erogenou€ol2al’- mice are viable and show major structural impairments
and a lower stiffness of the Ald6, 17]. Besides collagen I, there are also
collagens Il1LV1, IX, X, X, XIl and XIV that are playing important roles in

AC [18]. Collagen lll is copolymerized and crelasked to collagen I 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@# [20]. Re-
cently, a biomechanical study on collagen Il deficient mouse has shown that
AC stiffness decreases even though matrix crosslinks ind@&Hs€ollagen

VI is a networkforming collagen and is found in the pericellular matrix. |

has several binding sites for other collagens and also for soluble f@&prs
Additionally, the group of Farshid Guilak could show that it contributes
largely to the stiffness of the pericellulaatmx [23]. Therefore, collagen VI

plays a major role in connecting the chondrocytes to the extracellular matrix
and mantaining its biomechanical properties. Type IX collagen, a hetero-
typic (UL, LR, (B chains) minor FACIT collagen, covalently binds to the sur-
face of collagen Il. Its distribution pattern is changed in OA cartilage and
mice lacking collagen IX develop sevedA [24]. The heterotrimericl{ 1 ,
U2, U3 collagem iXlnssclassified as fibrillar collagen and is formed
with the support of collagen Il and IX. The absence of collagen Xl ag mi
results in severe chondrodysplasia and perinatal lethality, whereas heterozy-
gous deletion ofcoll1lalencoding thel Ipolypeptide chain lead to OA,
which highlights its important function in AC homeostd&ts]. Research is
ongoing and additional collagens are found in AC or linked to OA pathogen-
esis[26].

The other impdant 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 al3@ukeratan sulfate
chains attached to[27]. Chondroitin sulfate chains possedsigh 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 noovalently linked to hyaluronic acid stabilized by

linker proeins. Hyaluronic acid is also a widely used therapeutic against OA
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[28]. Nevertheless, the clinical outcome is not satisfying and bettevanter

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 like]29]. The other proteoglycans are present in

a smaller amount, such as versican and small leuimheepeat poteogly-
cans(SLRPs) that are divided into class | (decorin, biglycan, asporin), class
Il (fibromodulin, lumican, keratocan, osteoadnef?RELP), class Il (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.
Prokoglycans do not only possess structural or adaptor functions, but may
also mediate the immune response or bind to different growth fd8@jrs
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 alteratismdetectable via histochem-

ical staining, biomechanical alterations are measufah|&2]. Biomechan-

ics are drastically altered due to the overexpression of catabolic enzymes
such as matrix etallopeptidase 1@8MMP-1 3) and O A ddat-si nt e
alloproteine e wi t h thrombospondi-#4-5mesulti f s 4
ing in degradation of collagens and aggrecan, respecf3&I$4]. The com-

plex interplay between the components of this protein network is highly im-
portant to maintain theiomechanical properties of AC, to withstand the
forces up to three times the body weight during walKig]. This biome-
chanical alterations are sensed in different ways by chondrocytes. They pos-
sess, on one hand, the mechanoseasichannels Piezol, Piezo2 and
TRPVA4[36, 37]. On the other hand, integrins, a genuine class of cell adhe-
sion receptors, are also playing a major role in mechanosdB8indf this
balanced biomechanical environment is altered via matrix -dirdsag or

disrupting the collagen/proteoglycan network, chondrocyte metabolism is
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dysregulatedi39, 40]. Thus, the early diagnosis of OA is of high importance
to intervene with this protein degradation process, which keadsther dis-

ease progression of biomechanical alterations.

221Ilmpacact t he neroviornutsi swylsdremcarti |l age
OA is a multifactorial disease and different factetech as theervoussys-

tem, are believed to influence disease progression. Althoughacgtoes

not containnerve fibersand blood vesselgshondrocytes do possess recep-
tors for neurotransmitters am@nevenexpresssubstance Pa neurotrans-
mitter mainly expressed by neurpfik, 42]. This makes them susceptive to
neuronal signalingNeurotransmitters are divided into sensory and sympa-
thetic transmitters. The most prominent afiehe sympathetic neurotrans-
mitters is noradrenaline. Typical sensamguiotransmitters are tachykinins,
including substance,Rvhich isresponsible for nociception and inflamma-
tion, as well ascalcitonin geneelated peptides (CGRP CGRPs occur in

t wo for ms: UCGR Pformis tess fvéll GiRlRd andmiost of C
thecur ent r es e ar c hforni. BGRIP $senainlyckmowrt for és U
vasorelaxation effect and CGRithibitors are widely used to treat migraine.

In the progression of OAartilage isseverely modified, including innerva-

tion and vascularization even beyae tidemarl{43]. Additionally, neu-
ronsof the dorsal root ganglia and the periosténoneasetheir UCGRP ex-
pression and chondrocytestracted from OA cartilagexpress morsub-
stance P upon mechanical stimulatjdd, 45]. In a study by Heffner et al.
they reduced the peripherial sensory nervetion by capsaicin injection.
Capsaicin is known to lead to the loss of both small myelinated and unmye-
linated fibers[46]. Af ter mechani cal |l oadi ng i
expression was increased underlining the biomechanical adaption role of
neurotransmitters. Furthermore, bone mineral contentrenohineral appo-

sition rate were increase@?7]. The only study investgati ng bCGK
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showed no osteogenic stind8lBvwdfry ef f
ferent knockout (KO) studies in mice willacl, coding for substance &nd

an U C G RslRowed that theompete absence of #seneurotransmitters af-

fected bone healing or loadduced bone formation, respectivgf9, 50].
Thus,sensoryneurosignaling has a structural roléhe musculoskeletal sys-

tem and, in particular, in degenerating cartilage.

222The matrilin family

The matrilin family consists of four membeats of whichareproteoglycan
associate@daptormproteins. Apart from matrili8, they all possess twamn
Willebrand factor Alike (VWA) domains. They also contain sevegplder-

mal growth factor (EGF) like domains and a coitadl (CC)d -helicaloli-

gomerization moduleDue to their WA domain they are able to interact
with several other ECM proteins like collagen I, IX, and Xl, decorin, bi-
glycan or aggrecaf80, 51]. Signaling molecules like bone morphogenetic
protein2 (BMP-2) ortransforming growth factds (TGFb) maybind to the
EGFlike domaing52], underlining the multifuntonal role of the matrilin
family. Matrilin-3 and-1 are founcalmostexclusively in cartilagewhereas

2 and 4 are more widely distributed. Matrilins associatewith idiopathic
scoliosis, but the link to OA seems to be wgzk 54]. One matrilinl KO
study did not show any obvious skeletal phenotjgid, whereas another
KO study reportedan altered fibril organization of the collagémetwork
[56]. Mutations inthe WWA domain or the first EGHike domain of matrilin

3, respectively, are associated with multiple epiphyseal dysplasia (MED) and
hand OA[57,58]. MED patients suffer in childhoddom joint pain/stiffness
and develop OA early in adulthoothere are twadditionalstudies for mat-
rilin-3 KO mice One did not show any sign of dysfunct[59], whereas the
other study proposed prematurdnypertrophy during development, an in-

creased bone mineral density in adulthood thiedmicewhere predisposed
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for severe spontaneous QB0]. Interestingly, matrilif3 is highly upregu-
lated in the middle and deep zone during OA and is able to induce several
catabolic pathwayf61, 62]. Thus, the full function of matril#3 is not clear

yet and further investigation is need@tierefore a double knockout (Mat-
rilin-1 and-3) was generatedn this mouse modethicker collgen fibrils

and an upregulation of matrilth was observef63]. From thisobservation

a compensation mechanisras been proposed amahg 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 elucidatd®5]. Therefore, p to now, there is no link between
matrilin-2 or matrilin-4 genes to chondrodysplasias or OA. Tdetailed
functionand the interplagf the matrilin familymembers in musculoskeletal

tissuesstill require furtheresearch.

23 Bi omechanical analysis of articul
mi croscope

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

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

Photodiode mirror
detector

laser beam

piezo-electric
scanner

cantilever

Sample [

Inverted Optical
Microscope

Figure 2 Schematis of anAFM setup Modified from: https://www.pngwing.com/de/fregng-itsog (as-
sessed: 15.06.2021 13:41)
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The AFM relies on the principle that a micros@gantilever spring, assem-
bled together with a microcor nanometesized 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 soalled indentatioftype atomic force microscopy (T
AFM) gave a paramount insight into the biomechanics of, for example,
whole tissues or single ce[B7, 68]. One application of interest is the anal-
ysis of the biomechanics of AC. The indentation generates adstance
curve from which the Younitgéanselasiio d ul u
model, usually a modified Hertz mod§9, 70] (Formula 1). The classical
Hertz model assumes an indentation with a sphkmdenter into a linear
elastic halfspace. The Hertz model modified by Sneddon also considers dif-
ferent indenter geometries. The modified Hertz model for admled py-
ramidal indenter, which is used in this thesig/g:
OA1z0
Nz p o

“1 (1)

Here,F is the applied force at the indentation dejpth is the halfopening
angle of the pyramidaltiEi s t he Youngds modul us ¢
rial. Youngds modulus 1 s a key paran

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

Even though cartilage is not a linear elastic material, the Hertz neodel
reasonable first order approximation for cartilage, providing the effective
YoungoOs dilcadilage atsa given indentation raad allowing a
quantitative comparison between different cartilage sanfp®sThis 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 dsffeindenter geometries

[737 78 . Thus, in order to compare the different studies, one has to pay
attention to how the experiments were carroeit. 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 [&2$her3

I 76]. On the other hand, one study showed a decrease in AC stiffness from
the superficial to the deep zof83]. 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 mhbgainst spontaneous OA was proposed

in the study where an increase in stiffness was obs@g@4¢dNVhen compar-

ing OA cartilageversusnormal cartilagebiomechanicsconflicting reslis

show either aincreaseor adecrease in stiffesswhen measured on native,
cryo-preservedsectionsof the AC[32, 73, 80, 81] This effect can be ex-
plained by the different indenter sizes and geometries \Wieeh a decreas-

ing stiffness is observed, always micromedized spheres (radius of several
Omdés) were used. I n contrast, the ir
nometerscaled, pyramidal shaped tips were used. In 2009, Stolz et al. pro-
posed that theneasurement with a nanomessaled tip is more sensitive
than a micrometer sized tip and is therefore able to detect biomechanical
changes in the progression of OA much bdi8i. Additionally, the same
group demonstrated that a nanomsieed tip is even able to discriminate
between the proteoglycandathe collagen stiffneg88]. 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 408 thick,can be measuragsing

a nanometesized tip[84 1 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 betweemance and micrescale indentation. Another advantage of
the nanometesized tip is the possibility of visualizing the collagen structure
by AFM topography imaging in contaotode[92].

Several studies shad a decrease in AC stiffness during OA progression
when measured on top of the intact cond@e82, 88]. However, when
measuring on cross sections the stiffness increased in each A2 2088].

Of interest is also the observed decreasing cartilage microstiffness measured
on top of the condyle during ageif]. This allows us to conclude, that the
biomechanical AC environment is highly dynamic. It depends on the protein
composition that is clmaying during development and ageing. Nevertheless,
an altered biomechanical environment can lead to OA or even protect from
it as shown in the decorin KO mick the near future, AC biomechanics
shouldbe analyzed witla precise agassociation and highepatial resolu-
tionto 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.

24 Theestabilizing medi al meni scus
OA is a disease that hdsferent causes for occurrence as already mentioned
in chapter 2.1. One of the reasons are injuries in the knee joint that can lead
to posttraumatic osteoarthritis. In 2007, Glasson and colleagleveloped

the destabilizing medial meniscus model (DMM model) in mice to mimic
this condition[94]. In this operabn, the medial meniscotibial ligament of

the mouse knee joint is surgicaligveredfig. 3.
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Figure 3 Diagram of the ght knee joint of the mouse. F = femur; T = tibia; MM = medial me-
niscus; ACL =anterior (canial) cruciate ligament; MMTL =medial meniscotibial ligaméen
LMTL = lateral meniscotibial ligamented cross =The MMTL is transected to generate desta-
bilization of the medial meniscus (DMM). The ACL is transected in the ACLT mbtidified
from Glassen et al. (2007)94]

Glasson et al. could show that the DMM model is easier to perform and less
invasive than theanteior cruciate ligament transectigiCLT) 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 beeywisied

and analyzed. A lot of studies showed different aspects of OA pathology like
arthrosis grading, alteration in the subchondral bonespegeific cartilage
degeneration, osteophyte formation, gait disparity or alterations in bone min-
eral density ithe DMM model[31, 32, 45, 79, 89, 90)_ess attention was

paid to cartilage stiffness alterations, although loads are chadanuati-

cally due to the induced joint instabilif91, 92]. Two papers are addressing

AC stiffness in the DMM model in detail. Doyran et al. showed a decrease
in medial condylestiffness 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 sphericander (R=5 um) [31].

Chery et al. used gm tissue sections and measuree stiffness of the pe-
ricellular matrix (PCM) and the interterritorial matrix (ITM) in the mid-

dle/deep zonf82]. 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 =2.25pum). Noneof 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 stiffnesfiggriathroughout the AC
zones and an increased stiffnaf®r surgeryn the DMM mode]| that was

always greater on the lagtithan on the medial sid&7].

25 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 ofymtal 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 degradatin 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: Chondrogtes possess neurotransmitter receptors and innervation
along with vascularization is a distinguished feature of OA. It has previously
been shown thatactKO and UCGRRKO mice display decreasdsbne
healingas well adoad-induced bone formatiomherefore, 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 ¥AFM with a nanometesized tip the deptdependent

AC stiffness at two different time points after OA induction to illuminate the
role of these neurotransmitters during the course of OA. Therefore, 12
weeksold male Wildtype, TacK Oa nd UKDGHP were used and
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posttraumatic osteoarthritis was induced 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 matrilifamily in AC biomechaics 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 matrilinfamily could potentially alter biomechanics, as connecting
proteins are missing in this netwoilus, our goal was to measure the AC
stiffness ofMatn1-4’- micein 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 4nonth and ongearold Matn1-4"- mice was

used to assess stiffness in all three-oalcified AC zones. In addition, the
collagen fiber diameter was measured using AFM topography images of the
middle and deep zones ofdonthold mice.

Aim 3: Furthermore, mutations in matrit®ilead to mltiple epiphyseal dys-
plasia (MED) and hand OA. Matrikf is able to form heterooligomers with
matrilin-1. It connects proteoglycans and collagens, add&N3mutation

can possibly alter AC protein composition and network stap9®y. Thus,

we assumed that introducing the matrBnT298M mutation (in iman
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 knockin and wildtype mice at-veeksold of age via ITAFM to find

a link between matrili¥8 andcartilage homeostasis.



3 Summary 25

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 tissud@%0). The ECM is a highly
interconnected network of collagens and proteoglycans. Collagen fibrils pro-
vide tensile strength, whereas thetpoglycan 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 bicamesai 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 jui disease.

One important factor in OA pathogenesis is the sensory nervous system in-
fluencingbone and cartilage structuaed function. Two main sensory neu-
rotransmitters are substance P, encoded bydaobég e ne, anWe UCGRI
hypothesized that the almseof these neurotransmitters in the jowill also

alter the progression of OA anghy chang®iomechanicaproperties of the
articular cartilageln order to assess our assumption, we utilizedTiel

and theU C G RkRockout mouse lines and induced fswaumatic OA via

the DMM model. In Paper |, we have demonstrated for the first time that
U C G <P mice exhibit an early onset OA at 4 weeks pstration com-
pared with Sham mice. In contrast, the wildtype mice and -K&zInice
developed significant OAafjradation at 8 weeks and 12 weeks, respectively.
Thus, we could show that in wildtype, cartilage stiffness of the medial tibia
plateau increased significantly two week$er the DMM operation com-

pared to Sham, but the increase became less pronounaedigtiteveeks.
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In the superficial zone, a decrease in stiffness was observed irRKCacl

mi c e, w h e rk®asBowed GrGiciRase in stiffness after two and
eight weeks, compared to Sham. In the middle and deep zones, an increased
stiffness was observed looth genotypes. Important in the comparison is that
Tacl KO showed a higher stiffness in the Skaparated group. Interest-
ingly, biomechanical alterations were the first ones to appear two weeks after
DMM surgery at the medial tibia plateddther alteraibns such as bone min-

eral density, medial tibia plateau length, osteophyte formation, calcified car-
tilage thickness and bone volume of meniscal ossitde® appeared only
later. We could show for all analyzed parameters significant alterations for
each narotransmitter. Therefore, our results demonstrate that the nervous
system has a significant influence on AC biomechanics and a modulating
role for UCGRP and substance P in
OA can be assumed. Taken together, we demaipstthat the biomechani-

cal properties of the AC ECM are changing dramatically after induction of
posttraumatic 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 callage
and proteoglycans. The naollagenous matrilin family serves as connector
proteins between collagens and proteoglycans. The family consists of four
members whereby mutations in matrlirand-3 genes are associated with
chondrodysplasias, OA or othirms 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 argpksd
knockout (matrilin1-4 null, Matn1-4") mouse line lacking all matrilinsnd

then analyzed the skeleton (Paper I1). 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 changeas observed in the middle and deep zones, but
the superficial zone was stiffer inmdonthsold 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 stiffdrarquadruple knock-

out mice. The altered biomechanics of the AC was accompanied by a more
severe, agassociated OA phenotype in -h@nthsold Matnl-4" mice
compared with control mice. We observed a similar, severe spontaneous AC
degradation irMatnd”- mice leading to the assumption that matsiiis of

high importance in maintaining articular cartilage homeostasis while aging.
Interestingly, the matrilin-# KO mice developed up to normal size and no
obvious phenotype was observed in the growth pMévertheless, an al-
tered vertebral pattern was seen in Mwatn1-47- 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 matridhseems to play an important role in
healthy cartilage homeostasis in aged AC. Biomechanical alterations oc-
curred even before spontaneous OA developed in matrditK® mice.

Another important member of the matrilin faynis 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 associdtevith hand OA. To address this hypothesis snd
identify possible pathological mechanismes were the first ones generating

the mouse equivalent T298M Matn3 kneokline (Paper IIl). We could
show that the AC stiffness of the mutant was higher in tluellmiand 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 muation indeed leads to a phenotype more susceptible for
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posttraumatic osteoarthritis. Further analysis with this knimckouse line
will reveal the underlying cause of how matrBnis leading to this altera-
tion.

In this thesis, we revealed the struelteind biomechanical role of the sen-
sory nervous system after pastumatic OA induction, the association of
the matrilin3 T298M mutation with OA and the role of the entire matrilin
family, particularly matrilir4, in the maintenance of healthy AC biorhan-

iCcS.
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4. Zusam@amsesiung

Artikularer Knorpel ist ein hochspezialisiertes Gewebe, das hohen-Scher
und Druckkraften standhalt, um eine reibungslose Bewegung des muskulos-
kelettalenSystems zu ermdglichen. Die Epiphysen der Knochen sind damit
ausgekleidet unbilden so einen Hauptbestandteil der Gelenke. Artikularer
Knorpel besteht hauptsachlich aus extrazellularer Matrix (EEMgnN klei-

nen Anteil des gesamténorpels mache&hondrozyteraus(5-10%). Die
Knorpel E2V ist einstark verzweigtebletzwerk aus Kdagerenund Prote-
oglykanen. Kollagene dienen in erster Linie als strukturelle Komponenten
die dem Knorpel Zugfestigkeit verleihemdhrend die hohe negative Ladung
der Proteoglykane zu einer Wasgeicherundiihrt und somit zur Drudle-
sistenz beitragt. Flaologienkdnnen auftreten, wenn dieses Netzwerk durch
genetische Mutationeder beteiligten Proteinederdurchbiomechanische
Fehltelastungn, beispielsweis¥erletzungen oder Adipositasgestort ist.

Die weltweit am haufigsten vorkommenaheiskuloskelettale Erkrankumgg
Arthrose welche sich hauptsachlich durch die Degeneration des artikularen
Knorpels definiert. Heute weil3 man jedoch, das Arthesse multifaktori-

elle Erkrankung ist und als eine Erkrankung des gesamten Gelenks gesehen
werden mussEin Faktorist der Einfluss des sensorischen Nervensystems
auf die Knochenund Knorpelstruktur. Zwei wichtige sensorische Neuro-
transmitter sind die Substanz P, kodiert durchTss1 Gen, undJCGRP.

Wir stellten daraufhin die Hypothese aufsddie Abwesenhdibeider sen-
sorischer Neurotransmitter sowohl das Fortschreiten der Arthrose als auch
die biomechanischekigenschaften des Knorpels verandehn diese Hy-
pothese zu Uberprifen, verwendeten wir ein -I&koockout und ein
UCGRPRknockout Masmodellund induzierta in diesen Mausen zum ersten
Mal posttraumatische Arthrose durch Sektion des medialen meniskotibialen
Bandes (DMMModell). Die UCGRRknockoutMausezeigten im Vergleich
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zum Wildtypen eirfriiheres Einsetzen dérthrose, welches durainen er-
hohten OARSIScore festgestellt wurdAls letztes waren erste Arthrosean-
zeichen beim Tad-knockoutsichtbar.Im Vergleich zum nichoperierten
Knie (Sham) nahndie Knorpelsteifigkeitbeim Wildtyp nach zwei Wochen
auf dem medialen Tibiaplateanech der DMM Operatiorsignifikant zu
Dieser Anstieg wurde jedoctach acht Wochegeringer. Beim Tacknock-

out konnteeine Abnahmeler Steifigkeitin der Superfizialzondeobachtet
werden wahrendder UCGRRknockouteine Zunahme nach zwei und acht
Wochenim Vergleich von DMM zu Shamnzeigte.In beiden Genotypen
wurdeein Anstiegder Steifigkeitn den beidenveiterenZonen beobachtet.
Zu beachten giltdassder Tael knockoutverglichen mit demUCGRP
knockout éne hdhere Steifigkeit in der schejerierten Gruppe zeigte. In-
teressanterweise waren dersten Veranderungen dEiomechanischen,
welchezwei Wochen nach der DMMDperation am medialen Tibiaplateau
auftraten. Weitere Veranderungenwie die Knochenmineraldichte, die
Lange des medialen Tilptateaus, die Osteophytenbildung, die Dicke des
kalzifizierten Knorpels und das Knochenvolumen der Meniskuskndchel-
chen traten erst spater alfiir alle analysierten Parametasnnten wir sig-
nifikante Veranderungen feststell&vir konnten also zeigemjas UCGRP
unddie Substanz P eine modulierende Rafi@ler Knochenund Knorpel-
homoostasemechanikwéhrendposttraumatischeArthrose spielen Von
besondereBedeutungst die zunehmende Steifigkeit in all&norpelzonen
des WildtypshachderIinduktionvon Arthrose durch den DMM EingrifDie
biomechanische Verdnderung muss also als grundlegender pathologischer
Mechanismus von Arthrose verstanden werdarsammefassendveran-
dern sich die biomechanischen Eigenschafteregdtazellularen Knorpel-
matrixnachinduktion einer posttraumatischA@rnthrose tiber das DMMJo-

dell dramatisch, insbesondere unter Einfluss skessorische Nervensys-

tems.
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Die extrazellulare Knorpelmatribst einstark verzweigtesletzwerk aus ei-

ner Vielzahl von Kollagenen und Proteoglykanere Mitglieder derprote-
glykanassozierten MatrilkiFamilie dienenals Verbindungsproteine zwi-
schen Kollagenen und Proteoglykanbtutationen in den Genen von zwei
der vier Mitglieder Matrilinl und-3, sindmit Chondrodysplasie#rthrose

oder anderen Fmen von muskuloskelettalen Erkrankungen assiizEin-

zel oder DoppeknockoutStudien zeigten milde skelettale Phanotypen und
eine Kompensation zwischen den Familienmitgliedern. Daher ist die genaue
Funktion der gesamten Familie noch nicht bekafnfgrund dessen gene-
rierten wir zum ersten Mal einemé&ckoutder gesamten Matrilinfamilie
(Matrilin-1-4). Wir konnten eine Verdickung der Kollagenfasern in der
Waclhstumsplatte und in der Tangentiaind Radidrzonedes artikularen
Knorpels beobachten. Obwatike Fibrillen dicker waren, wurde keilstei-
figkeitsdnderungbeobachtet Nichtsdestotrotz zeigte die Superfizialzone
eine erhohte Steifigkeit bei vier Monate alten Mausen. Im Alter von einem
Jahr war die Steifigkeit d&Superfiziat und Tangentialzonsignifikant ver-
ringert jedoch war die Radiaone bei den Knockotausen steifer. Diese
veranderte Biomechanik kann niidferweise das altersassoziierspon-

tane Auftreten dekniegelenksarthrose denMatrilin 1-4 KnockoutMau-

sen erklaren. Wir verglichastaraufhindiese Ergebnisse mit einem Méutr-

4 knockoutModell. Diese Mause entwickelten einen ahnlichhenhrose

Typ, waswiederumzu der Annahme fuhrt, dass Matridhbei der Aufrecht-
erhaltung der Homoostase des artikuldren Knorpglsrend des Alterns
wahrscheinlich die tragendste Rolle spielt. Spannevelse entwickelte

sich dieMatrilin-1-4-knockoutMausebis a1 einer normalen Grél3e und es
wurde kein offensichtlicher Phanotyp in der Wachstumsplatte beobachtet.
Jedoch konnte eine ver&nderte Anzahl der Lendenwirbel beobachtet werden
Zusammenfassend lasst siglso feststellendass die MatrilifFamilie flr

eine rormale Skelettentwicklungntbehrlich ist, allerdings eine tragende
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Rolle beider Entwicklung der Lendenwirbelsdule spielt. Des Weiteren wa-
ren die biomechanischen Eigenschaften verandert und im Alter trat ein er-
hohtes Risiko fir spontane Arthrose auf. [keanten wir hauptsachlich auf
Matrilin-4 zurtckfuhren.

Ein wichtiges Mitglied der MatrilifFamilie ist Matrilin-3, daMutationen in
diesem Gemit Chondrodysplasieund Arthrose der Handssoziiersind

Es kommt hauptsachlich in knorpeligem Gewebe vat besitzt nur eine
VWA-Domane. Die menschliche Mutation T303M, die der T38utation

in der Mausentspricht, wird miHandarthrosén Verbindung gebracht. Um
diesa Sachverhalten zu begrindgenerierten wizum ersten Mal 298 M-
Matrilin-3-knockin Mauseum mogliche pathologische Mecatiamen zu
entschlisseliwir konnten zeigen, dass dieifigkeit des artikularen Knor-
pelsin derTangential und Radiarzone erhdhvarim Vergleich zum Wild-
typ. Des Weiteren wattie Mutante nach medialer Meniskotibialsektian-
falliger fur Arthrose Zuséatzlich war der Durchmesser der Kodiafibrillen
dicker und die echondraleOssifikation in der proximalen Tibiaar gestort.
Daraus schlossen wir, dass die MatrBinr298M-Mutation tatséchlich zu
einemmurinenPhanotyp fuhrt, der anfélliger fir posttraumatiséindrose

ist. In der Zukunft misseneitere Analysen mit dieseMausmodell durch-
gefuhrtwerden umdie zugrumleliegenden Ursacheufzudecken

In dieser Dissertation konnte gezeigten werden, dass das sensorische Ner-
vensystermachder Induktion vonposttraumatischeArthrose eine groflie
Rolle in der Aufrechterhaltung von d&truktur und der Biomechanik des
artikularen Knorpels spieltass dieMatrilin-3 T298M-Mutation mitmuri-

ner Arthrose assoziiert ishddas die gesamtdatrilin-Familie bei der Auf-
rechterhaltung einer gesunden Biomechadls Knorpels eine tragende

Rolle spielt insbesondere Matrilid.
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ARTICLE INFO ABSTRACT

Keywords: Numerous studies identified a role for the sensory neuropeptides substance P (SP) and alpha calcitonin gene-
Osteoarthritis related peptide (aCGRP) in osteoarthritis (OA) pain behavior. Surprisingly, little attention has been paid on how
Destabilization of the medial meniscus their trophic effects on cartilage and bone cells might affect structural changes of bone and cartilage in OA
Substance P

pathology. Here, we sought to elucidate sensory neuropeptides influence on structural alterations of bone and
cartilage during murine OA pathophysiology. OA was induced by destabilization of the medial meniscus (DMM)
in the right knee joint of 12 weeks old male C57Bl/6J wildtype (WT) mice and mice either deficient for SP
(tachykinin 1 (Tac1)—/—) or aCGRP. By QARSI histopathological grading we observed significant cartilage
matrix degradation after DMM surgery in «CGRP-deficient mice after 4 weeks whereas Tacl —/— scores were
not different to sham mice before 12 weeks after surgery. Indentation-type atomic force microscopy (IT-AFM)
identified a strong superficial zone (SZ) cartilage phenotype in Tacl —/— Sham mice. Opposed to WT and
aCGRP —/— mice, SZ cartilage of Tacl —/— mice softened 2 weeks after OA induction. In Tacl —/— DMM
mice, bone volume to total volume ratio (BV/TV) increased significantly compared to the Tacl —/— Sham
group, 2 weeks after surgery. WT mice had reduced BV/TV compared to aCGRP —/— and Tacl —/— mice after
12 weeks. Increased calcified cartilage thickness and medial condyle diameter were detected in the medial tibia
of all groups 8 weeks after OA induction by nanoCT analysis. Meniscal ossification occurred in all OA groups, but
was significantly stronger in the absence of neuropeptides. Increased serum concentration of the respective non-
deleted neuropeptide was observed in both neuropeptide-deficient mice strains.

Both neuropeptides protect from age-related bone structural changes under physiological conditions and SP
additionally demonstrates an anabolic effect on bone structure preservation in a pathophysiological situation.
Both neuropeptide deficient mice display an intrinsic structural cartilage matrix phenotype that might alter
progression of cartilage degeneration in OA.

alpha-Calcitonin gene-related peptide
Bone
Cartilage

1. Introduction disorders worldwide and was ranked the 11th highest contributor to
global disability in the Global Burden of Disease 2010 study [1]. OA
Osteoarthritis (OA) is one of the most common musculoskeletal constitutes a tremendous social and economic burden for the affected

Abbreviations: OA, osteoarthritis; DMM, destabilized medial meniscus; SP, substance P; aCGRP, alpha-calcitonin gene-related peptide; [T-AFM, indentation-type
atomic force microscopy; pCT, micro-computed tomography; nanoCT, ultrahigh-resolution nano-computed tomography; WT, wildtype; Tacl, tachykinin 1; BV, bone
volume; TV, total volume; CTX-I, carboxy-terminal telopeptide of type I collagen; CTX-II, carboxy-terminal telopeptide of type II collagen; SZ, superficial zone; MZ,
middle zone; DZ, deep zone; TRAcPSb, tartrate-resistant acid phosphatase form 5b
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individual and the worldwide healthcare systems [2]. The outdated
view of OA as a result of wear and tear processes has been replaced and
these days OA is considered to be a disease of the whole joint affecting
tissues like articular cartilage, subchondral bone, the synovium, ad-
jacent ligaments, the meniscus and even muscles, nerves and local fat
pads [3].

Soft tissues as well as bone are innervated by sensory and sympa-
thetic nerve fibers, which are important for proper bone and joint de-
velopment. In bone, sensory nerve fibers containing the neuropeptides
substance P (SP) and alpha-calcitonin gene-related peptide (aCGRP)
were found to be located near blood vessels targeting the periosteum,
bone marrow as well as compact and trabecular bone structures [4].
Distribution of aCGRP-positive nerve fibers showed higher im-
munoreactivity in the epiphysis compared to the metaphysis, where the
nerves were located along trabecular structures. In rat knee joints,
nerves containing «CGRP originating from the periosteum, tendon and
muscle insertions are able to protrude into the surface of the articular
and meniscal cartilage thereby coming in close contact with chon-
drocytes [5]. Additionally, free nerve endings are observed, that are
located in the immediate vicinity of bone cells like osteoclasts, osteo-
blasts and osteocytes. Bone cells as well as chondrocytes (only SP) ex-
press receptors for SP and aCGRP and might be modulated in their
differentiation and function [6]. Furthermore, bone cells as well as
chondrocytes show expression of the neuropeptides (own unpublished
data for aCGRP), creating a local neuropeptide microenvironment in-
dependent from the central nervous system (CNS). Especially chon-
drocytes, tenocytes and osteocytes express SP and its receptor, the
neurokinin receptor 1 (NK1R), acting as mechanosensors implicated in
structure preservation mechanisms of their respective tissues [7-10].
Studies using predominantly mice with altered local neuropeptide
availability demonstrate a clear effect on bone matrix structure. In our
group, we observed that fracture healing was affected in mice with a
deletion of the SP-encoding gene tachykinin 1, but also the biomecha-
nical quality of the non-fractured leg differed from wildtype mice [11].
In mice lacking the expression of aCGRP, Schinke et al. demonstrated
the development of an osteopenic phenotype in the vertebrae at the age
of six months, associated with decreased bone formation [12]. Me-
chanical loading of the right ulna of these mice lead to reduced mineral
apposition responses and new periosteal bone formation [13]. Cap-
saicin treatment of neonatal mice leading to diminished SP and aCGRP
availability altered the adaptive response of bone to tibial compressive
forces [14]. Altogether, these studies indicate a clear role for the sen-
sory neuropeptides in physiological maintenance of bone structure. In
OA, an increase of SP immunochemical staining was observed in areas
of bone erosion and osteophyte remodeling areas, as well as in cells
located in bone cysts and the subchondral bone plate [15,16]. The
appearance of SP and aCGRP has been linked to pain generated in
various joint tissues including the subchondral bone [17]. Furthermore,
SP coupled to self-assembled peptide nanofibers profoundly accelerated
cartilage matrix regeneration by recruitment of mesenchymal stem cells
in a rat OA model [18]. Nevertheless, studies on the influence of SP and
aCGRP on OA-related structural changes in cartilage and bone are rare.
Here, we therefore studied the progression of degenerative changes in
cartilage and bone in mice lacking either the expression of SP (Tacl —/
—)or aCGRP — / — after surgical destabilization of the medial meniscus
(DMM). Our results indicate that sensory neuropeptides deserve more
attention as modulators of OA and non-OA related structural changes in
cartilage and bone.

2. Material and methods
2.1. Animals
The DMM model was described as a testosterone-driven pathology

hence male mice were used in this study [19]. For induction of OA,
8-10 weeks old, male C57Bl/6J (WT) were purchased from Charles
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River Laboratories (Sulzfeld, Germany) and were adapted to standard
housing conditions under a 12 h dark/light cycle until the age of
12 weeks. Age- and sex-matched Tacl — /— (SP-deficient, kindly gifted
from A. Zimmer, University Bonn [20]) and aCGRP -/~ mice (gen-
erated by R.B. Emeson [21], kind gift from T. Schinke/M. Amling,
Eppendorf University Hospital Hamburg) with WT background were
used for comparative analysis. The mice had access to food and water
ad libitum. All animal experiments were approved by the ethical
committee of the local authorities (Regierung von Unterfranken, Ba-
varia, AZ 55.2-2531-2-289, date of approval July 27th 2016).

2.2. Destabilization of the medial meniscus (DMM)

Osteoarthritis was induced following a method described by Glasson
[22]. Briefly, after intraperitoneal anaesthesia with fentanyl, medeto-
midin and midazolam, a 3 mm skin incision was made between the
distal patella and the proximal tibia plateau of the right leg, exposing
the knee joint. The joint capsule was opened with a 1-2 mm incision
medial to the patellar tendon. For induction of OA, the medial me-
niscotibial ligament was dissected carefully after visualization using
micro scissors. Sham surgery was performed in the right knee of the
control group with visualization of the ligament only. Joint capsule and
skin were closed and animals received analgesia (buprenorphine in
0.9% NacCl solution, 0.1 mg/g bodyweight). Immediately after surgery,
animals were allowed to move freely and recover from surgery. After 2,
4, 8 and 12 weeks animals were anaesthetized, blood was collected via
retro-orbital puncture and animals were killed by cervical dislocation.
Knee joints were prepared and stored at —80 °C until pCT analysis
followed by histological analysis. For Atomic Force Microscopy (AFM)
and nanoCT, 6 animals per genotype and time-point (3 DMM/3 Sham)
were euthanized for analysis 2 and 8 weeks after surgery for each
method and prepared as described in the respective section.

2.3. MicroCT analysis

MicroCT (uCT) analysis was performed in cooperation with the
microCT facility of the RCBE (Regensburg Center of Biomedical
Engineering) of the University of Applied Sciences Regensburg. Native
samples were thawed and scanned in air using a Phoenix v tome XS
computer tomograph (GE Sensing & Inspection, Boston, MA, USA; DFG
number: INST 102/11-1 FUGG). Samples were scanned using an x-ray
voltage of 35 kV and x-ray current of 270 pA at 20 X magnification and
10 pum voxel size. FastScan was used for knee joints isolated 4 and
12 weeks after surgery, taking 1 picture per position (1 picture/0.3°
angle). For 2 and 8 weeks after surgery, samples were scanned taking 3
pictures per position. Comparison of both methods showed only little
differences in precision. The software used with the system was the
VGStudio MAX 2.4.0 software (Volume Graphics, Heidelberg,
Germany). Analysis of the medial compartment of the subchondral
bone was performed using the myVGL 3.0 software (Volume Graphics,
Heidelberg, Germany). Bone volume (BV) to total volume (TV) ratio as
well as bone surface (BS) to BV was analyzed in the medial subchondral
bone. The volume of interest (VOI) was adjusted in the medial sub-
chondral bone compartment of the tibia to avoid inclusion of the sub-
chondral bone plate, cortical bone, as well as the growth plate.

2.4. Ultra-high resolution nanoCT analysis

2 and 8 weeks after surgery, knee joints of WT, Tacl —/— and
aCGRP —/— mice were prepared and fixed for 16 h in 4% paraf-
ormaldehyde and stored in 70% ethanol afterwards. Knee joints were
scanned in 70% EtOH using a Scanco pCT 50 (Scanco Medical,
Briittisellen, Switzerland; DFG number: 3230/30009760) device. Two
scans were performed. First, imaging acquisition was conducted at 90
kVp, 88 pA, 6.8 um voxel size, 800 ms integration time, and with a
0.50-mm-thick aluminum filter for beam hardening reduction. The
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images were then used to create a 3D reconstruction and topographical
changes of the calcified cartilage, meniscal ossicles, and potential os-
teophyte formations were qualitatively assessed using the 3D re-
constructions. A higher resolution measurement (2.0 pm voxel size,
1500 ms, 90 kVp, 88 pA) was also performed for each sample. The
optimal threshold was applied according to Scanco's preset settings
(lower threshold: 685.3 mg HA/cm®, upper threshold: 3000 mg HA/
cm?®, Sigma: 0.8, Support 1). After re-orientation with ImageJ version
1.51J8 (NIH, USA), the length of the medial condyle (as an indicator for
osteophyte formation) and the lateral condyle was measured at 300 pm
distally to the growth plate from the surface of the subchondral bone.
The length was defined as the distance from the center of the condyle in
proximity of the trochlear groove to the medial prominence. Bone vo-
lume to total volume (BV/TV) was measured in the medial epiphysis in
a 200 pum region, starting 270 um distal to the surface of the sub-
chondral bone and avoiding encompassing of the subchondral bone
plate, cortical bone, as well as the epiphyseal line. Anterior meniscal
ossicles were contoured manually and segmented using the built-in
Scanco software. The region of interest (ROI) in sham mice was
~600 pum, and in DMM mice ~1600 pm owing to the irregular surface
expansion of the ossicles along the long axis of the tibia. Parameters
were calculated using Scancos bone trabecular morphometry evalua-
tion script (plate model). Calcified cartilage (CC) of the tibial sub-
chondral bone was extracted from the subchondral bone plate semi-
automatically based on differences in greyscale values implementing a
different threshold setting. The lower threshold was set at 396.0 mg
HA/em?, while the Gauss sigma and support were respectively set at 2
and 4, in order to blur out small cavities on the surface of the sub-
chondral bone. The thickness of the CC was then measured with the aid
of Scanco's OpenVMS software. Color maps of the thickness were ob-
tained from the bins of values and subsequent histograms. To enhance
the visualization, the maximum value of the color legends was scaled to
80 pm for all samples. Furthermore, bone mineral density (BMD) of the
medial tibial epiphysis as well as of meniscal ossicles was extracted
from data.

2.5. Indentation—type atomic force microscopy

Atomic force microscopy was solely used in the indentation mode.
For indentation-type atomic force microscopy (IT-AFM), native, non-
fixated knee tissues 2 and 8 weeks after surgery were-snap frozen and
cut in frontal direction into 20 pm slides using a cryotome (Leica CM
1950). The frontal cut revealed the different cartilage zones. To main-
tain tissue integrity throughout AFM measurements, transparent ad-
hesive tape (tesafilm Nr.: 57330-00000) was used to obtain the tissue
sections which were then attached to a glass slide via a double adhesive
tape (tesafilm Nr.: 56661-00002). IT-AFM was carried out using a
NanoWizard I AFM (JPK Instruments, Berlin, Germany) in combination
with an inverted optical microscope (Axiovert 200, Carl Zeiss Micro
Imaging GmbH, Gottingen, Germany) for precise lateral positioning of
the AFM-tip. The influence of external noise was reduced by placing the
whole set-up on an active vibration isolation table (Micro 60,
Halcyonics, Gottingen, Germany) inside a 1 m® soundproof box.
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Indentation experiments were performed with silicone-nitride canti-
levers (MLCT, Cantilever E, Bruker) with a nominal spring constant of
0.1 N/m, a nominal tip radius of 20 nm and a pyramidal tip shape. For
each cantilever the spring constant was determined individually using
the thermal noise method [23]. During measurements, the tissue sec-
tions were immersed in PBS (Biochrom Dulbeccos PBS w/o Mgz*/
Ca®", pH 7.4, Berlin, Germany). Each force map contained 25 % 25
force-indentation curves equally distributed over an area of 3 x 3 pum?.
The vertical tip velocity was 10 pm/s throughout all IT-AFM mea-
surements. The frontal cut allowed the indentation of the individual
cartilage zones (superficial, middle and deep zone, respectively). All
three zones were investigated by IT-AFM using the frontally cut tissue
sections. In total, 6 X 625 force-curves for each cartilage zone, each
genotype and each time-point were assessed on two different sections
per animal. The Young's Modulus was extracted by fitting the Hertz-
Sneddon model for a pyramidal indenter to the approach part of the
force-indentation curves up to an indentation depth of 500 nm, using
the JPK Data Processing Software (Version 5.0.96, JPK Instruments)
[24]. Subsequently, stiffness distributions were generated with the Igor
Pro software (Version 6.3.7.2, WaveMetrics, Portland, OR, USA) and
the two maxima of the bimodal distributions were determined by fitting
a linear combination of two Gaussian distributions to the data [25].
Loparic et al. observed a similar bimodal nano-stiffness in mature ar-
ticular cartilage. This group demonstrated that the first peak can be
attributed to the proteoglycan phase and the second peak to the col-
lagen fibrils [26].

2.6. Histology and OA-score

After pCT scanning, samples were fixed in 4% paraformaldehyde/
PBS for 16 h and decalcified in 20% EDTA/PBS, pH 7.4 for 5 weeks.
Samples were embedded in paraffin and 6 pm frontal sections were
taken using a microtome. For evaluation of cartilage degradation, 5-6
sections in 60-90 pm intervals were deparaffinized, rehydrated and
stained with Safranin O, Weigerts iron hematoxylin and Fast Green and
scored by two blinded, independent observers according to the OARSI
guidelines [27] with little modifications (Table 1). Sections were
scanned with 10 X magnification using the TissueFAXS system (DFG
code: INST 89/341-1 FUGG) from TissueGnostics (Vienna, Austria).
Maximum OARSI scores of the medial femur condyle and the medial
tibia plateau were averaged and are displayed in the graphs.

Furthermore, medial tibial osteophyte size (0 = none, 1 = small,
approx. same thickness as the adjacent cartilage, 2 = medium, 1-3 x
the thickness of the adjacent cartilage, 3 = large, > 3 x the thickness
of the adjacent cartilage) and maturity (0 = none, 1 = predominantly
cartilaginous, 2 = mix of cartilage and bone, 3 = predominantly bone)
were evaluated in the same sections used for the OARSI score according
to the grading system developed by C. Little [28]. Size and maturity
scores were each averaged over the number of sections analyzed per
animal and recorded. In addition, the sum of both scores is presented.

Table 1

OARSI guidelines for assessment of murine cartilage degradation (modified after [27]).
Grade Osteoarthritic damage
0 Normal
0.5 Loss of Safranin O staining without structural changes
1 Small fibrillations without loss of cartilage/uneven surface
2 Vertical clefts and erosions down to the layer immediately below the superficial layer and some loss of surface lamina
3 Vertical clefts/erosions to the calcified cartilage < 25% of the articular surface
4 Vertical clefts/erosions to the calcified cartilage 25-50% of the articular surface
5 Vertical clefts/erosions to the calcified cartilage 50-75% of the articular surface
6 Vertical clefts/erosions to the calcified cartilage > 75% of the articular surface
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2.7. Immunohistochemistry for neuropeptide receptor expression

Sections were deparaffinized and rehydrated. Antigen retrieval for
the calcitonin receptor-like receptor (CRLR) and receptor activity
modifying protein 1 (Rampl) was performed in 0.1 M citric acid buffer
{pH 6) in a water bath at 60 °C for 24 h. For the neurokinin receptor 1
staining, sections were digested enzymatically by a sequential treat-
ment with 0.05% proteinase XXIV (#P8038, Sigma Aldrich, St. Louis,
MO, USA) for 10 min followed by 0.1% hyaluronidase (#H3506, Sigma
Aldrich, St. Louis, MO, USA) treatment for 90 min at room temperature
{RT). Endogenous peroxidase was blocked with 3% peroxide for 10 min
at RT followed by blocking of unspecific binding using 5% goat serum
{#ab7481, Abcam, Cambridge, UK) in TBS + 0.1% Tween-20 for 1 hat
RT. CRLR was detected using a polyclonal rabbit (rbt) anti-mouse an-
tibody from Bioss {dilution 1:1000, #1860R, Boston, MA, USA) diluted
in Signal Stain Antibody Diluent from Cell Signaling (#8112,
Cambridge, UK). Polyclonal rbt IgG was used as isotype control
{#NB81056910, Novus Biologicals, Centennial, CO, USA). NK1R was
stained using monoclonal rbt anti-mouse NKIR antibody from Abcam
{dilution 1:1000, #ab183713) and Rampl was detected using mono-
clonal rbt anti-mouse Rampl antibody from Abeam {dilution 1:1000,
#abl156575), both diluted in Signal Stain Antibody Diluent.
Monoclonal rbt IgG isotype control was purchased from Abcam
{#abl172730). Sections were incubated with primary antibodies over
night at 4 °C. Primary antibodies were detected with the ready-to-use
Signal Stain Boost IHC Detection Reagent from Cell Signaling (#8114)
for 30 min at RT and signal detection was performed using the 3,3"-
Diaminobenzidine (DAB) Liquid Substrate System tetrahydrochloride
from Sigma Aldrich (#D7304). Nuclei were counterstained with he-
matoxylin (#1.05174.0500, Merck, Darmstadt, Germany) and sections
were mounted with Roti Mount Aqua (#2848, Roth, Karlsruhe,
Germany). Sections were scanned with 20X magnification using the
TissueFAXS system from TissueGnostics. Nuclei located in the meniscus
were counted for absolute cell numbers and cells with a brown staining
representing receptor-positive cells were counted manually by a
blinded observer to prevent bias. Counting was performed using the
counting tool from Adobe Photoshop CS4 (San Jose, CA, USA) that
prevents double-counts and omissions. Staining was assessed as positive
when the cell was significantly darker compared to the isotype control
but there was no discrimination between a weaker and a stronger
staining. Positive cells were presented as percentage of absolute cell
numbers thus eliminating confounding effects of varying meniscus size
{assuming proportional variation in absolute cell numbers) in the dif-
ferent sections. This method of quantification allows a reliable com-
parison of receptor staining in the different groups [29].

2.8. Osteoclast steining and evaluation

Sections were deparaffinized, rehydrated and stained for tartrate-
resistant acid phosphatase {TRAP) using the “Acid phosphatase, leu-
kocyte {TRAP) Kit” from Sigma (ST. Louis, MO, USA). Use of the tar-
trate solution included into the kit assured specific staining for TRAP
apart from other acid phosphatases. Sections were scanned at 20 X
magnification using the TissueFAXS system {DFG code: INST 89/341-1
FUGG) from TissueGnostics (Vienna, Austria). Adobe Photoshop CS4
{San Jose, CA, USA) was used to manually count osteoclasts in the four
compartments of the subchondral bone (medial femur condyle/tibia
plateau, lateral femur condyle/tibia plateau) and to determine the
length of the respective bone surface. Three sections through the weight
bearing region and one section in the non-bearing region (proximal to
the patellar region) were analyzed. Only cells with a red-brown staining
directly attached to the bone surface were counted as osteoclasts.

2.9. Serwn analysis

Blood was collected by retroorbital puncture from anaesthetized
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mice and serum was collected after centrifugation. Enzyme-linked im-
munosorbent assays were used to measure expression of the neuro-
peptides SP {#ADI-900-018, Enzo Life Sciences, Farmingdale, NJ, USA)
and «CGRP (#EK-015-09, CGRP rat/mouse Enzyme Immunoassay
{EIA) Kit, Phoenix Pharmaceutical Inc., Burlinghame, CA, USA). Murine
tartrate-resistant acid phosphatase form 5b (TRAcP5b, MouseTRAP™,
SB-TR103, IDS Immunodiagnostic Systems, Frankfurt/Main, Germany)
and carboxy-terminal telopeptide of type 1 collagen (CTX-L,
CEA665Mu, Cloud-Clone Corp., Houston, TX, USA) were analyzed as
markers for osteoclast activity and bone degradation respectively, ac-
cording to the manufacturer instructions. Serum interleukin-1f (IL-1()
concentrations were analyzed using the Mouse IL-1 beta/IL-1F2 DuoSet
ELISA {DY401-05) in conjunction with the DuoSet Ancillary Reagent
Kit 2 {DY008, both R&D systems by Bio-techne, Minneapolis, MN,
USA). Carboxy-terminal telopeptide of type II collagen {CTX-II) was
analyzed in urine samples using the urine preclinical CartiLaps (CTX-II)
EIA from IDS (#AC-09F1). CTX-II values were related to urinary crea-
tinine measured with the creatinine (urinary) colorimetric assay kit
from Cayman Chemicals (#500701, Ann Arbor, MI, USA).

2.10. Statistical analysis

A power analysis was performed to determine the number of ani-
mals for this study using the G*Power software {Heinrich-Heine
University Diisseldorf, [30]) assuming a standard deviation of 20% and
a power of 80%. For the key variable, the histopathological OARSI score
of paraffin sections, 6 animals per group were calculated using the
Wilcoxon-Mann-Whitmey Test {two groups, two tailed, normal parent
distribution) to assure that means differ with a probability of error of
a = 0.05. Higher standard deviation of cCGRP —/— mice for the key
variable BV/TV in the uCT analysis required 8 animals per group.

GraphPad prism 6 {San Diego, CA, USA) was used to prepare all
graphs and to perform statistical analysis. One-way analysis of variance
{ANOVA) was applied to analyze if means of the various groups (for one
time point) differed significantly from each other. Following statisti-
cally significant group comparison using ANOVA, Bonferroni post-hoc
test was applied to test which means of selected groups differ sig-
nificantly. Group comparisons for tibial condyle diameter, BMD of tibial
epiphysis and meniscal ossicles as well as calcified cartilage thickness
were analyzed using two-way ANOVA followed by Tukey post-hoc test
that is more robust for larger number of comparisons. p values < 0.05
were considered statistically significant. The ratio of serum SP con-
centrations of «CGRP—/— mice and serum «aCGRP—/— concentra-
tions of Tacl —/— mice to serum concentrations of respective WT
groups {set to 1) were analyzed using the Wilcoxon signed rank test that
allows comparisons of values to hypothetical values. A 2-sided t-test of
independent samples was used to compare surgery-related or genotypic
differences of the 1st {proteoglycan) or the 2nd (collagen) peak ob-
tained by IT-AFM. All results are depicted as box plots showing the
mean and the upper and lower interquartile range with whiskers en-
compassing the minimum and the maximum wvalue of each group.
Results of the nanoCT analysis are presented as bars showing the mean
and the standard error of the mean (SEM). Results of atomic force
microscopy are presented in histograms and bars representing
mean * SEM.

3. Results
3.1. Neuropeptides as serum markers for osteoarthritis

To evaluate the eligibility of SP and «CGRP as serum biomarkers for
OA pathology, we determined the concentration of both neuropeptides
in the serum of WT DMM and Sham mice, 2 and 12 weeks after OA
induction. We did not detect significant OA-related differences in SP
and aCGRP serum concentrations in WT mice. By trend, SP con-
centration was reduced 2 weeks after DMM surgery in WT mice
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Fig. 1. Impact of murine OA progression on serum concentrations of sensory neuropeptides. A, B) Concentrations of SP (A) and aCGRP (B) in the serum of WT mice at
2 and 12 weeks after DMM or Sham surgery. N = 6-8. C, D) SP concentration in the serum of aCGRP—/— mice (C) and aCGRP concentrations in the serum of
Tacl —/— mice (D) at 2 and 12 weeks after DMM and Sham surgery. N = 6-8. E, F) Ratio of serum SP concentrations of «aCGRP —/ — mice (E) and serum aCGRP
concentrations of Tacl —/ — (F) to respective serum concentrations of WT mice at 2 and 12 weeks after DMM and Sham surgery. Wilcoxon signed rank test compared

tol. *p < 0.05, **p < 0.01.N = 6-8.

(Fig. 1A). aCGRP concentration was by trend reduced over time from 2
to 12 weeks after surgery but was unaffected by OA induction (Fig. 1B).
Additionally, we determined SP concentrations in the serum of
aCGRP—/— mice 2 and 12 weeks after either DMM or Sham surgery
without detecting a DMM effect. Instead, SP concentrations decreased
significantly from 2 to 12 weeks after Sham surgery (Fig. 1C). aCGRP
concentrations in serum of Tacl—/— mice displayed no DMM or age-
related effects (Fig. 1D).

Of note, when we compared serum SP concentrations of aCGRP— /
— mice to SP concentrations of WT mice in the corresponding OA and
non—0QA groups, we observed almost 4 times higher SP concentrations
in the ¢«CGRP—/— DMM group compared to WT DMM early after
surgery (2 weeks, Fig. 1E). From 2 to 12 weeks, the serum SP con-
centrations decreased below the average WT serum SP level (Fig. 1E).
This effect was not affected by OA induction. Contrarily, serum aCGRP
concentrations of Tacl—/— mice were elevated compared to re-
spective WT serum after 2 weeks and continued to increase until
12 weeks after surgery in a non—OA related fashion (Fig. 1F).

3.2. aCGRP deficiency accelerated onset of cartilage matrix degradation
after OA induction

Cartilage matrix destruction was evaluated in Safranin-O stained
knee joint sections throughout all time-points. Fig. 2A shows re-
presentative images of frontal knee joint sections from WT, Tacl —/—
and aCGRP—/— mice at 2 weeks after Sham and at 2, 4, 8 and
12 weeks after DMM surgery. As early as 4 weeks after surgery, we
observed an increased degradation of articular cartilage matrix in the
medial knee joint compartment of cCGRP—/— DMM mice compared
to their respective Sham group, but not in the WT and Tacl — /— group
(Fig. 2B). OARSI score of WT DMM mice increased significantly com-
pared to WT Sham mice by 8 weeks with no additional increase up to
12 weeks. Cartilage destruction of Tacl —/— DMM mice reached sta-
tistical significance in the late OA stage, 12 weeks after DMM surgery
(Fig. 2B).

In addition, we evaluated serum levels of IL-1B known as main
driver for cartilage destruction. We did not observe differences in WT
mice serum levels nor in serum levels of neuropeptide deficient animals
between early (2wks) and late (8 wks) OA or in respective Sham mice
(Fig. 2C).

3.3. Neuropeptide deficient mice display inherent cartilage phenotypes
leading to altered cartilage biomechanical properties

Biomechanical analysis of the different cartilage matrix zones using
IT-AFM (Fig. 3A) highlighted inherent differences in cartilage matrix
stiffness for Tacl — /— mice. At 2 and 8 weeks after surgery, superficial
zone (SZ) cartilage matrix stiffness of Tacl —/— Sham mice was sig-
nificantly higher compared to WT and aCGRP—/— Sham mice
(Fig. 3B, C). That effect was analyzed in the proteoglycan as well as in
the collagen proportion of the cartilage matrix (Fig. 3 D, E). Induction
of OA decreased SZ proteoglycan and collagen matrix stiffness in
Tacl— /— mice after 2 weeks, whereas in contrast, OA induction pro-
voked an increase in SZ cartilage matrix stiffness in WT and «CGRP —/
— mice compared to Sham (Fig. 3B, D, E). After 8 weeks, SZ cartilage
matrix stiffness of WT and aCGRP —/— DMM mice remained increased
compared to Sham, whereas in Tacl —/— mice the stiffness of DMM
and Sham SZ cartilage matrix was more or less similar (Fig. 3C) espe-
cially in the collagen fraction (Fig. 3E).

Middle zone (MZ) cartilage matrix stiffness increased 2 weeks after
DMM induction in all genotypes (Fig. 3D, E, Supplementary Fig. S1A)
and remained higher after 8 weeks in the neuropeptide deficient DMM
mice (Fig. 3D, E, Supplementary Fig. S1B). Additionally, deep zone (DZ)
cartilage matrix stiffness was increased in all genotypes at 2 weeks after
OA induction, but the effect was strongest in WT DMM mice (Fig. 3D, E,
Supplementary Fig. S2A). From 2 to 8 weeks after OA induction, in
Sham WT mice DZ cartilage matrix stiffness increased largely whereas
effects were less strong in neuropeptide deficient Sham mice. However,
collagen stiffness of ®CGRP —/ — mice was increased (Fig. 3D, E). Thus,
in comparison to Sham, DZ cartilage matrix stiffness appeared reduced
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