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Zusammenfassung

Als Vorlauferzellen von Osteoklasten spielen Makrophagen wahrend der Osteogenese
eine wichtige Rolle. Bei Patienten mit Osteoarthrose (OA) ist der balancierte Prozess
aus Knochenaufbau, -umbau und -abbau im betroffenen Gelenk gestort.
Mechanorezeption von Zellen ist unabdingbar fur Wachstumsprozesse und den
Gelenkaufbau, wahrend pathologischer mechanischer Stress Entzindungen und
Krankheiten wie OA verursachen kann. Die sensiblen Neuropeptide Substanz P (SP)
und a-calcitonin gene-related peptide (aCGRP), die eine hohe Spezifitat fur den
Neurokinin-1 Rezeptor (NK1R) beziehungsweise den calcitonin receptor-like receptor
(CRLR)/ receptor activity-modifying protein (RAMP) 1 aufweisen, sind an der
Physiologie der Gelenke sowie an mit Arthrose assoziierten, degenerativen Vorgangen
beteiligt und regulieren die Osteoklastogenese. SP und NK1R als Teil des Tachykinin-
Systems wurden in anderen Zellen, z.B. Tenozyten, bereits als mechanoresponsiv
beschrieben. Unter Beachtung dieser Mechanismen war das Thema dieser Arbeit, die
Auswirkung der Kombination von mechanischer Belastung und der Stimulation mit
Neuropeptiden auf das metabolische Verhalten von murinen Makrophagen zu

untersuchen.

Makrophagen der murinen Zelllinie RAW 264.7 wurden zyklischer mechanischer
Dehnung ausgesetzt. Die Genexpression der Neuropeptidrezeptoren wurde mittels
RT-PCR-Analyse untersucht und die Proteinexpression der Neuropeptide per Western
Blot und ELISA analysiert. Das metabolische Verhalten der Makrophagen wurde nach
erfolgter mechanischer Belastung anhand von Apoptose, Proliferation und Adhasion
charakterisiert, sowohl mit als auch ohne Neuropeptidstimulation. Die Expression von
Makrophagen-Polarisationsmarkern und Genen, assoziiert mit der
Osteoklastogenese, wurden nach zyklischer mechanischer Dehnung untersucht. Die
Stimulation mittels Neuropeptiden wurde an primaren murinen

Knochenmarksmakrophagen nach der chirurgischen Induktion von OA wiederholt.

Diese Studie zeigt die Beteiligung der Neuropeptide SP und aCGRP sowie deren
Rezeptoren bei der Mechanotransduktion- und regulation von Makrophagen. Die
Mechanoregulation tber den aCGRP-CRLR/RAMP1-Komplex wurde damit zum
ersten Mal nachgewiesen. Unsere Ergebnisse weisen zudem auf die Regulierung von

RAMP1 unter mechanischem Stress hin. In Ubereinstimmung mit den Ergebnissen



anderer Forschungsgruppen konnten wir eine autokrin vermittelte negative

Feedbackschleife des SP/NK1R-Signalweges beobachten.

Des Weiteren zeigten Makrophagen, die mechanischer Belastung ausgesetzt waren,
eine erhohte Caspase 3/7-vermittelte Apoptose und eine reduzierte Adhasion unter
Stimulation mit aCGRP, was auf einen Schutzmechanismus gegeniber schadlichen
Entziindungsprozessen in Form von erhohter Apoptose und reduzierter Migration der
Makrophagen hinweisen konnte. Die nach Belastung beobachtete M1-Polarisierung
lasst Ruckschlisse auf eine proinflammatorische Aktivitdt mechanisch belasteter
Makrophagen zu. Ob und auf welche Weise dies Makrophagen unter in vivo-
Bedingungen betrifft, bleibt noch ungeklart. Zusatzlich konnten wir nach mechanischer
Belastung eine erhdhte Genexpression des RANK-Rezeptors beobachten, was die
Vermutung nahelegt, dass mechanischer Stress das Osteoklastogenesepotenzial von

Makrophagen erhoht.

Weiterfuhrend scheint die experimentelle Induktion von OA die Mechanotransduktion
von murinen Knochenmarksmakrophagen (KMM) zu beeinflussen, da wir in KMM acht
Wochen nach chirurgischer Arthroseinduktion eine erhoéhte Apoptoserate unter
mechanischer Belastung im Vergleich zu KMM von Sham-operierten Mausen
nachweisen konnten. Daraus ergibt sich die These, dass OA eine veranderte zellulare
Biomechanik induzieren kann und somit Makrophagenpopulationen beeinflusst. Die
zugrundeliegenden Mechanismen sind noch nicht bekannt. Zukinftige Studien
konnten dazu beitragen, Regulationsprozesse der veranderten Zellreaktivitdt unter
mechanischem Stress zu identifizieren und damit neue Behandlungsmdglichkeiten bei
OA zu entwickeln. Insbesondere pathologische Signalwege der Mechanoregulation im
Zusammenspiel mit der Neuropeptidsensitivitat von Makrophagen kdnnten dabei von

Bedeutung sein.



1 Introduction

1.1 Mechanosensing and mechanotransduction

In the process of mechanotransduction, mechanical stimuli are converted to electrical
or biochemical signals. These stimuli can either be extrinsic (e.g. vibration, touch,
pressure, tension, stretch or gravity) or of intrinsic origin (e.g. muscle contraction, body
movement). Mechanoreceptors that can detect and process these signals are located
on the cell membrane of skin cells, on cells of all organs and tissues.
Mechanoreception is indispensable for sensation and regulation of biological

processes.

1.1.1 Receptors and signaling pathways

To induce an effect on cells upon application of mechanical loading, mechanoreceptors
need to be stimulated. These receptors detect mechanical stimuli (e.g. pressure or
stretching), and in a process of mechanoreception and -transmission, transfer this
information from the cell membrane directly to the cytoskeleton and the cell organelles
[1]. Mechanoreception is not only limited to the binding kinetics between receptor and
ligand, but also to the formation and dissociation velocity of the complex that control
the frequency parameters of the sensed force. Chen et al. summarised six different
modification types of the mechanosensitive domains in response to applied force: 1)
deformation of the receptor protein, 2) relative displacement and consecutive channel
opening or closure, 3) hinge movements such as in integrins, 4) unfolding or
unmasking, 5) translocation and rotation and 6) rearrangement of clustered proteins
[2]. By mechanotransduction, the mechanical signal is converted into a nervous
impulse or translated into a biochemical or electrical potential, leading to a change in
cell behavior [2—4]. This is provided via activation of ion channels sensitive to force or
membrane proteins [5]. Various cellular proteins seem to be involved in
mechanosensing and -transduction processes, for example cytoskeletal components,
such as actin filaments and microtubuli, adaptor and scaffolding proteins, such as talin
and vinculin, as well as kinases [2,3,5]. An important role in mechanical signaling
pathways play calcium ions. In response to increasing intracellular levels, they bind to
calmodulin, where upon calmodulin-dependent kinase Il becomes active and regulates
cell behavior such as proliferation, migration or apoptosis [6—8]. Apart from protein
kinase C (PKC), which follows the same activation pathways as Ca?* via Gq receptors,

tyrosine kinases such as Src, mitogen-activated protein kinases (MAPK), c-Jun-N-
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terminal kinases (JNK) and focal adhesion kinases (FAK) may contribute to signaling
processes induced by the application of mechanical force [2,9]. Furthermore,
mechanical cellular stimulation has been demonstrated to result in higher cyclic
adenosine monophosphate (cCAMP) and inositoltriphosphate (IP3) levels, as well as
nuclear factor-kappa-B (NF-kB) nuclear translocation [10,11]. Biomechanical loading
and mechanosensing are important for physiological growth and maturation, whereas
at pathological dosages inflammation and disease are more likely to occur [5,12-14].
This can be seen in bone metabolism, where loading is an important regulator of bone
strength and turnover. Without mechanical stimulation, bone metabolism might be
downregulated and result in osteoporosis and fragility fractures. An overload of
mechanical stress could also facilitate degeneration, as seen in osteoarthritis (OA)
[13-15].

1.1.2 Sensory nerve fibers and neuropeptides as mechanoreceptors
Mechanoreception in peripheral tissues is processed by sensory nerve fibers. A
change in the membrane potential in response to physical stress causes a receptor
potential and further encodes an action potential that is transferred to the central
nervous system. Mammalian mechanoreceptors display a broad morphological
complexity, ranging from unbranched nerve endings without any specialization to
complex structures like Meissner and Pacinian corpuscles in the skin [16]. Peripheral
nerve fibers are critically involved in bone metabolism, vascularization and matrix
differentiation as during embryonic limb development, thereby fulfilling a decisive role
in modulating musculoskeletal growth, repair and pathophysiology [17,18].

At a cellular level, mechanoreception is mediated via a deformation of the extracellular
matrix or a mechanoresponsive system containing neuropeptides and their receptors.
Of interest for this work are the two nociceptive neuropeptides associated with sensory
nerves: substance P (SP), belonging to the tachykinin family, and alpha-calcitonin
gene-related peptide (aCGRP). These neuropeptides are either released from
peripheral nerve fibers or secreted by local tissue cells and regulate joint physiology
[19]. Several studies indicate that sensory neuropeptides and their receptors allow
various cell types to process biomechanical stimuli. Mechanosensing neurokinin-1
receptors (NK1R) that bind SP were detected on human chondrocytes by Millward-
Sadler and colleagues [20]. Mechanical stimulation with 0.33 Hz initiated a
mechanotransduction process in the cell and is used to measure the effect of SP on

10



chondrocytes. After stimulation with SP, a hyperpolarization of the cell membrane was
observed, and this phenomenon was lacking in chondrocytes derived from SP knock-
out mice. Blockade with a NK1R antagonist inhibited the cell response to mechanical
signals. Additionally, the group observed an elevated SP production following
mechanical stimulation. In a consecutive study, the group around Millward-Sadler
found an upregulation of the tachykinin 1 gene expression encoding SP in OA
chondrocytes [12]. This indicated the involvement of SP in OA, a joint pathology with
underlying aberrant biomechanics. Osteocytes, which are the most abundant and main
mechanosensing bone cells, were demonstrated to express the NKI1R receptor
[21,22]. The group of Ytteborg examined atlantic salmon osteocytes and osteoblasts
exposed to loading and SP stimulation and suggested an initializing role of SP in
mechanically-induced bone formation [22]. Furthermore, Backman et al. detected the
expression of NK1R on human tenocytes and observed an increased tenocyte
proliferation and metabolic activity after SP stimulation [23]. Capsaicin treatment of
mice which leads to a reduced sensory nerve function and therefore a decrease of SP
and aCGRP levels, affected the bone adaptation after tibial compression [24].
Additionally, ulnar loading of aCGRP knockout mice resulted in an altered bone
turnover compared to controls [25]. Yet, it is still unknown whether the calcitonin
receptor-like receptor (CRLR) is able to mediate biomechanical signals resulting in an
altered aCGRP response, similar to the effects described for the tachykinin system.
There are no studies to date that examine neuropeptide signaling in the context of
macrophage mechanoreception and in diseases with altered biomechanics, such as
OA.

1.2 Macrophages respond to biomechanical loading and sensory

neuropeptide stimulation

Macrophages are highly plastic cells with various tasks and abilities, ranging from
immunological functions to providing the osteoclast precursor pool. Their ability to
adjust their cell shape and phenotype dependent on endogenous and exogenous
factors makes them unique and explains the importance of macrophage functions.
Macrophages are regulated by numerous molecules including cytokines, chemokines
and neurotransmitters, and they may also react to mechanical forces such as tension
or stretch appearing in the bone, lung, heart or vasculature. To perform their eminent

task in immune responses, macrophages can acquire a multitude of different
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phenotypes. Broken down to a simple classification, there are two main phenotypes:

the pro- and the anti-inflammatory macrophages (Fig. 1.1).
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Figure 1.1. Schematic representation of macrophage polarization spectrum. Representation of the
M1/M2 polarization states of active macrophages. Proinflammatory M1 macrophages guide acute
inflammatory processes such as in tissue injury and act as a defense against intracellular pathogens.
M2 macrophages have modulator functions in wound healing and provide an anti-inflammatory immune
response. Macrophage phenotypes can be viewed as a continuum between the extreme M1/M2
polarization states, thereby maintaining and optimizing tissue homeostasis. Adopted from [26].

Proinfammatory M1 macrophages are classically activated, e.g. through
lipopolysaccharides [27], and they release cytokines like tumor necrosis factor alpha,
(TNF-a), interleukin (IL) 6 and inducible nitric oxide synthase (iINOS) and protect the
body cells from bacteria, fungi and microbes by phagocytosis [27-30]. Alternatively-
activated M2 macrophages produce numerous growth factors and induce the
production of extracellular matrix in skin fibroblasts or epithelia for tissue repair and
remodeling [27,30-33]. M2 polarized macrophages express cytokines like IL-10,
mannose receptor (MRC-1) and kruppel-like factor (KLF) 4. Apart from cytokines,
microbes and tissue architecture are able to affect macrophage polarization and

phenotype [34].

1.2.1 Mechanoresponsiveness of macrophages

Although the elucidation of mechanical signaling pathways of various cell types is a
topic that is frequently dealt with, there are only few experiments concerning
mechanical stress on macrophages. An important difference from macrophages to

other examined tissue cells is their high motility and migration ability to the sites of
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action, where their function is required, e.g. in wound healing or infection. Macrophage
mobility is provided by their adhesion to the extracellular matrix which is further
mediated by B-integrins and scavenger receptors which has been demonstrated in the
murine RAW 264.7 macrophage cell line [27,35]. Additionally, podosomes transduce
biomechanical signals to the macrophage cytoskeleton and support macrophage key
functions, like migration and invasion by providing a higher dynamic and adaptable
stability [27]. Due to their broad exposure and reactivity to mechanical forces, the
mechanotransduction chains and subsequent behavioral changes of macrophages are
of special research interest. It is known that the formation of osteoclasts, derived from
macrophage precursor cells, is modulated by mechanical loading (see 1.2.3). In
macrophages derived from human peripheral blood mononuclear cells, Ballotta et al.
observed a dose-dependent effect of stretching on the macrophage phenotype:
experimental conditions using a high 12 % strain indicated the predominance of pro-
inflammatory M1 macrophages, whereas loading with 7 % strain resulted in an
elevated anti-inflammatory activity [36]. Experiments like these underline the
differential effects of forces ranging from physiological to pathological amplitudes. In
general, mechanically loaded macrophages presented a higher cytokine release than

unloaded cells [37] and an increased gene expression of INOS, IL-6 and IL-1[3 [38].

In addition to mechanical loading, macrophage polarization is likewise determined by
environmental factors such as matrix stiffness, surface roughness, porosity and
viscosity [39]. A rougher surface increased M2 gene expression of bone marrow-
derived macrophages [40]. In particular, stiff substrate surfaces promoted varying
macrophage phenotypes [39]. An increased phagocytic activity, indicating a pro-
inflammatory polarization, was observed by Rosenson-Schloss et al. by applying shear
stress on murine macrophages and by Mattana and colleagues using pressure [41,42].
Furthermore, Mattana et al. demonstrated that uniaxially stretched murine
macrophages had less phagocytic activity than unstrained controls [43]. Additionally,
mechanical loading results in morphological changes of macrophages, promoting
either a vacuolized cell form or elongation, and alters gene expression, protein

synthesis and enzyme activity [39].

1.2.2 Macrophages and sensory neuropeptide stimulation
How sensory neuropeptides in combination with mechanical stress affect

macrophages has yet to be studied. Experiments display varying results concerning
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macrophage polarization induced by neuropeptide treatment. In general, SP and
aCGRP treatment increased the release of proinflammatory cytokines from mouse
peritoneal macrophages [44]. SP stimulation of RAW 264.7 macrophages activated
proinflammatory pathways and increased chemokine production [45]. Moreover,
during bacterial corneal and CNS infections, SP induced proinflammatory actions [46—
48]. In contrast, SP stimulation caused a shift towards anti-inflammatory M2
macrophages in experiments examining RAW 264.7 macrophages [49] and diabetic
rodent wounds [50].

Furthermore, SP stimulation increased reactive oxygen intermediate production by
airway macrophages [51]. Experiments of our group revealed an immediate increase
in reactive oxygen species (ROS) activity after stretching and SP stimulation, but a
ROS decrease after prolonged stimulation [52]. Furthermore, SP stimulation leads to
an increased phagocytosis and chemotactic capacity of macrophages, as well as
cytokine production [53]. Overall, James and Nijkamp suggest that SP might be
involved in a variety of stress-induced responses of macrophages [54].

Stimulation with aCGRP prevented macrophage activation and inhibited hydrogen
peroxide production, thereby influencing the macrophage immune response [55].
Yaraee et al. observed a reduced lymphocyte proliferation due to an inhibited
macrophage antigen presentation in the presence of CGRP [56]. CGRP stimulation
suppressed the DNA synthesis of murine airway macrophages and enhanced cAMP
levels in rat alveolar macrophages [57,58]. It further inhibited the phagocytic capacity
of RAW 264.7 macrophages [59]. Mapp et al. demonstrated an enhanced endothelial

cell proliferation in vivo after CGRP injection in rat knee joints [60].

Murine bone marrow macrophages (BMM), the primary cells used in this work, express
the SP and CGRP receptors NK1R [61] and CRLR [62] respectively, and the murine
macrophage RAW 264.7 cell line is influenced by SP and CGRP stimulation [63,64].

1.2.3 Impact of mechanical loading on macrophages as osteoclast
precursors

In the context of bone metabolism and joint physiology, macrophages are of interest

as they are not only key effector cells of innate immunity but also provide the precursor

pool for osteoclasts, the bone matrix degrading cells.
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In the process of bone remodeling, bone formation is achieved through osteoblast
matrix production. Bone resorption is mediated by osteoclasts, which differentiate at
the bone surface from macrophages, forming a polykaryon (Fig. 1.2). To induce
osteoclastogenesis, colony-stimulating factor (CSF) and receptor activator of nuclear
factor k-B ligand (RANKL) are essential, as they induce osteoclast-typical genes
encoding for tartrate-resistant acid phosphatase (TRAP), cathepsin K, calcitonin
receptor and B3-integrins [65]. Ligand binding to RANK leads to osteoclast activation
by rearrangement of the actin cytoskeleton. Tight junctions between the cell membrane
and the bone surface form an isolated compartment, the sealing zone, which is
stabilized by an actin ring, consisting of specific podosome patterns. The release of
hydrogen ions in this vacuole creates acidification, and enzymes like TRAP or
cathepsin K increase the lysis of the surrounding osseous tissue. Matrix degradation
in the sealing zone causes resorption pits known as Howship’s lacunae. The typical
ruffled border of the osteoclast develops from intracellular vesicle fusion and supports
protease release and bone matrix acidification. Molecular degradation fragments such

as minerals and peptides are digested directly in the osteoclast cytoplasm [65—-68].

Hematopoietic Osteoclast Mononucleated Multinucleated Bone-resorbing
stem cells precursor cells osteoclasts osteoclasts osteoclasts
(CFU-M)
M-CSF RANKL
Osteoblasts

/stromal cells

Figure 1.2. Osteoclast differentiation. In the presence of macrophage colony-stimulating factor (M-
CSF), the hematopoietic stem cell differentiates to a macrophage colony-forming-unit (CFU-M).
Receptor activator of nuclear factor-kB ligand (RANKL) induces the fusion of precursor cells by binding
to RANK, thereby activating osteoclasts. Mature bone resorbing osteoclasts form a sealing zone on the
bone surface and release hydrogen ions leading to bone lysis. In the picture, the vacuole called
Howship’s lacuna and the ruffled border of the osteoclast are depicted. Modified from [69].

This study focuses on macrophages, the osteoclast precursor cells, and their reaction
to biomechanical stress. It is known that the formation of osteoclasts is modulated by
mechanical loading. Yet, the effect of mechanical stress applied to precursor cells and
mature osteoclasts seems to vary depending upon the loading mode used to apply
mechanical force and loading parameters, such as frequency and duration [70-73].

Ma et al. reviewed direct and indirect effects of fluid shear stress, compressive force
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and microgravity on osteoclastogenesis and reported only increasing effects that
promoted bone resorption, as a consequence of physical force [74]. Kurata et al.
observed that osteoclasts showed a higher mRNA expression rate of TRAP and
cathepsin K after stretching. The group hypothesized that a stretch-activated cation
channel might be responsible for the increased osteoclastogenesis and subsequent
bone resorption. In fact, blockade of this channel abrogated the effects described
above. Mechanical stress might affect bone degradation rather by an increase in the
number of active osteoclasts than a higher activity of the individual osteoclast [73]. Li
et al. studied dynamic knee loading in a osteoarthritic mouse model and, contrary to
the previously mentioned studies, they observed a total suppression of osteoclast
differentiation and bone resorption in the subchondral bone, leading to a thickening of
the subchondral bone plate [75]. Guo and colleagues observed a restrained
osteoclastogenic differentiation potential of RAW 264.7 macrophages after loading
[76]. Yoo et al. compared the effects of mechanical loading and additional CGRP
stimulation and found a similar depressing effect on bone resorption [77]. The group
of Xu demonstrated a magnitude-dependent osteoclastogenic regulation of RAW
264.7 macrophages: low-magnitude mechanical loading prevented osteoclast
activation and fusion, whereas high-magnitude strain promoted it [78]. Complementary
to direct mechanical loading, Shibata et al. also examined osteoclastogenesis after the
release of mechanical stress: stress suppressed osteoclastogenesis, whilst unloading

induced osteoclast differentiation [79].

Recently, the attention in OA research shifted from the articular cartilage to the
subchondral bone, and consequently, the number and diversity of experiments
concerning osteoclastogenesis in the osteochondral junction increased. Based on the
assumption that osteoclastogenesis might be one of the main contributing processes
to histopathology and OA symptoms, the exact mechanisms, pathways and
interactions in osteoclast differentiation are currently being elucidated in numerous

studies.
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1.3 Osteoarthritis: joint degeneration with altered
mechanoreception and joint innervation

1.3.1 Etiology and pathology of osteoarthritis

According to the latest white paper of the OARSI (Osteoarthritis Research Society
International), Osteoarthritis. A serious disease [80], about 240 million people
worldwide suffer from OA. From those aged over 70, many persons are affected by
OA of either one or more joints [81]. This multifactorial, degenerative disease causes
a breakdown of articular cartilage, synovitis and alterations of the subchondral bone
among other tissue alterations that are often accompanied by symptoms like
inflammation, pain, joint stiffening and movement impairment. Whether the
pathological structural changes cause the experienced symptoms or if molecular
features of inflammation cause observed radiographic changes, has not been
elucidated in detail. Most commonly, the weight-bearing joints of knee and hip as well
as the small finger joints are affected. In Europe, more than 70 million people have OA
of the knee [82]. Genetics, obesity and traumatic joint injury display the most important
risk factors for the disease, further ones being malalignment of the limbs, mechanical
stress and gender. A study of the World Health Organization grades hip and knee OA
in 11th place of disability causes [82], illustrating the social and economic burden of
the disease. The most commonly taken medication against articular pain in Europe are
non-steroidal anti-inflammatory drugs (NSAIDs) [83]. Except for total joint replacement,
there are no treatment options for OA that either halt or reverse the structural
deterioration of the affected joint tissues. Regarding the high prevalence, yet siill
uncertain etiology and unsatisfying therapy options for OA, further exploration of
signaling pathways involved in pathophysiology is necessary. Drugs or regenerative
treatments that target pathophysiological processes of OA definitively are of high

value.

The main radiographic attributes of OA joint degeneration are joint space narrowing,
cartilage degradation, osteophyte formation and subchondral bone alterations such as
sclerosis or cysts (Fig. 1.3). In sclerosis, bone mass and density of the subchondral
bone are increased, yet demineralized and of minor quality [84,85]. The subchondral
bone is an extensively vascularized region [86] from which small blood vessels
originate that invade hyaline cartilage during degeneration and carry along small

nociceptive nerve fibers [87,88]. Furthermore, the osteochondral junction seems to
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have nociceptive function, because subchondral bone marrow lesions, as seen on MRI
scans appeared to be proportional to pain sensation [89—-91]. Nerve fiber infiltration in
the cartilage and subchondral bone marrow lesions might be the source of OA pain

and therefore subchondral bone is a promising target for pain alleviating treatments.

Formerly, the center of research attention was mainly limited to articular cartilage, but
in recent years, subchondral bone and its contribution to OA pathology have gained
stronger interest, as it is the source of nutritional and nerve supply for the overlying
cartilage. Despite former assumptions that subchondral lesions are the consequence
of cartilage damage, they might as well cause it and precede radiological bony changes
— a frequently discussed hypothesis [89,92-94]. In the end, the joint is considered as

an organ with intense communication between its various tissues [87,92,95,96].

Healthy Knee ‘ Knee OA

5 . Disease Targets/Processes

Bone remodeling

Bone sclerosis

Synovitis

Joint capsule damage

Cartilage degradation

Chondrocyte hypertrophy

Meniscal degeneration

Figure 1.3 Osteoarthritis pathology. Schematic presentation of a healthy knee joint (left) and knee
osteoarthritis pathology (right) in frontal plane. Modified from [97].

Following in vitro studies, pre-clinical in vivo studies are necessary for clinical
translation. There exist several different animal models for OA that can be
distinguished either by spontaneous (either natural or genetically induced) or induced
models through chemical or surgical intervention [98,99]. Commonly used animal
models for OA research are mouse, rat, rabbit, the guinea pig or horses. Chemical
induction in rodents can be achieved by intra-articular injection of (mono)iodacetate,

steroids, cytokines or collagenases [98,100]. Surgical OA induction can include
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anterior cruciate ligament transection (ACLT), destabilization of the medial meniscus
(DMM) or fracture models [98,100]. Advantages of mouse models are the rapid
development of OA which allows to study the whole disease progression [99,100] and
due to the small joint dimension, histological studies can cover the whole joint [101].

1.3.2 Macrophages in osteoarthritis pathology

Almost all joint tissues house a resident macrophage population (e.g. the synovial
membrane, muscle and subchondral bone) with the exceptions being the menisci and
cartilage [102—-106,106]. Furthermore, macrophages provide the precursor pool for the
differentiation of osteoclasts in bone. Besides the macrophage-derived osteoclasts,
Chang and colleagues located a non-osteoclastic subgroup of macrophages in bone
that is immediately adjacent to osteoblasts, the so-called osteal macrophages or
‘osteomacs’ [107]. This macrophage subset regulates osteoblast activity and
osteoclast function and therefore participates in bone functional dynamics
[104,107,108]. Thus, the macrophage lineage is not only a precursor to osteoclasts but
due to their redundancy in musculoskeletal tissues might be involved in pathological

joint processes including OA.

One aspect that is currently extensively discussed is the contribution of inflammation
to OA. Generally, OA is not primarily an inflammatory disease, but there are some
aspects that point towards a substantial contribution of innate inflammatory processes
to OA pathology and pain. First, a common treatment for OA pain is the intake of anti-
inflammatory drugs including NSAIDs [13,83]. Second, in OA joints, levels of
prostaglandin E2 (PGE2) and nitric oxide (NO), two regulating factors of
proinflammatory actions were elevated [13]. Macrophages are a highly important cell
type involved in OA inflammatory processes [102]. Activated macrophages were
detected in 76 % of knee joints in patients with symptomatic OA [109]. Elevated
macrophage numbers in subchondral bone plates of OA joints and high-grade
systemic inflammation after macrophage depletion furnish evidence for the
involvement of macrophages in bone homeostasis [110-112]. Various authors outline
that macrophages a) seem to contribute to osteophyte formation which is associated
with pain severity experienced by OA patients, b) may release pro-inflammatory
cytokines induced by extracellular matrix proteins in the synovial fluid in already very
early disease stages and c) that synovial macrophages might directly influence

cartilage damage via the production of tissue-damaging matrix metalloproteinases
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(MMPs) [102,113,114]. Regarding the interplay of inflammation and
osteoclastogenesis, osteoclast formation from macrophage precursor cells is
increased in response to cytokine release during articular inflammation like synovitis,
leading to focal erosions of the bone [108]. Additionally, Zhen et al. observed increased
angiogenesis and osteoclast numbers in subchondral bone plates after rodent knee
injury [115]. Drugs targeting macrophage activity and associated immunological
answers might contribute to the inhibition or deceleration of OA [102]. So far,
therapeutic attempts to interfere with macrophage pathways have not been successful.
Treatment options including the use of methotrexate (MTX) or special cell-mediated
gene therapies have been tested in clinical trials. One promising method might be
phenotype modulation via inhibition of M1 polarization and promotion of wound-healing
M2 macrophages, as seen by treatment with the corticosteroid dexamethasone
[102,116].

However, the exact impact of macrophages and macrophage-derived osteoclasts in
OA pathology remains unclear and further elucidation of their contribution could

provide a better understanding of the disease.

1.3.3 Pathological biomechanical loading in osteoarthritis

In general, there is a strong indication that abnormal mechanical strain, leading to
structural joint changes, is central for OA pathophysiology [14]. Obesity, joint
malalignment, trauma or instability, all associated with altered biomechanical loading
patterns, are important risk factors for the incidence of OA [82,117-119].

Biomechanical loading within a physiological range is important for maintaining bone
and cartilage structure, integrity and function [9,120-122]. Loading above the
physiological range can occur during high intensity physical exercise or due to the
abnormal weight increase of obese patients. Micro-damage of the articular cartilage,
as a consequence of excessive chronic mechanical loading, might initiate matrix
degradation [14]. Sanchez-Adams et al. suggest that the mechanotransduction ability
of chondrocytes is altered in response to mechanical strain and that chondrocytes
partly lose their capacity to respond physiologically to biomechanical strain, all
resulting in degenerative processes [123]. The group of Thompson observed a
disassembly of chondrocyte primary cilia at high loading strains, thereby reducing

mechanosensitive signaling and providing a chondroprotective mechanism to prevent
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OA progression [124]. Catabolic proteins such as MMPs and A disintegrin- and
metalloproteinases with thrombospondin-like motifs (ADAMTS) are increased in OA
cartilage, leading to a degradation of cartilage extracellular matrix [93,125,126]. Griffin
and Guilak summarize that mechanical stress on chondrocytes may activate
cyclooxygenase (COX) 2 and nitric oxide synthase (NOS) 2, inducing inflammation and
cartilage damage [13]. Furthermore, induction of hypoxia-inducible factor 2a (HIF-2a)
and inhibition of transforming growth factor 8 (TGF-8) signaling are molecular cytokine
pathways involved in aberrant mechanical stress responses [115,127-129].
Intracellular calcium levels which are modulated by mechanical signals might be
important for chondrocyte metabolism [14]. Inhibition of the transient receptor potential
vanilloid 4 (TRPV4) calcium channel during dynamic loading suppressed the
expression of certain cartilage-protective genes [130].

Thickening of the calcified cartilage facilitates transfer of mechanical stress to the
deeper cartilage zones [15]. Impaired cartilage integrity might induce subchondral
bone lesions as a consequence of altered mechanotransduction [127], as
demonstrated in early OA, whereby microfractures of the subchondral bone are formed
[131]. Vice versa, a disturbed subchondral bone structure modifies stress distribution
to the articular cartilage and might evoke cartilage damage [127,132]. Balanced bone
resorption and formation in the subchondral bone provide damage repair after
mechanical loading, a mechanism that is impaired with excessive mechanical stress.
Due to microfractures, fissuring or complete loss of articular cartilage, synovial fluid
and its cytokines can access the subchondral bone and affect all local cells [127]. Early
OA signs detectable in MRI are bone marrow lesions (former bone marrow edema).
These lesions can potentially heal, but when exposed to chronic abnormal loading,
non-union of the bone appears, contributing to subchondral bone sclerosis [127].
Subchondral thickening may go along with blood vessel infiltration of the articular
cartilage and invasion of sensory nerve fibers, thereby altering subchondral bone
remodeling [110,127]. Berenbaum points out that mechanical stress might evoke
immune responses by inducing inflammatory mediators like prostaglandins or
cytokines, in chondrocytes and subchondral bone cells, leading to inflammatory-driven
OA progression and pain [113]. OA-associated pathological processes in the
subchondral bone are thickening of the subchondral bone plate, as well as

development of cysts and osteophytes, leading to joint incongruity and further adverse
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biomechanical joint strain. TGF-B and bone morphogenetic protein 2 (BMP2) seem to
play a crucial role in osteophyte formation, since signaling pathway inhibition of these
growth factors led to reduced osteophyte development [133]. Furthermore, Zheng and
Cao outlined that high levels of active TGFf in the subchondral bone might cause
disturbed joint homeostasis and integrity [115,132]. Weber et al. supposed that high
TGF-B levels, released from areas of subchondral bone microfractures after
mechanical overloading, might activate the adaptive immune system. The interplay of
inflammatory cells and cytokines may result in prolonged or insufficient healing of
microcracks, leading to typical subchondral bone changes and disease chronicity
[110].

Overall, mechanical loading might affect all cell types within the joint. That includes not
only chondrocytes and bone cells like osteoclasts and osteoblasts, but also
macrophages residing in the synovium, bone marrow and in all the surrounding

tissues.

1.3.4 Sensory innervation of joints and its alterations in osteoarthritis

In the joint, sensory nerve fibers are located mostly in the synovia, in the outer,
vascularized parts of the menisci, the periosteum, the bone marrow and the epiphyseal
growth plates [134-136]. During OA progression, modifications of the local peripheral
nervous system and joint innervation have been reported. Pathological change in
patients with OA displays, for example, altered density of peripheral SP and CGRP
fibers. OA disease state or tissue specificity might have an impact on nerve fiber
distribution. So far, studies show varying results ranging from lost or unaltered to
increased nerve fiber density. Eitner et al. examined synovia of human OA knees from
total knee replacement surgeries and observed a significant decrease of CGRP
positive nerve fibers in tissue depths close to the synovial lining [137]. After OA
induction by collagenase injection, CGRP and SP fibers disappeared after a few weeks
[138]. In a similar model, CGRP fibers decreased after only one week [139]. SP- and
CGRP nerve fibers were reduced in the synovium of patients with rheumatoid arthritis
(RA) [140]. In contrast, there was a higher sensory nerve fiber density in human knee
synovia, knee menisci and hips with OA pathology [135,141,142]. Increased levels of
SP and aCGRP in the synovial fluid were detected by several research groups and
may contribute to intensified pain perception and tissue degradation like articular
cartilage damage [19,143-145]. High pain levels experienced by patients with knee
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OA were associated with tibial osteophytes. Suri et al. detected sensory nerve
innervation in the cavities of these osteophytes as well as aCGRP- and SP-positive
nerve fibers in the osteochondral junction [88]. To summarize, thin nerve fibers
invading joint structures and growing along vascular channels have been seen in
proceeding OA [19], whereby articular components that are normally not innervated,
become pain sources [81,136]. Angiogenesis and neovascularization, accompanied
by nerve fiber growth, are highly associated with increased local expression of the
nerve growth factor (NGF). Targeting OA pain by inhibition of NGF yielded promising
results [146,147] but several clinical trials had to be stopped due to severe adverse
side effects and an overall increased need of joint replacement in the NGF patient
group [148].

The main neuropeptides of the sensory nervous system are SP, a member of the
tachykinin family, and aCGRP. Both peptides have been studied with respect to
nociceptive function in OA but both possess additional functions in e.g. regulation of
bone cell and chondrocyte behavior.

1.3.4.1 Substance P (SP)

SP is an undecapeptide from the tachykinin family (Fig. 1.4), produced by alternative
splicing from the tachykinin (TAC1) 1 gene that also encodes neurokinin A and B
[149,150]. In general, SP is involved in vasodilation, pain perception, nausea and
vomiting and has proinflammatory properties. Regarding pain perception, an increased
MRNA expression of the TAC1 gene and its receptor [151] and a high SP release
[152,153] were demonstrated after the exposure to nociceptive stimuli or neurogenic
inflammation. In numerous inflammatory conditions, SP acts as a mediator, e.g. in
lung, visceral organs, skin or migraine [151]. Furthermore, it supports macrophage-
associated proinflammatory immune responses by activating macrophages to produce
cytokines, chemokines and free radicals [45]. The characteristic and prominent

vasodilating capacity of SP induces a strong plasma extravasation [154].
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Figure 1.4. Amino acid sequence of the neuropeptide Substance P (SP). Arg.: Arginine, Pro:
Proline, Lys: Lysine, Glu: Glutamine, Phe: Phenylalanine, Gly: Glycine, Leu: Leucine, Met: Methionine.

23



Whether SP acts as an anabolic or catabolic compound in bone and cartilage
metabolism, is unclear. In chondrocytes, SP acts not only in its classical neuropeptide
manner, but also as a trophic and anabolic factor in physiology and differentiation,
since it promoted the proliferation of growth plate chondrocytes [17,19]. However,
during degenerative pathologies such as OA arising from developmental hip dysplasia,
higher levels of SP and also aCGRP were reported in the synovium and the synovial
fluid, which might point towards catabolic properties of the neuropeptides [144]. On the
other hand, high levels of neuropeptides could occur as a consecutive repair
mechanism of the body and thus emphasize their anabolic function. The SP receptor
NK1R is a 7-transmembrane receptor that is coupled with a Gs-protein. After ligand
binding, phospholipase C and IPs and the pathway via adenylyl cyclase and cAMP are
activated, both resulting in cytosolic Ca?* increase leading to protein phosphorylation
and cellular responses [46]. Additionally, NK1R activation stimulates the formation of
a scaffolding complex containing p-arrestin and extracellular signal-regulated kinases
1 and 2 (ERK1/2), which are members of the mitogen-activated protein kinase (MAPK)
cascade. The scaffolding complex seems to be responsible for the commonly observed
proliferative [23,155-157] and anti-apoptotic effects of SP [158,159]. Macrophages
express the naturally occurring variant of a truncated NK1R that might react differently
to SP stimulation than other cells of the musculoskeletal tissues, such as chondrocytes
or osteocytes expressing the full-length receptor variant [160].

The NK1R has been detected on numerous bone cells, for example, osteocytes [21],
osteoclasts [161,162] and bone marrow macrophages (BMM) [61]. BMM also secrete
SP [61]. In in vitro osteoclastogenesis experiments, stimulation with SP led to an
increased bone resorption [163]. By adding a SP antagonist, Mori et al. consistently
observed a reduction of bone resorption [164]. After SP stimulation of rabbit
osteoclasts, the group detected elevated intracellular calcium levels which might cause
increased bone turnover. Shih and colleagues observed dose-dependent osteogenic
effects of SP [165]. Wang et al. examined that SP increased osteoclastogenesis
specifically in RAW 264.7 cells [166]. SP also promoted the M2 subtype of macrophage
polarization [167,168], demonstrated likewise in RAW 264.7 macrophages [49].
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1.3.4.2 Alpha-calcitonin gene-related peptide (aCGRP)

aCGRP is a 37-amino acid peptide deriving from calcitonin by alternative splicing. In
general, it evokes vasodilation [169], is involved in pain transmission [141,170-172]
and capable to induce anti-inflammatory processes [63]. aCGRP is released from type
C nerve fibers in response to activation of TRPV1 [173]. Many cell types residing in the
joint including chondrocytes, osteoblasts, osteoclasts and their precursors, the BMM
express the heterodimeric receptor for aCGRP consisting of the CRLR and RAMP1
[19,62,174,175]. Of the two existing forms, BCGRP is mainly present in the intestines,
whereas aCGRP, the isotype discussed in this work, is extensively expressed in the
central and peripheral nervous system [176]. CGRP-containing unmyelinated type C
and Ad nerve fibers mostly run along blood vessels [177]. During OA, CGRP in the
joint might affect inflammatory processes and afferent sensitization [81].

To effectively bind aCGRP, the 7-transmembrane CRLR needs to interact with
RAMP1, a single pass transmembrane protein (Fig. 1.5). This type of receptor is
referred to as a two-domain class B G-protein coupled receptor (GPCR) [178].
Characteristic for the binding process of this receptor is the interaction of the peptide
C-terminal and the extracellular receptor N-terminal that supports affinity and
selectivity of the molecule complex. Meanwhile, the peptide region carrying the N-
terminal activates the receptor by binding to the transmembrane domain with its
extracellular loops [179]. It is assumed that small variations and specific interactions
between the extracellular receptor, N-terminal and the binding RAMPs can alter the
receptor function. Specifically, RAMPs seem to provide accessibility to the special
peptide binding site on the CRLR N-terminal [180]. A 16 kDa receptor component
protein (RCP) provides the intracellular G-protein-coupled signaling and is likely to
additionally modulate aCGRP-mediated effects [181]. Subsequently, Gs-protein
pathways are activated, leading to an increase of cAMP and intracellular Ca?* [182].
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Figure 1.5. Schematic structure of
the oaCGRP receptor. The single
transmembrane protein (red) is the
receptor activity-modifying protein 1
(RAMP1), the seven transmembrane
proteins of the calcitonin receptor-like
receptor (CRLR) are depicted in blue.
Extracellularly, their N-terminal chains
form the extracellular domain of the
receptor where aCGRP binds.
Interaction of the GPCR with the
receptor component protein (RCP)
activates adenylate cyclase (AC),
which leads to an increase of cyclic
adenosinmonophosphate (cAMP) and
the intracellular release of Ca?*.

Regarding bone metabolism, aCGRP is known to decrease osteoclast formation [183—

185]. Cornish et al. observed a similar effect in a dose-dependent manner in mouse

bone marrow macrophages [186], while Yoo et al. found a stimulating effect of aCGRP

on osteoclastogenesis similar to mechanical loading [77]. Another group suggests that

aCGRP regulates bone metabolism by increasing osteoblast formation and indirectly

reducing bone resorption by inhibition of osteoclastogenesis [187]. The osteogenic

effect of aCGRP is supported by experiments that protected ovariectomized rats from

bone loss using aCGRP injections [188]. Furthermore, aCGRP knock-out mice

demonstrated low bone mass and development of osteopenia [25,175].
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2 Objective of the study

The aim of the project was to examine the influence of sensory neuropeptides on
metabolic cell parameters of murine macrophages in the context of mechanical stress
application. Therefore, we studied the impact of neuropeptide stimulation together with
mechanical stress on gene and protein expression of the sensory neuropeptides and
their receptors, as well as proliferation, adhesion, apoptosis and osteoclastogenesis in
the murine RAW 264.7 macrophage cell line. SP and aCGRP, the sensory
neuropeptides, were selected for this study due to their ability to regulate macrophage
and bone cell behavior in vitro and in vivo. aCGRP effects in bone were described to
be mainly anabolic. aCGRP stimulation inhibited osteoclast formation in mouse BMM
cultures in a dose-dependent manner [186] and was shown to suppress bone
resorption similar to the effect of mechanical loading [77], resulting in an anabolic
effect. Instead, addition of SP increased osteoclastogenesis of RAW 264.7 cells [166],
acting as a catabolic mediator. It has been previously demonstrated that the NK1R
senses and processes mechanical signals of cells exposed to mechanical loading, e.g.
tenocytes, chondrocytes and osteocytes [20,21,23,161,162]. Whether the dimeric
aCGRP receptor CRLR/RAMP1 mediates similar effects in response to aCGRP

binding has not been elucidated so far.

How the combination of mechanical loading and simultaneous neuropeptide
stimulation influences the metabolism and osteoclastogenic differentiation potential of
murine macrophages is not known so far and is the aim of this project. New insights
into mechanotransduction pathways and the interplay of mechanical stress and
sensory neuropeptides could help elucidate if and how sensory neuropeptides and
their receptors might participate in loading-related pathophysiology mechanisms of OA
and might offer new ideas for therapeutic targets. The following questions were

addressed in this work:

» Does mechanical loading of macrophages cause changes in the expression of
NK1R and CRLR/ RAMP1 and affect the endogenous production of SP and
aCGRP by murine macrophages?

» How does mechanical loading modulate the influence of SP and aCGRP on
metabolic parameters such as proliferation, adhesion and apoptosis in murine

macrophages and their osteoclastogenic differentiation?
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» Does induction of experimental OA cause changes in the mechanotransduction
of BMM and alter the impact of SP and aCGRP on proliferation, apoptosis and
osteoclastogenesis of BMM?

To test these hypotheses, the experiments were performed in the murine

macrophage cell line RAW 264.7 and in primary BMM from mice with surgical-

induced OA via destabilization of the medial meniscus (DMM).
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3 Material and Methods

3.1 Cell Culture

3.1.1 RAW 264.7 cell culture

The murine RAW 264.7 monocyte/ macrophage cell line (ATCC-Nr. TIB-71) was a kind
gift from the group of Prof. Anita Ignatius from the University of Ulm. Manipulated with
an Abelson murine leukemia virus-induced tumor, it belongs to the S2 organisms,
according to the biological agents regulation. As a consequence, waste was collected
separately and products were only used once. 1x10° cells in passage 9 were thawed,
resuspended in 10 ml RAW medium (Table 3.1) and centrifuged at 130 xg for 5 min
(Hettich Universal 320, Tuttlingen, Germany). The supernatant was discarded and the
pellet was resuspended in 10 ml medium before it was transferred into a 75 cm? culture
flask (Corning, NY, USA). RAW 264.7 cells were cultured at 37 °C and 5 % COz2 in
RAW 264.7 expansion medium that was changed twice a week. Experiments were
performed with cells from passages 8 to 15. The cell line was used to establish the
loading scheme and to examine the impact of loading on receptor and neuropeptide

expression, metabolic parameters, as well as for gene expression analysis.

Table 3.1. Composition of the RAW 264.7 expansion medium

RAW 264.7 medium:
500 ml Dulbecco’s Minimum Essential Medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
10 % fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA)
1% antibiotics/ antimycotics (Sigma)
1% Glutamax (Gibco, Thermo Fischer Scientific, Waltham, MA, USA)

For further experiments, the cultured cells were washed with 5 ml PBS (Sigma-Aldrich,
St. Louis, MO, USA) and detached in 5 ml RAW 264.7 expansion medium using a
police rubberman (Sarstedt, Nurnbrecht, Germany). Samples were centrifuged and the
supernatant was discarded. RAW 264.7 cells tend to form aggregates and thorough
resuspension was necessary. The best resuspension was achieved using a total
volume of 10 ml medium and different pipette volume sizes. Cell numbers were
determined using the CEDEX XS Cell Analyzer (Roche Innovatis Ag, Basel, CH).

3.1.2 Isolation and culture of primary bone marrow-derived macrophages
(BMM)

Male, 12-week-old C57BI6J mice were either subjected to surgical OA induction by

DMM or Sham surgery. For the induction of OA, 10-week-old male C57BI/6J wildtype
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mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and were
adapted to standard housing conditions under a 12 h dark/light cycle until the age of
12 weeks. The mice had access to food and water ad libitum. All animal experiments
were approved by the ethical committee of the local authorities (Regierung
Unterfranken, AZ 55.2-2531-2-289, date of approval 27™ July 2016). All surgeries were
performed by Dr. Dominique Muschter from the Experimental Orthopedics group of
Prof. Dr. Susanne Grassel. OA was induced following a method described by Glasson
et al. [62]. Briefly, after intraperitoneal applied anesthesia solution composed of
fentanyl, medetomidin 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 meniscotibial ligament was dissected carefully after
visualization using microscissors. Sham surgery was performed in the right knee of a
separate control group with visualization of the ligament only. The joint capsule and
skin were closed and animals received analgesia (buprenorphine in 0.9 % NaCl
solution, 0.1 mg/g body weight). Dissection of the medial meniscal ligament causes
joint instability and leads to development of moderate OA, resembling human post-
traumatic OA. Immediately after surgery, animals were allowed to move freely and
recover from the surgery. After 2 and 8 weeks, animals were asphyxiated with CO2

followed by cervical dislocation and the bone marrow was isolated.

F Figure 3.1. Dorsal view of the knee joint. For surgical
induction of OA by destabilization of the medial meniscus
(DMM), the medial meniscal tear ligament (MMTL) is cut,
ACL which leads to joint instability and results in the development
and progression of OA symptoms.

F — Femur, T — Tibia, ACL — Anterior Cruciate Ligament, MM
MM - Medial Meniscus, MMTL — Medial Meniscotibial Ligament,
LMTL — Lateral Meniscotibial Ligament.

LMTL -

MTL Picture from Glasson et al., Osteoarthritis and Cartilage

T (2007) 15, 1061-1069

Bone marrow (BM) was isolated under sterile conditions from femur and tibia of the
operated right leg, 2 and 8 weeks after surgery. Therefore, the bones were prepared
roughly at the bench top and remaining muscle and ligaments were carefully removed
under a laminar flow. Bones of femur and tibia were cut open at the distal ends and
the BM was rinsed out with 5 ml BMM medium (Table 3.2) using a 27G needle (BD,

Franklin Lakes, NJ, USA) that was inserted into the bone. Cell aggregates were
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separated and impurities were retained using a 40 um cell strainer (Greiner bio-one,
Kremsmunster, AUT). The cell solution was centrifuged at 130 xg for 5 min (Hettich),
and the supernatant was discarded. The bone marrow was depleted of red blood cells
by hypotonic shock using 4.5 ml ice cold, sterile aqua bidest. and the before red pellet
dissolved into a white-yellowish solution. To stop further lysis, 500 ul of 10x PBS was
added quickly after resuspension. Following centrifugation at 130 xg and 5 min, the
remaining cells were seeded in petri dishes used for bacterial culture (Greiner bio-one)
in 10 ml BMM medium containing 20 ng/ml murine macrophage colony-stimulating-
factor (M-CSF) (#315-02, Peprotech, Rocky Hill, NJ, USA). Cells were cultured in an
incubator set to 37 °C and 5 % CO..

Table 3.2. Composition of the BMM medium

BMM medium:

500 ml a-minimum essential medium (Sigma, St. Louis, MO, USA)

10 % fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA)

1% antibiotics/ antimycotics (Sigma)

2% Glutamax (gibco, Thermo Fischer Scientific, Waltham, MA, USA)

After three days, adherent BMM were harvested and subjected to subsequent
mechanical loading. Therefore, 5 ml of 0,02 % EDTA (ethylene diamine tetraacetic
acid, Roth, Karlsruhe, Germany) was added per plate and cooled on ice for 5 min,
followed by one 1 min at -20°C. Gentle, but thorough lifting was achieved with a cell
lifter (Corning, NY, USA). The plates were rinsed two times with 5 ml BMM medium. If
necessary, lifting was repeated. After centrifugation at 130 xg for 5 min, the
supernatant was aspirated and 1 ml medium was added for resuspension. The cell
number, viability and aggregate formation was determined using an automated cell
counter (Cedex).

Depending on the absolute cell number harvested after pre-culture, up to 1.2x10°
BMMs were seeded in flexible six-well-plates (#BF-3001U, FlexCell, Burlington, NC,
USA) in BMM medium and 20 ng/ml M-CSF (Peprotech) was added. The BMMs were
allowed to recover overnight and loaded for 2 consecutive days, 4 h each, before

performing various assays.

3.1.3 Invitro osteoclastogenesis of bone marrow-derived macrophages

BMM from DMM- or Sham-mice were seeded punctiform to flexible-bottom six-well-

plates (FlexCell), after 25.000 cells had been resuspended in 100 pl BMM medium

containing 20 ng/ml M-CSF (Peprotech) and 10 ng/ml RANKL (#462-TEC, R&D,
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Minneapolis, MN, USA). Cells were allowed to adhere for 10 min, then medium was
added to a final volume of 2 ml/ well. M-CSF was used as a survival and growth factor,
while RANKL as the ligand to the RANK receptor (receptor activator of NF-kB) is
necessary for the induction of osteoclast differentiation. Before application of
mechanical stress, aCGRP and SP at a concentration of 108 M per well were added
to all the plates (see 3.1.5). Cells were loaded for 4 h per day on 5 consecutive days.
Medium including the stimulations was changed after 3 days. Osteoclasts were
quantified using tartrate-resistant acid phosphatase (TRAP) staining (see 3.3.8.1).

3.1.4 In vitro osteoclastogenesis of RAW 264.7 cells

Osteoclast differentiation of RAW 264.7 cells on Flexcell plates appeared to be difficult
due to reduced adherence to the plate surface. Coating with rat-tail collagen | (Gibco)
did not lead to any improvement in attachment. After purchase of collagen I-coated
plates (#BF-3001C, Flexcell), adherence and differentiation were improved. The best
result was achieved seeding 10.000 cells punctiform in 500 pl BMM medium. Following
10 min for cell adherence, medium containing 20 ng/ml M-CSF (Peprotech) and 50
ng/ml RANKL (#462-TEC, R&D, Minneapolis, MN, USA) was added to a final volume
of 2 ml/well. Before application of mechanical stress, 108 M aCGRP and SP per well
were added (see 3.1.5). Cells were loaded for 4 h per day on 5 consecutive days.
Medium including RANKL/ M-CSF and neuropeptide stimulations was exchanged after
3 days. Osteoclasts were detected after 7 days of differentiation and quantified after
TRAP staining (see 3.3.8.1).

3.1.5 Neuropeptides and specific receptor antagonists

To study the influence of sensory neuropeptides on different metabolic cell parameters,
we used the sensory neuropeptides aCGRP (#H-2265, Bachem, Bubendorf, CH) and
SP (#S6883, Sigma, St. Louis, MO, USA), as well as their specific receptor antagonists
CGRPs37 (aCGRP receptor antagonist, #1169, Tocris Bioscience, Bristol, UK),
L733,060 (NK1R receptor antagonist, #1145, Tocris Bioscience) and a combination of
the specific agonist and antagonist. The 10> M neuropeptide stock solution was diluted
to the final concentration of 108 M. The final concentration of 10-1° M was prepared by
a predilution of the stock to 107 M in phosphate-buffered saline (PBS). Stock solutions
of both antagonists (10 M) were prediluted in PBS to 10 M and used at a final

concentration of 107 M concentration.
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3.1.6 Application of mechanical load

Mechanical stress was induced by exposing the cells to stretching. In cooperation with
the Department of Orthodontics, we used a self-built machine similar to the tension
systems offered by FlexCell International Corporations®. This system uses a stamp
that is pushed against a flexible membrane and causes a stretch that extends to the
cells seeded onto the membrane. The system used for this project was built in
cooperation with the Department of Physics from the University of Regensburg. Control
measurements assured that equal stretching occurred all over the membrane, except

for the outer margin.

For all experiments, cells were seeded on 6-well-plates with a flexible bottom
membrane (Flexcell). Depending upon the experiment, 5x10° to 1.2x10° cells were
seeded into each well and allowed to adhere overnight. Cells were stretched with a

frequency of 1 Hz and an amplitude of 28, equaling a stretching of 10 %.

T4 T

Equibiaxial tension
«—>

I'--.

unloaded loaded

Figure 3.2. Schematic representation of the cell stretching. Depicted is a vertical and a horizontal
view on the cell culture plate, on loaded and unloaded cells. In the loading position, the stamp pushes
against the flexible membrane the cells were seeded onto and causes an equibiaxial tension.

Pretension was set to 110 pC. For smooth sliding and optimal contact of the machine
stamps, the membranes of the six-well-plates were thinly coated with a silicon paste
on the outer surface (Bayer, Leverkusen, Germany). Cells were stretched for 240 min

for 2 to 5 consecutive days, depending on the experiment.

33



3.2 Molecular Biology

3.2.1 RNA Isolation and quantification

For RNA analysis, 1x108 cells per well were seeded in an uncoated 6-well-plate
(Flexcell) and loaded for 4 h on 2 consecutive days. Cells were lifted in medium with a
police rubberman, centrifuged at 130 xg for 5 min (Hettich), the supernatant was

aspirated and the cell pellet was stored at -80 °C.

RNA was isolated using the Absolutely RNA Miniprep Kit (Agilent Technologies, CA,
USA) including the use of pre-filter spin cups and a lysis buffer containing -
mercaptoethanol (3-ME). The buffer also contains guanidine thiocyanate, a very strong
protein denaturant that protects from RNase-driven RNA degradation. Generally,
working steps were carried out according to the manufacturer’s instructions. Samples
were mixed with 350 pl of lysis buffer and vortexed for 1 min to optimize lysis. Use of
the pre-filter cleared the sample from possible cell fragments and contaminations. After
addition of 350 pl of 70 % ethanol (Roth, Karlsruhe, Germany), RNA was bound to a
matrix in the RNA-binding spin column and separated from contaminants by several
subsequent washing steps. 55 ul DNase incubation for 15 min at 37 °C was used to
digest remaining DNA impurities. Highly purified RNA was eluted in 30 ul elution buffer.
The elution step was repeated twice to ensure complete recovery of RNA from the

column.

The RNA concentration and purity were measured using the Nanodrop 1000

spectrometer (Thermo Scientific, Waltham, MA, USA).

3.2.2 RNA quality assessment

To determine the quality of the RNA, samples were tested with the RNA 6000 nano kit
using the 2100 Bioanalyzer from Agilent Technologies (Santa Clara, CA, USA). The
assay separates RNA by its size using a microcapillary electrophoresis system. The
purity is given as RIN (RNA Integrity Number), with a range from 10 to 1 representing
completely intact to degraded RNA. Initially, the purity was tested exemplarily, resulting
in RINs of 9 and higher for RNA of RAW macrophages.

3.2.3 cDNA synthesis
The isolated RNA was transcribed to single-stranded cDNA using the AffinityScript
gPCR cDNA Synthesis Kit from Agilent (Santa Clara, CA, USA). The kit contains the

reverse transcriptase enzyme responsible for the transcription, the buffer containing
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MgCl2 and dNTPs (deoxyribonucleotide triphosphates) as well as oligo and random

primers.

The RNA sample was premixed with the nuclease-free water and subsequently added
to the prepared reaction. The synthesis reaction (Table 3.3) was carried out in a T3000
Thermocycler (Biometra, Gottingen, Germany) following a three-step protocol: primer
annealing for 5 min at 25 °C, synthesis reaction for 15 min at 42 °C and termination of

the reaction for 5 min at 95 °C.

Table 3.3. Components of the cDNA reaction

25 ul (total volume) | component

10 ul First strand master mix (2x)

1.5 pl Oligo (dT) primers

1.5 pl Random primers

1l AffinityScript RT/ RNase Block enzyme mixture

2.2 ul RNA (used concentration: 30 ng/ml)

Final volume 25 pl Add nuclease-free PCR-grade water to final volume

3.2.4 Polymerase Chain Reaction (PCR)
cDNA or DNA can be amplified using a DNA polymerase enzyme. Each product
synthesized at one step will be used as template for the next amplification step, thereby

enabling the yield of a high amount of cDNA from small initial amounts.

3.2.4.1 Quantitative real-time PCR

The qRT-PCR is a method to determine specific gene expression rates. A gene of
interest is amplified using specific primers (Table 3.4) and expression rates are
normalized to the expression of a constitutive “household” gene (endogenous control)
and calibrated against the expression of the gene of interest in control cells (unloaded/

unstimulated cells, calibrator).

PCR was performed using the Mx3005P QPCR System from Agilent Technologies and
the Brilliant Il SYBR Green QPCR Master Mix with ROX (Agilent Technologies, Santa
Clara, CA, USA). The SYBR Green | Dye emits fluorescence when bound to double-
stranded DNA. When cDNA is amplified using specific primers the fluorescence

intensity of each cycle becomes more intense with increasing amounts of double-
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Table 3.4. Primer used for qualitative and quantitative PCR

GENE PRIMER SEQUENCE (5'> 3°) ™ AMPLICON | ACC.NR.
(°C) | SIZE (BP)

ENDOGENOUS CONTROL GENE

GAPDH Fwd: AACTTTGGCATTGTGGAAGG 59,97 | 223 -
Rev: ACACATTGGGGGTAGGAACA 60,09

NEUROPEPTIDES AND NEUROPEPTIDE RECEPTOR GENES

NKIR Fwd: ATTGAGTGGCCAGAACATCC 579 | 135 NM_009313
Rev: ACTGGCCCACAGTGTAATCC 59,7

CRLR Fwd: GCCAATAACCAGGCCTTAGTG 59,0 | 77 NM_018782
Rev: GCCCATCAGGTAGAGATGGAT 58,7

RAMP1 Fwd: CCTGACTATGGGACTCTCATCC | 59,1 | 139 NM_016894
Rev: CGTGCTTGGTGCAGTAAGTG 59,8

SP Fwd: GATGAAGGAGCTGTCCAAGC 58,6 | 102 NM_009311
Rev: GCACAGGAGTCTCTGCTTCC 60,4

CGRP Fwd: TGCAGGACTATATGCAGATGAAA | 57,7 |91 NM_007587
Rev: GGATCTCTTCTGAGCAGTGACA | 59,5

OSTEOCLAST MARKER GENES

c-FMS Fwd: CAGAAGACCCACCTTCCAAC 59,0 |93 NM_001037859
Rev: CTGCTTGGCAGGTTAGCATA 59,0

RANK Fwd: GCTCCTGAAATGTGGACCAT 579 | 241 NM_009399
Rev: CACGATGATGTCACCCTTGA 57,6

M1 POLARITY GENES

NFkB Fwd: GGCAGCTCTTCTCAAAGCAG 60,0 | 107 NM_008689
Rev: CCACTCCCTCATCTTCTCCA 60,0

TNF-a Fwd: GACAGTGACCTGGACTGTGG 59,9 | 132 NM_013693
Rev: GAGACAGAGGCAACCTGACC 60,0

IL-6 Fwd: CCGGAGAGGAGACTTCACAG 59,2 | 134 NM_031168
Rev: CAGAATTGCCATTGCACAAC 56,5

INOS Fwd: CAAGCACCTTGGAAGAGGAG 582 | 149 NM_010927
Rev: AAGGCCAAACACAGCATACC 58,7

M2 POLARITY GENES

MRC-1 Fwd: AGAAAATGCACAAGAGCAAGC 59,0 | 101 NM_008625
Rev: GGAACATGTGTTCTGCGTTG 60,0

IL-10 Fwd: CCAAGCCTTATCGGAAATGA 555 | 162 NM_010548
Rev: TTTTCACAGGGGAGAAATCG 55,7

KLF4 Fwd: CCGTCCTTCTCCACGTTC 59,0 |93 NM_010637
Rev: GAGTTCCTCACGCCAACG 60,0
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stranded DNA. Therefore, the increase of the fluorescence signal is proportional to the
amplification of PCR products and enables gene expression quantification. Relative

gene expression rates were determined using the AACt method.

The cDNA was diluted in nuclease-free water and subsequently added to the prepared
reaction (Table 3.5). Samples were pipetted as duplicates into a 96 well plate (4titude,
Wotton, Surrey, UK), centrifuged briefly (Multifuge 3S-R, Heraeus, Hanau, Germany)
and covered with a plate sealer (4titude). Samples were denatured at 95 °C for 15 min
followed by 40 cycles with an initial denaturation step at 95 °C for 10 sec and an
annealing step at 60 °C for 30 sec. 1 min at 95°C, 30 sec at 55 °C and 30 sec at 95 °C
terminated the reaction. This fast, two-step cycling protocol was chosen due to the

length of the reaction products of less than 150 base pairs.

Table 3.5. Reaction mix of the gRT-PCR reaction

25 ul (total volume) | components

12,5 pl 2x Brilliant I SYBR Green QPCR master mix
0,5 pl Forward primer (200 mM)

0,5 ul Reverse primer (200 mM)

0,45 pl cDNA (concentration 50 ng/ml)

11,05 pl nuclease-free PCR-grade water

To describe the gene expression alterations, the AACt method as a relative

guantification (RQ) method was used.
ACt = Ct target gene - Ct endogenous control
AACt = ACt sample - ACt control

RQ = relative quantification = 2-2ACt

It describes the activity of the gene of interest normalized to an endogenous control
gene (GAPDH). Loaded samples and samples stimulated with the neuropeptides and/
or receptor antagonist are related to unloaded / unstimulated control cells (calibrator).
A RQ higher than 1 indicates an upregulation of the gene expression, whereas below
1 gene expression was downregulated. Providing optimized experimental conditions,
RT-gPCR effectiveness ranges from 1.5 to 2.0 [189]. Some genes (RAMP1/ aCGRP)
were not expressed in unloaded cells and only induced by loading. Therefore, results
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were expressed as ACt where the gene of interest is referred to the expression of the

endogenous control gene.

3.2.4.2 Qualitative endpoint PCR
The aim of performing a qualitative PCR is to prove the presence or absence of a

specific mMRNA.

The qualitative PCR was run for the amplified RAMP1 gene due to its low expression
after gRT-PCR. The polymerase used was from the Brilliant I SYBR Green QPCR
Master Mix with ROX from Agilent (Santa Clara, CA, USA), as described in 3.2.4.1.
The amplified cDNA was run in agarose gel electrophoresis (see 3.2.5) and compared

to a size marker.

3.2.5 Agarose Gel Electrophoresis

A 2 % agarose gel (Biozym LE Agarose, Hessisch-Oldendorf, Germany) containing
RotiSafe dye (Roth, Karlsruhe, Germany) at a 1:20.000 dilution for detection of PCR
products was prepared. Samples were mixed with a 6x loading dye (New England
Biolabs, Ipswich, MA, USA) and loaded onto the gel in Tris-acetate-EDTA (TAE) buffer.
The pore size and the electrical field (80 V, ca. 60 min) induce a separation of the
cDNA fragments according to their size. Gels were photographed in the BioRad Gel
Doc EZ Imager (Hercules, CA, USA). The fragment size was compared to a 50-base

pair ladder marker (New England Biolabs, Ipswich, MA, USA).

Table 3.6. Components of the TAE buffer

TAE buffer 50x (pH=7,8) - dilute to 1x using Aqua dest.
242 g/L Tris AppliChem
57,1 ml Acetate Acid Roth

100 ml 0,5 M EDTA Roth

3.3 Protein biochemistry

3.3.1 Proliferation Assay

Proliferation was determined using the colorimetric BrdU cell proliferation enzyme-
linked immunosorbent assay (ELISA) from Roche (Basel, CH). The assay detects the
guantitative integration of the thymidine analog 5-bromo-2’-deoxyuridine (BrdU) into

newly synthetized DNA using a specific anti-BrdU antibody. The incorporated amount
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of BrdU is proportional to the amount of synthetized DNA and allows the comparison

of proliferative activity between different conditions.

After 2 days of loading, 10.000 cells in 100 pl medium per well were seeded into a 96-
well plate (Corning, NY, USA) and were allowed to adhere overnight. For the BMM, 20
ng/ml M-CSF (Peprotech) was added. Cells were starved from FCS to synchronize the
cells. After 24 h, medium containing FCS as well as BrdU labeling reagent and the
respective neuropeptides/ inhibitors were added and cultivated for 48 h. After
incubation, cells were processed in accordance to the manufacturers’ instructions. For
fixation, 200 pl Fix&Denat solution was added per well and incubated for 30 min. Plates
were tilted and tapped. 100 pl of anti-BrdU-working solution (1:100 dilution from the
stock) was added and incubated for 60 min at room temperature. Washing was done
3 times with 200 pl washing buffer or PBS per well. In the experiments with RAW 264.7
cells, the final blue staining appeared rapidly after the addition of 100 pl substrate
solution per well. The reaction was stopped after 2 min by adding 25 pl H2SOa4 per well.
The reaction of the BMMs took more time and was stopped after 3-5 min. The
absorption was measured at 450 nm (reference wavelength of 690 nm) using a

microplate reader (Tecan Genios, Mannedorf, CH).

3.3.2 Apoptosis assay

Apoptosis was analyzed with the Apo-ONE® Homogenous Caspase-3/7 Assay
(Promega, Fitchburg, USA). The assay system utilizes the release of fluorescent
Rhodamin-110 from the non-fluorescent substrate (Z-DEVD-110) by active caspase
3/7 (Fig. 3.2).

Z-DEVD-NH NH-DVED-Z HaN

Caspase-3/7

Non-fluorescent

Figure 3.2. Caspases split the non-fluorescent Z-DEVD-R110 substrate, Rhodamin 110 is released and
the fluorescence can be detected in a photometer. Picture rights belong to Promega®.
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Following a loading period of 2 days, 30.000 cells/ well were seeded in black 96-well
plates with a clear bottom (Falcon by Corning, NY, USA) in 50 ul of medium with/
without sensory neuropeptides and receptor antagonists. The caspase substrate was
diluted 1:100 in buffer and 50 pl was added into each well containing the seeded cells.
Due to the light sensitivity of the caspase reagent and to avoid scattered light at the
measurement, black plates were used. Apoptosis activity was measured after 2, 6 and

24 h at 485 nm using a microplate reader (Tecan).

3.3.3 Adhesion assay
Cells that underwent loading for 2 days were harvested and 30.000 cells were seeded
in 100 pl per well in a 96-well plate (Corning, NY, USA) in the presence of SP, aCGRP,

the respective receptor antagonists and the combination of agonist and antagonist.

After incubation for 30 min at 37 °C and 5 % COg, the cells were washed with 200 pl
PBS and fixed with 100 pl 1 % glutaraldehyde solution per well (Merck, Darmstadt,
Germany) for 30 min. The plate was again washed with 200 pl PBS per well. For
staining, 150 pl of 0.02 % crystal violet solution (Roth, Karlsruhe, GER) was added for
15 mi. Afterwards, plates were washed thoroughly until the blue staining vanished. The
amount of crystal violet dye incorporated into the cells is considered to be proportional
to the number of cells attached in each well. Incubation in 150 ul 70 % ethanol/ well for
1 h on an orbital shaker, covered with a plate sealer (4titude, Surrey, UK), dissolved
crystal violet out of the cells. Absorbance of ethanol-dissolved crystal violet dye was
measured using a microplate reader (Tecan) at 595 nm. Differences in absorbance

values were correlated with differences in adhesion capacity of cells.

3.3.4 Protein isolation and concentration measurement

For western blot analysis, proteins were harvested directly from the respective cell
culture vessel. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific, Waltham, USA) containing a protease inhibitor mix
(Complete Mini, Roche, Basel, CH). Cells were lysed in 50 pl RIPA buffer and

transferred into a reaction cup.

Cells were homogenized by sonification with a Sonopuls HD 2070 ultrasound
homogenizer (Bandelin, Berlin, Germany), twice for 20 sec, 3 cycles and at a power of
40 %. Samples were centrifuged for 10 min at 14.000 xg and 4 °C (3K30, Sigma,

Osterode am Harz, Germany) and the collected supernatant was used for further
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analysis. Protein amount of the supernatant was measured using the BCA kit from
Pierce (bicinchoninic acid, Thermo Fisher Scientific, Waltham, USA) and a standard
curve with known concentrations of bovine serum albumin (BSA). Results were
calculated from duplicate values. The samples were diluted 1:50 in Aqua dest. and 10
ul were transferred into a 96-well plate (Greiner, Kremsmunster, AUT) in triplicates.
Per well, 200 pl of Working Reagent were added. The plate was incubated for 30 min
at 37 °C. The underlying mechanism is the reaction of Biuret during which Cu** is
reduced to Cu* and forms a lilac complex with the bicinchoninic acid (BCA). The
absorption of the colored complex was measured in the Tecan Genios spectrometer
(Tecan Group, Mannedorf, CH) at 595 nm and the referring protein amount was

calculated from the standard curve.

3.3.5 SDS gel electrophoresis

For comparison of the neuropeptide receptor expression, protein samples were
separated via sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Therefore, 40 pg of protein from cell lysates were mixed with the appropriate
5x loading buffer (Table 3.8) and denatured for 5 min at 95 °C (ThermoMixer C,
Eppendorf, Hamburg, Germany) before loading onto a 12 % polyacrylamide gel (Table
3.7). As a size marker, the Precision Plus Protein Dual Color Standards from BioRad
(Hercules, CA, USA) was used. Gel electrophoresis ran at 120 V for 110 to 120 min,
using a tank blot chamber (Mini-PROTEAN Tetra, Bio-Rad) and running buffer (Table
3.8).

Table 3.7. Reaction of the separating and stacking gel for electrophoresis

Separating gel, 12 % [ml] Stacking gel [ml]

H20 6,6 H20 2,78

30 % acrylamide mix 8,0 30 % acrylamide mix 0,83 Roth, Karlsruhe,
Germany

1,5 M Tris pH 8,8 50 0,5 M Tris pH 6,8 1,25 AppliChem,
Darmstadt, Germany

10 % SDS 0,2 10 % SDS 0,05 Roth

10 % ammonium persulfate | 0,2 10 % ammonium persulfate | 0,05 Serva, Heidelberg,

(APS) (APS) Germany

TEMED 0,008 | TEMED 0,005 Roth

> 20ml | ¥ 5ml
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3.3.6 Western Blot
After SDS-PAGE, gels were equilibrated in Western Blot transfer buffer to remove salt
supernatants from the running buffer that might disturb the blotting procedure and

bulge the gel.

The separated proteins were transferred onto a 0.45 um nitrocellulose membrane (GE
Healthcare Life Sciences, Little Chalfont, UK) by tank blotting for 90 min at 120 mA on
ice. SDS-Gel was stained using Coomassie-Blue (incubation for 30 min on a vertical
shaker), first color remover (30 min, on a vertical shaker) and second color remover
(incubation overnight on a shaker) (see Table 3.5). Gels were dried using glycerol
solution (Table 3.5.), applied two times for 30 min. Ponceau red solution staining of the
membrane (Sigma-Aldrich, St. Louis, MO, USA) was used to control if the blotting
procedure was successful. Unspecific binding sites were blocked using 5 % dry milk
(Carl Roth, Karlsruhe, Germany), dissolved in Tris-buffered-saline with Tween 20 (T-
TBS) for 1 h at room temperature on a vertical shaker (Duomax 1030, Heidolph,
Schwabach, Germany). The primary antibody (directed against the protein of interest,
listed in table 3.9), dissolved in 5 % dry milk, was added and incubated overnight at
4 °C on a shaker. Afterwards, the membrane was washed three times for 10 min with
T-TBS, followed by incubation with the secondary antibody for 1 h at room temperature
and subsequent washing as described above. Parallel detection of endogenous B-actin

served as the loading control.

Table 3.8. Components of the solutions used during gel electrophoresis and Western Blot
Running buffer 10x (pH=8,3):

Glycin (192 mM) 144 g/L AppliChem, Darmstadt, GER
Tris (25 mM) 30,3 g/L AppliChem

SDS (0,1 %) 10 g/L Roth, Karlsruhe, GER
Transfer buffer 10x (pH=8,3):

Glycin (192 mM) 144 g/L AppliChem

Tris (25 mM) 30,3 g/L Roth

Transfer buffer 1x:

Agua dest. 800 ml

Transfer buffer 10x | 100 ml

Methanol 100 ml

SDS loading buffer 5x:

Agua dest.

Tris/ HCI pH 6,8 1M AppliChem

SDS 10 % Roth

DTT 05M AppliChem, #A1101
Glycerin 50 % Roth

42



Bromphenole blue, | 0,01 % Sigma

dissolved in H20

TBS-T 20x (pH=7,6):

Tris (20 mM) 48,4 g/L AppliChem

NaCl (140 mM) 160 g/L Roth

Tween 20 (0,1 %) | 20 ml/L Sigma, St. Louis, MO, USA
Coomassie Blue Solution

Coomassie Blue 2,50/L Roth

2-propanol 250 ml/L Merck, Darmstadt, GER
Acetic acid 200 ml/L Roth

15t color remover

Methanol 50 % Merck

Acetic acid 10 % Roth

2"d color remover

Methanol 5% Merck

Acetic acid 7,5 % Roth

Glycerole solution

Glycerine 2% Roth

Ethanol 25 % Fischar, Saarbricken, GER

Membranes were developed using the “Pierce ECL Western Blotting Substrate”
(Thermo Scientific, Waltham, MA, USA). Therefore, ECL substrate solutions were

mixed 1:2 and the membrane was incubated for 1 min. Chemiluminescence was

measured at 1, 3, 5, 10, 15 and 45 min in the Chemi smart 500 chemiluminescence

lamp (PeglLab, Erlangen, Germany). Membranes for detection of the RAMP1 protein

were developed in the GelDoc Imager (Biorad).

Table 3.9. Antibodies used for Western Blotting

ANTIBODY | ANTIGEN | FUNCTION IG DILUTION | PRODUCT INFORMATION
CRLR a-CGRP Primary AB polyclonal 1: 500 Bioss

#bs-1860R
NK1R SP Primary AB monoclonal | 1: 20.000 | Abcam

#183713
B-actin B-actin Primary AB monoclonal | 1: 5.000 Abcam

#ab8227
Donkey Secondary AB 1:10.000 | Jackson Immuno Research
anti-rabbit #711-036-152

For a more sensitive detection of the CRLR protein, the “Pierce SuperSignal West

femto” (Thermo Scientific, Waltham, MA, USA) was used for development. 650 pl of

solution A and B were put on the membrane, incubated for 5 min in the dark and
developed at 10 and 30 sec, 1, 3, 5, 10 and 15 min.
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3.3.7 Enzyme-linked immunosorbent assay (ELISA)

In a 6-well Flexcell plate (Burlington, NC, USA), 1x108, 7.5x10° and 5x10° RAW 264.7
cells were seeded, incubated for 1 night and loaded for 1, 2 or 3 consecutive days.
Before the respective last loading time point, medium was exchanged for FCS-free
RAW medium. Afterwards, 200 pl proteinase-inhibitor (Complete Mini, Roche) was
added to the medium and the supernatant was collected and stored at -80 °C until

ELISA analysis.

3.3.7.1 Calcitonin gene-related peptide ELISA

To detect the aCGRP peptide in the supernatants of loaded and control samples, the
rat/ mouse “Enzyme Immunoassay Kit” from Phoenix Pharmaceutical Inc. (‘EK-015-
09, Burlinghame, CA, USA) was used according to the manufacturers’ instructions.
The assay principle is based on the competition of biotinylated aCGRP contained in
the kit with endogenous aCGRP of the samples for the binding site of the primary
antibody. The Fc part of the primary antibody binds to the immobilized secondary
antibody. Added streptavidin-horseradish peroxidase (SA-HRP) forms a complex with
the biotinylated peptide and HRP catalyzes the substrate solution. The developing blue
color is directly proportional to the amount of SA-HRP-biotinylated peptide complex
and inversely proportional to the amount of peptide in the samples. The reaction is
stopped by addition of 2NHCI inducing a colour shift to yellow. Absorption was
measured at 450 nm. The unknown concentration of aCGRP was extrapolated from

the standard curve.

3.3.7.2 Substance P ELISA

For detection of endogenous SP in the supernatants the “Substance P ELISA kit” from
Enzo Life Sciences Inc. (Farmingdale, NJ, USA) was used according to the
manufacturers’ instructions. The assay principle is similar to the aCGRP enzyme

immunoassay principle described before.

3.3.8 Histology

3.3.8.1 Tartrate-resistant acid phosphatase staining

To identify osteoclasts differentiated either from BMM or RAW 264.7 macrophages,
cells were fixed and stained with the “Acid Phosphatase, Leukocyte (TRAP)” kit from
Sigma-Aldrich (#A387, Taufkirchen, Germany) for detection of the osteoclast marker
TRAP.
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Following differentiation, medium was aspirated and cells were fixed for 30 sec (Table
3.10), washed three times with Aqua dest. and incubated with the coloring solution
(Table 3.11) for 60 min at 37 °C. TRAP hydrolyzes the esters of naphthol AS-BI
phosphate acid, which forms a complex of low solubility with the diazotized Fast Garnet
GBC salt. Counterstaining with hematoxylin was not performed to avoid overstaining.
Osteoclasts and BMMs with active TRAP appear red-violet to red-brownish. The plates
were scanned using the Tissue Faxs microscope system (TissueGnostics, Vienna) and
the pictures were evaluated using Adobe Photoshop CS4 (Adobe Inc., CA, USA). Cells

with three and more nuclei were graded and counted as osteoclasts.

Table 3.10. Fixation solution

1ml Components

(total volume/ well)

255 pl Citrate Kit: Sigma-Aldrich

663 ul Acetone Sigma

82 ul 37 % Formaldehyde AppliChem, Darmstadt, Germany

Table 3.11. Staining solution

1ml Components (all Sigma-Aldrich)

(total volume/ well)

20 pl diazotized Fast Garnet GBC:

(20 pl + 10 pb) (Fast Garnet GBC Salt Solution + Sodium Nitrite Solution)
900 pl Aqua dest. at 37 °C

10 pl Naphtol-AS-BI Phosphate

40 pl Acetate

20 pl Tartrate

3.4 Statistical Analysis

Statistical data analysis was performed using Microsoft Office Excel 2011 (Redmont,
WA, USA) and the GraphPad Prism 5 and 6 software (San Diego, CA, USA). Data are
presented as boxplots showing the median and inter-quartile ranges. Whiskers show
the range from minimum to maximum. The percentage graphs illustrate the influence
of the neuropeptides with respect to the unstimulated control. The Wilcoxon Signed-
Rank Test was used to analyze statistically significant differences between samples
and control (set to 100 %) or for evaluation of gene expression. The comparison
between the loaded controls and the unloaded controls was evaluated using the non-

parametric Mann-Whitney U-Test. Significance level was p<0.05 for all test results.
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4 Results

4.1 Impact of mechanical loading on the expression of SP and a-
CGRP and their receptors NK1R and CRLR/RAMP1 in RAW 264.7

murine macrophages
The premise for a stimulation experiment must be the expression of the respective
receptors on the examined cells. We analyzed timely changes in neuropeptide and
receptor protein expression after 1, 2 and 3 days of loading. The receptor protein
expression of the NK1R, binding SP, as well as CRLR and RAMP1, interacting with
aCGRP, was determined by western blot (Fig. 4.1). Each lane was referred to the
respective expression of B-actin in the sample. Protein expression of SP and aCGRP
was measured by ELISA in cell culture supernatants. Furthermore, expression of each

protein was further evaluated on mRNA level after 2 days of loading.

Regarding the neuropeptide receptor expression, the gene expression of NK1R (Fig.
4.2, A) and CRLR (Fig. 4.3, A) as well as their receptor protein expression were
significantly enhanced through loading. Both receptor proteins were significantly higher
expressed after three days of loading (Fig. 4.2, B) with the CRLR receptor protein also
significantly upregulated after one day of loading (Fig. 4.3, B).

S S s == CRLR Fig. 4.1. Western Blot. Representative

e K e ppe—_— ~53 kDa Western Blot pictures for 4 independent
replicates of the CRLR (53 kDa), the

T s e ame == NKIR NK1R (46 kDa), RAMP1 (17 kDa) and B-

- actin (43 kDa, endogenous control) of
46 kDa control cells and cells loaded for 1, 2 and

— s on ane aue e smpe®  [-actin 3 consecutive days (presenting 2 lanes
~37 kDa for each condition).

Ramp1
17 kDa

e eouh | - W A D — -

ctrl 1d 2d 3d
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Fig. 4.2. Influence of loading on the expression of neurokinin receptor 1 (NK1R).
A) Gene expression of NK1R after 2 days of loading is depicted as relative quantification (RQ). The
gene of interest was referred to the endogenous control gene, GAPDH, and the loaded samples to the
unloaded controls (calibrator). Wilcoxon-signed rank test. *** p<0.001. qPCR was performed in
duplicates. n=15. B) Densitometric evaluation of NK1R protein expression of unloaded controls and
samples after 1, 2 and 3 days of loading by Western Blot. Respective boxplots were referred to the -
actin lane (=100 % line) and are depicted as relative percentages. Comparison of loaded samples to
unloaded controls was tested with Mann-Whitney test. ** p<0.01. n=7-8. Boxplots represent median,
whiskers cover minimum to maximum. The blank box represents controls, striped boxes depict loaded
samples.
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Fig. 4.3. Influence of loading on the expression of calcitonin receptor-like receptor (CRLR).
A) Gene expression of CRLR after 2 days of loading is depicted as relative quantification (RQ). The
gene of interest was referred to the endogenous control gene, GAPDH, and the loaded samples to the
unloaded controls (calibrator). Wilcoxon-signed rank test. *** p<0.001. qPCR was performed in
duplicates. n=15. B) Densitometric evaluation of the CRLR protein expression of unloaded controls and
samples after 1, 2 and 3 days by Western Blot. Respective boxplots were referred to the B-actin lane
(=100 % line) and are expressed as relative percentages. Comparison of loaded samples to unloaded
controls was tested with Mann-Whitney test. * p<0.05, ** p<0.01. n=7-8. Boxplots represent median,
whiskers cover minimum to maximum. The blank box represents controls, striped boxes depict loaded
samples.
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Results of the gPCR analysis showed that RAMP1 mRNA was expressed, yet in low
concentrations and not detectable in all samples (Fig. 4.4, A). Therefore gene
expression can only be depicted as ACt. Mechanical stress did not alter RAMP1 mRNA
expression. RAMP1 receptor protein expression was not significantly affected by
loading, there was a tendency for reduced expression in loaded samples relative to
controls (Fig. 4.4, B).
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Fig. 4.4. Influence of loading on the expression of receptor activity-modifying protein 1 (RAMP1).
A) Gene expression of RAMPL1 in RAW 264.7 cells, loaded for 2 days, is depicted as Act, the gene of
interest referred to the endogenous control gene, GAPDH. gPCR was performed in duplicates. n=15.
B) Densitometric evaluation of the RAMP1 protein expression of unloaded controls and samples after
1, 2 and 3 days of loading by Western Blot. Respective boxplots were referred to the B-actin lane (=100%
line) and are expressed as relative percentages. Comparison of loaded samples to unloaded controls
was tested with Mann-Whitney test. n=7-8. The blank box represents controls, striped boxes depict
loaded samples. Boxplots represent median, whiskers cover minimum to maximum.
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For both neuropeptides, SP and aCGRP, loading had no significant influence on the
protein expression (Fig. 4.5, C and D). The gene expression of SP was significantly
downregulated by cyclic stretching (Fig. 4.5, A). aCGRP gene expression was only
detectable in loaded samples and not in control cells (Fig. 4.5, B).
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Fig. 4.5. Influence of loading on the expression of neuropeptides substance P (SP) and a-
calcitonin gene-related peptide (aCGRP). A) Gene expression of SP after 2 days of loading is
depicted as relative quantification (RQ). The gene of interest was referred to the endogenous control
gene, GAPDH, and the loaded samples to the unloaded controls (calibrator). Wilcoxon-signed rank test.
* p<0.05. B) Gene expression of aCGRP after 2 days of loading is depicted as Act, the gene of interest
referred to the endogenous control gene, GAPDH. qPCR was performed in duplicates. n=15. C) and D)
depict the protein expression of SP (C) and aCGRP (D) measured by ELISA in cell culture supernatants
of unloaded controls and samples loaded for 1, 2 or 3 days. Comparison of loaded samples to unloaded
controls was tested with Mann-Whitney test. n=7-8. Boxplots represent median, whiskers cover
minimum to maximum. The blank box represents controls, striped boxes depict loaded samples.

49



4.2 Impact of mechanical loading and sensory neuropeptide
stimulation on inherent metabolic behavior of RAW 264.7 cells
Based on the mechanotransduction hypothesis, a signal from a mechanical stimulus
is converted further to a biochemical signal that modulates cell behavior. Referring to
this thesis, the influence of mechanical loading on the metabolic parameters

proliferation, apoptosis and adhesion was tested in RAW 264.7 macrophages, as well

as in BMMs isolated from mice after DMM or Sham surgery.

4.2.1 Proliferation
To study the proliferation of RAW 264.7 cells, the BrdU Incorporation assay was

performed. There was a tendency for reduced proliferation in loaded cells compared
to unloaded controls (Fig. 4.6).

150 - Fig. 4.6. Influence of loading on 2 consecutive
days on proliferation of RAW 264.7 cells. The
figure shows the unloaded, unstimulated cells, set

— to 100 %, and in relation the loaded, unstimulated

E 100 4 cells, depicted as respective percentage. Boxplots
c represent median and the whiskers cover
8 minimum to maximum. Mann-Whitney test,
s 50 | p<0.05. Assay was performed in triplicates. n=6.

unloéded Ioa;:ied

Stimulation with 108 M SP and 10”7 M NK1R receptor antagonist L733,060 decreased
the proliferation rate in unloaded cells, whereas the combination of both reduced
proliferation in loaded cells (Fig. 4.7, A). Stimulation with 101 M aCGRP significantly
decreased proliferation in unloaded samples (Fig. 4.7, B).
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Fig. 4.7. Influence of sensory neuropeptide stimulation on proliferation of loaded and unloaded
RAW 264.7 cells. The unloaded and loaded cells (loading on 2 consecutive days) without stimulation
were set to 100 % (continuous line) and the results for the stimulation are depicted as respective
percentage. A) shows the results for stimulation with SP, the neurokinin receptor 1 antagonist L733,060
as well as both in combination. B) shows the results for stimulation with aCGRP, the receptor antagonist
CGRPs37 as well as the combination of both. Boxplots represent median and the whiskers cover
minimum to maximum. Comparison of differences to control (100 %): Wilcoxon-signed rank test (asterix
directly above box), comparison of stimulations between loaded and unloaded cells: Mann-Whitney test.
* p<0.05. Assay was performed in triplicates. n=7.
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4.2.2 Adhesion

Crystal-violet staining was used to analyze the adhesion ability of unloaded and loaded
cells to the cell culture plastic surface. Mechanical loading increased adhesion (Fig.
4.8) of RAW 264.7 cells.

250 - Fig. 4.8. Influence of loading on 2 consecutive
p=0,0628 days on adhesion of RAW 264.7 cells. The
200 - figure shows the unloaded, unstimulated cells, set
—_ [ to 100 %, and in relation the loaded, unstimulated
- 150 - cells, depicted as respective percentage. Boxplots
< represent median and the whiskers cover
8 1004 minimum to maximum. Comparison between
s loaded and unloaded cells: Mann-Whitney test.

504 p<0.05. Assay was performed in triplicates. n=7.

0 T 1
unloaded loaded

Stimulation with 108 M SP significantly reduced adhesion of unloaded RAW cells (Fig.
4.9, A). Additionally, stimulation effects of 10-1° M SP differed significantly in unloaded
and loaded samples. Adhesion of unloaded controls stimulated with 10 M SP was

significantly higher compared to respective loaded RAW 264.7 macrophages.

In loaded RAW macrophages, stimulation with 101°M aCGRP, 107 M CGRPsg-37 and
the combination of aCGRP and CGRPs-37 significantly reduced adhesion compared to
unstimulated and loaded cells (Fig. 4.9, B). Additionally, stimulation with the CGRP
receptor antagonist, CGRPs-37 alone, resulted in significantly opposite effects on
adhesion in loaded and unloaded RAW 264.7.
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Fig. 4.9. Influence of sensory neuropeptide stimulation on adhesion of loaded and unloaded
RAW 264.7 cells. The unloaded and loaded cells (loading on 2 consecutive days) without stimulation
were set to 100 % (continuous line) and the results for the stimulation are depicted as respective
percentage. A) shows the results for stimulation with SP, the neurokinin receptor 1 antagonist L733,060
as well as both in combination. B) shows the results for stimulation with aCGRP, the receptor antagonist
CGRPs37 as well as the combination of both. Boxplots represent median and the whiskers cover
minimum to maximum. Comparison of differences to control (100 %): Wilcoxon-signed rank test (asterix
directly above box), comparison of stimulations between loaded and unloaded: Mann-Whitney test.
* p<0.05. Assay was performed in triplicates. n=7.
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4.2.3 Apoptosis

The apoptosis of RAW 264.7 macrophages was analyzed by measuring caspase 3/7

activity.

Apoptosis rate was increased in loaded cells in relation to respective unloaded control
cells (Fig. 4.10). The effect was significant after 6 and 24 h.
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Fig. 4.10. Influence of loading on 2 consecutive
days on apoptosis of RAW 264.7 cells. The
figure shows the caspase 3/7 activity after 2, 6 and
24 h of unloaded, unstimulated cells, set to 100 %
(black), and in relation of the loaded, unstimulated
cells, depicted as respective percentages (red).
Error bars show standard deviation. Comparison
between loaded and unloaded cells: Mann-
Whitney test. ** p<0.01. The assay was performed
in triplicates. n=5.

Apoptosis of RAW macrophages at different time points was not affected by

neuropeptide or receptor antagonist stimulation (Fig. 4.11).
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Fig. 4.11. Influence of sensory neuropeptide stimulation on apoptosis of loaded and unloaded
RAW 264.7 cells. The unloaded and loaded cells (loading on 2 consecutive days) without stimulation
were set to 100 % (continuous line) and the results for the stimulation are depicted as respective
percentage. A), C) and E) show the results for stimulation with SP, the neurokinin receptor 1 antagonist
L733,060 as well as both in combination after 2, 6 and 24 h respectively. B), D) and F) show the results
for stimulation with aCGRP, the receptor antagonist CGRPs.37 as well as the combination of both.
Boxplots represent median and the whiskers cover minimum to maximum. Assay was performed in
triplicates. n=5.
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4.2.4 Osteoclastogenesis

Establishing the osteoclastogenesis procedure of RAW 264.7 macrophages appeared
to be difficult. Cell adhesion and differentiation on normal plastic 6-well-plates was
possible, but adhesion and differentiation on the silicone membrane of the FlexCell
plates was a challenge. Collagen-I-coated plates improved the outcome, yet the results
were highly variable. During the last set of experiments, osteoclastogenesis of RAW
264.7 macrophages was evaluated after 7 days of differentiation. Neither culture of
controls nor loaded cells showed an appropriate number of osteoclasts (results not
shown). As a consequence, neuropeptide stimulation did not show any effects. Overall,
osteoclastogenesis of RAW 264.7 macrophages on flexible membrane plates requires

further establishment.

4.3 Impact of mechanical loading on gene expression of marker

genes related to osteoclastogenesis in RAW 264.7 macrophages

Colony-stimulating factor 1 receptor (c-FMS/ CSF1R) and receptor activator of NF-kB
receptor (RANK) are the receptors for the major osteoclast differentiation factors M-
CSF (macrophage colony-stimulating factor) and RANK ligand (RANKL). The purpose
of this experiment was to determine the impact of mechanical loading on gene
expression of marker genes related to osteoclastogenesis. The gene expression
analysis of the two receptors showed an increase in c-FMS and a significant

upregulation of RANK after loading (Fig. 4.12).

2.5- Fig. 4.12. Influence of loading on 2 consecutive
days on gene expression of osteoclast
differentiation markers in RAW 264.7 cells.

el Gene expression is depicted as relative
—r quantification (RQ). The gene of interest was
referred to the endogenous control gene, GAPDH,
and the loaded samples to the unloaded controls

unloaded  (calibrator). The figure depicts the effect of loading

control on osteoclast differentiation marker genes c-FMS
(colony-stimulating factor-1 receptor gene) and
RANK receptor (receptor-activator of NF-kB).
Wilcoxon-signed rank test. *** p<0.001. gPCR
was performed in duplicates. n=15.

2.0

1.5

RQ

1.0

0.5

c-FMS RANK

56



4.4 Impact of mechanical loading on gene expression of markers for

macrophage polarization in RAW 264.7 macrophages

To test whether loading might polarize RAW 264.7 macrophages towards the pro-
inflammatory M1 or the anti-inflammatory M2 phenotype, a panel of respective marker
genes was analyzed by gPCR. Loading induced a significant upregulation of
proinflammatory M1-associated genes (Fig. 4.13). Gene expression of IL-6, INOS
(inducible nitric oxide-synthase), NFkB (nuclear factor kappa-b) and TNF-a (tumor
necrosis factor-a) was upregulated after exposure to mechanical stress. Expression of
M2-associated genes such as IL-10, MRC-1 (mannose receptor) and KLF4 (krippel-
like factor) was not affected by loading.
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Fig. 4.13. Influence of loading on 2 consecutive days on gene expression of macrophage
polarization markers in RAW 264.7 cells. Gene expression is depicted as relative quantification (RQ).
The gene of interest was referred to the endogenous control gene GAPDH, and the loaded samples to
the unloaded controls (calibrator). The figure shows the influence of loading on genes characterizing
macrophage polarization. M1 markers included NFkB (nuclear factor kB), TNF-a (tumor necrosis-factor),
IL-6 (interleukin 6) and iINOS (inducible nitric oxide-synthase), M2 markers included IL-10 (interleukin
10), MRC-1 (mannose receptor) and KLF4 (kruppel-like-factor). Wilcoxon-signed rank test. * p<0.05, ***
p<0.001. qPCR was performed in duplicates. n=15.
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4.5 Impact of mechanical loading and sensory neuropeptide
stimulation on inherent metabolic activities of primary BMM

from DMM and Sham mice

4.5.1 Proliferation

The impact of mechanical loading on the proliferative activity of primary BMM was
compared between BMM isolated from mice 2 and 8 weeks after either DMM or Sham
surgery to analyze whether OA induction could alter
mechanosensation/responsiveness in the context of sensory neuropeptide stimulation.
Mechanical strain on BMM derived from DMM mice increased the proliferation rate at
2 weeks (Fig. 4.14, A) and significantly after 8 weeks (Fig. 4.14, B) in relation to
respective unloaded BMM control. The effect seemed to be less obvious in Sham-
BMM. Neither SP nor aCGRP appeared to have an additive effect on proliferation of
loaded and unloaded BMM (Figure 4.15) isolated from either DMM or Sham mice, but
interpretation of the results is difficult due to low sample number and high variability of
the data.
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Fig. 4.14. Influence of loading on 2 consecutive days on proliferation of bone marrow-derived
macrophages, 2 and 8 weeks after induction of OA. Each figure shows the unloaded, unstimulated
DMM/ Sham cells, set to 100 %, and in relation the respective 2-day-loaded, unstimulated cells, depicted
as respective percentages 2 weeks (A) and 8 weeks (B) after surgery. Boxplots represent median and
the whiskers cover minimum to maximum. Comparison between loaded and unloaded cells: Mann-
Whitney test. * p<0,05. Assays were performed in triplicates. n=3-4.
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Fig. 4.15. Influence of sensory neuropeptide stimulation on proliferation of bone marrow-derived
macrophages. The unloaded and loaded cells (loading on 2 consecutive days) without stimulation were
set to 100 % (continuous line) and the results for the stimulation are depicted as respective percentage.
A) and C) show the results for stimulation with SP, the neurokinin receptor 1 antagonist L733,060 as
well as both in combination 2 and 8 weeks after surgery, respectively. B) and D) show the results for
stimulation with aCGRP, the receptor antagonist CGRPsg37 as well as the combination, 2 and 8 weeks
after surgery, respectively. Boxplots represent median and the whiskers cover minimum to maximum.
Comparison of stimulations between loaded and unloaded: Mann-Whitney test. Assay was performed
in triplicates. n=3-4.

4.5.2 Apoptosis

The impact of mechanical loading on apoptosis of primary BMM was compared
between BMM isolated from mice 2 and 8 weeks after either DMM or Sham surgery to
analyze whether OA induction could alter mechanosensation/responsiveness in the
context of sensory neuropeptide stimulation. The caspase 3/7 activity after 2, 6 and
24 h was correlated to the apoptosis rate of stressed cells and controls. Apoptosis rate

was unaffected in BMM, 2 weeks after the surgical OA induction (Fig. 4.16, A). A higher
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apoptosis rate was observed in loaded BMM, isolated 8 weeks after either Sham or
DMM surgery induced a higher apoptosis rate (Fig. 4.16, B). The caspase 3/7 activity
was significantly increased in DMM-BMM after 2,6 and 24 h whereas the caspase 3/7

activity of Sham-BMM increased with delay after 6 and 24 h.
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Fig. 4.16. Influence of loading on 2 consecutive days on apoptosis of bone marrow-derived
macrophages, 2 and 8 weeks after induction of OA. The graphs show repeated measurements (2,6,
24 h) of caspase 3/7-mediated apoptotic activity of loaded, unstimulated BMM (red: DMM, green: Sham)
2 (A) and 8 (B) weeks after surgery in relation to the unloaded, unstimulated DMM/Sham cells, set to
100 % (black). Error bars show standard deviation. Comparison between loaded and unloaded cells:
Mann-Whitney test, * p<0,05. Assays were performed in triplicates. n=3-4.

Stimulation with SP, aCGRP, their receptor antagonists and the combination of both in
BMM 2 weeks after OA induction did not have significant effects on the apoptosis rate
(Fig. 4.17).

In BMM at 8 weeks after OA induction, results did not differ highly, but some significant
effects were measurable (Fig. 4.18). Stimulation of BMM with 10 M SP and 108 M
CGRP had significantly different effects on loaded DMM- and Sham BMM. Loaded
Sham-BMM had a higher apoptosis rate compared to loaded DMM-BMM (6 h after
loading). The same effect was detectable for the combination of 10 M SP and 10®M

CGRP and their respective receptor antagonists (Fig. 4.18, C and D).
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Fig. 4.17. Influence of sensory neuropeptide stimulation on apoptosis of bone marrow-derived
macrophages, 2 weeks after the induction of OA. The unloaded and loaded cells (loading on 2
consecutive days) without stimulation were set to 100 % (continuous line) and the results for the
stimulation are depicted as respective percentage. A), C) and E) show the results for stimulation with
SP, the neurokinin receptor 1 antagonist L733,060 as well as both in combination. B), D) and F) show
the results for stimulation with aCGRP, the receptor antagonist CGRPs-37 as well as the combination.
Boxplots represent median and the whiskers cover minimum to maximum. Comparison of differences
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to control (100 %): Wilcoxon-signed rank test, comparison of stimulations between loaded and unloaded:
Mann-Whitney test. p<0.05. Assays were performed in triplicates. n=3-4.
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Fig. 4.18. Influence of sensory neuropeptide stimulation on apoptosis of bone marrow-derived
macrophages, 8 weeks after the induction of OA. The unloaded and loaded cells (loading on 2
consecutive days) without stimulation were set to 100 % (continuous line) and the results for the
stimulation are depicted as respective percentage. A), C) and E) show the results for stimulation with
SP, the neurokinin receptor 1 antagonist L733,060 as well as both in combination. B), D) and F) show
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the results for stimulation with a-CGRP, the receptor antagonist CGRPg37 as well as the combination.
Boxplots represent median and the whiskers cover minimum to maximum. Comparison of differences
to control (100 %): Wilcoxon signed rank test (asterix directly above box), comparison of stimulations
between loaded and unloaded: Mann-Whitney test. * p<0.05. Assays were performed in triplicates. n=4.

4.5.3 Osteoclastogenesis

Similar to RAW 264.7 macrophages, osteoclastogenesis turned out to be challenging
when cells were seeded onto the silicone membrane of the FlexCell plates due to
incomplete adhesion. Collagen-I-coated FlexCell plates improved the outcome, yet the
results remained highly variable. After osteoclast counting using Adobe Photoshop, it
seemed that loading reduced the osteoclast numbers per well, also in combination with
neuropeptide stimulation (Fig. 4.19). Primary BMMs derived from either DMM or Sham
mice did not affect this result. Due to the described methodological difficulties,
differentiation and osteoclast numbers were highly variable throughout the
experiments and valid comparisons were not possible. Overall, osteoclastogenesis of
the primary BMM groups did not show any significant differences that would allow

further conclusions.
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Fig. 4.19. Influence of mechanical loading and neuropeptide stimulation on osteoclastogenesis
of BMM isolated 8 weeks after DMM or Sham surgery. BMM were isolated 8 weeks after DMM or
Sham surgery and subjected to osteoclastogenesis under loading. The graph shows absolute osteoclast
numbers per well of unstimulated BMM and BMM stimulated with 10-8 M SP or 10-8 M CGRP. Wells
remained unloaded or were loaded for 4 h per day on 5 consecutive days. n= 5-6.
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5 Discussion

5.1 Methodological discussion

5.1.1 Cyclic stretch as a mode of mechanical force

Since cell stress evoked by mechanical forces is known to modulate the function of
various cells in a physiological and pathophysiological fashion, many studies have tried
to elucidate mechanisms and pathways of mechanotransduction. Different types of
mechanical stimulation were used in these experiments, such as cyclic or static strain
or tension [23,190,191], 3-point- or 4-point-bending [192,193], compressive [194] or
tensile force, hydrostatic or -dynamic pressure, fluid shear stress [77] or microgravity.
In this study, we used cyclic stretch, a frequently used method in the field of
mechanobiology [72,73,195-202]. Stretch is applied by seeding cells on a flexible
membrane which transfers the material stretch to the cells seeded on top. In vitro
macrophage cultures were performed in 2D in literature and hence, we chose the 2D
approach. This allowed culture of macrophages at a sufficient number needed for the
gene and protein expression analysis performed after loading. Initially, we considered
performing the experiments using hydrostatic pressure, but 3D cultivation of
macrophages requires more advanced techniques and allows analysis of only low
numbers of cells at a time. Additionally, the hydrostatic equipment did not perform as
reliable as we would have needed. Yet, 3D experiments on macrophages become
more popular, since it was shown that cell parameters like migration and cytokine
expression, as well as cell morphology changed significantly in 3D-cultured

macrophages compared to 2D cultures [27,203].

5.1.2 Loading parameters
The comparison of studies using cyclic stretch is difficult due to the high variation in
the parameters used to apply mechanical load including the frequency, strain of the

flexible membrane and the duration of the experiment.

According to a variety of studies, a frequency of 1 Hz, indicating one stretch per
second, was chosen for the force protocol. This physical value of mechanical input is
consistent with parameters described in various experiments using rabbit osteoclasts,
mouse osteoblasts, human tenocytes, synoviocytes, mesenchymal stem cells and
RAW 264.7 macrophages [23,73,76,77,199,200].
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The amplitude, equaling the percent of stretch applied to the membrane, is another
parameter that has a critical impact on the outcome of the experiments. Translating
tissue strain into experimental studies is challenging and the true physiological value
is hardly ever achieved. After extensive research of the literature, we decided to use a
10% stretch that was commonly used in a number of published studies. The group of
Backman et al. stretched human tendon cells with a 10 % strain [23], also Kameyama
et al. stretched RAW 264.7 cells with this amplitude, inducing osteoclastogenesis
under mechanical loading [72]. After applying 10 % elongation and 0.5 Hz for 48 h,
Shibata et al. measured the effect of force release on osteoclastogenesis [79].
Furthermore, human mesenchymal stem cells were tensioned with a 10 % elongation
[200].

Membrane stretch can either be produced by application of a vacuum or by mechanical
means, like a stamp that is pressed against a membrane. The disadvantage of
machines that cause a stretch through inducing a vacuum traction is the production of
a strain that highly exceeds physiological values perceived in bone tissue and joints
[204]. Stretch can be measured in micro-strain (change of length divided through initial
length); by definition a strain of 1000 pe equals a cellular deformation of 0.1 % [73,76].
Based on this calculation, the 10 % stretch used in the present study equals 100.000
pe and lies far above the physiological bone strain ranging from 5 to 3000 pe [205—
208]. In contrast, it has been demonstrated that single bone cells require a 20 to 100
fold higher loading rate and deformation than the whole bone itself [209]. Wall et al.
observed that tenocytes experienced only 37+8 % of the equi-biaxial strain on the
cellular level compared to the applied strain magnitude [190]. Agarwal et al. state that
during physiological movement, the strain on articular chondrocytes in vivo is 15 %,
causing a 5 % elongation of the cells [10]. The 10% strain in our experiments, induced
by stretching using a mechanical stamp, might comply best to the actual physiological
stress. In general, physiological and non-physiological stress, that was observed in
joint tissue cells in OA, is hard to reproduce in an experimental setting and this needs
to be considered when interpreting the results of this study. Ultimately, extensive pre-
studies would have been required to elucidate which parameters would be best to
evoke physiological and non-physiological responses in specific cell types. Using data
from the literature, only allows for comparison of experimental outcomes to previous

studies and does not necessarily reflect the actual in vivo situation.
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Loading times described in the literature range from 2 h [23,72] up to 48 h [79]. Times
might vary as some tissues usually might experience constant loading (e.g. heart,
lung), whereas musculoskeletal tissues experience alternating periods of rest and
loading. For example, Sumanasinghe et al. stretched human mesenchymal stem cells
for 4 h per day, lasting up to 14 days [200]. Another study exposed rat fibroblasts to 2,
4 and 6 h of compressive loading [194]. Hence, our choice of 4 h-loading cycles is

defensible and resembles time periods used in other studies.

A shortcoming of this study might be the varying loading times of the experiments for
the gene and protein expression. Gene expression was measured after 2 days of
mechanical loading, whereas the protein expression was examined after 3 consecutive
days of loading. The initial NK1R western blot showed a significant increase of the
NK1R protein after 2 days of loading, therefore we defined a 2-day loading regime for
the experiments. Repeating the western blot experiments shifted the increase in NK1R
expression from 2 to 3 days, however, we kept the 2-day loading protocol for the gene
expression studies, as gene expression changes precede protein expression.

5.1.3 Culture material

Adlerz et al. demonstrated that human macrophages regulate their behavior in
response to the substrate property: apart from an increased cell volume and higher
migration speed, they could observe a higher proliferation rate of macrophages
cultured on stiff substrates compared to soft ones [210]. Plastic and glass are materials
that macrophages can successfully be cultured on, although they only form weak
adhesions. Potentially, a high number of individually weak adhesions might eventually
form sufficient and strong adhesion complexes [211]. This might explain why
osteoclast differentiation on common 6-well plastic plates was easily successful in our
experiments but appeared to be difficult on the soft membranes of the BioFlex® culture
plates. Other investigators faced similar problems using flexible membranes as the
ones produced by Flexcell® or silicone dishes [212]. Macrophages were cultured
successfully on fibronectin-coated culture dishes, a molecule responsible for adhesion
and integration of cells to the extracellular matrix [213]. For this study, we decided to
use collagen I-coated dishes, as collagen | is the major extracellular matrix protein of
bone and therefore should support osteoclast differentiation on the soft Flexwell®
membranes. Contrary to expectations, we could not achieve an improved

osteoclastogenic differentiation on collagen I-coated plates. Later, a more in depth
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literature search indicated an osteoclastogenic inhibition when using collagen I. For
example, osteoclast differentiation of murine bone marrow macrophages was reduced
on collagen I-coated dishes [214,215]. Furthermore, artificial extracellular matrix
(ECM) preparations containing collagen | repressed the differentiation and activation
of human osteoclasts [216]. Additionally, collagen | had a mild cytotoxic effect on rat
vascular smooth muscle cells and led to a reduced cell attachment to the culture dish
surface after exposure to reactive oxygen-producing macrophages [217]. Besides,
when plated on collagen |, rat osteoclasts appeared to have a rather round
morphology, contrary to the spread phenotype during cultivation on glass plates [218].
Gowen and colleagues studied the attachment of RAW 264.7 macrophages to different
molecular forms of collagen |I. Macrophages adhered significantly to monomeric, heat-
denatured collagen | via scavenger-receptors, but only poorly to the native, fibrillar form
of collagen | [35]. Apart from these experimental insights regarding culture dish
surfaces, the group of Ikeda observed a density-dependent differentiation of bone
marrow macrophages. The cell density on the culture plates at seeding and during
differentiation was critical for the number of osteoclasts that appeared after three to
four days [219,220]. Therefore, we suggest that various modalities like surface
structure and cell seeding influence macrophage phenotype and activity critically and
need to be considered in experimental studies. It is thought that substrate stiffness is
more important for successful macrophage cultivation or osteoclast differentiation and
surface manipulation by coating with ECM molecules might not be able to fully
overcome growth restrictions induced by soft surface materials. Another experimental
approach to achieve better cell attachment and growth results on collagen I-coated,
soft stretch membranes might be the co-culture of osteoclasts and osteoblasts. This
could mimic the physiological balance that these cells keep in the bone milieu in vivo
and potentially ameliorate osteoclast differentiation. Furthermore, osteoblasts might

produce a matrix that is closer to the natural osteoclast substrate in bone.
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5.2 Result discussion

Macrophages are cells with various tasks and abilities, ranging from immunological
functions to providing the osteoclast precursor pool. They are able to modulate their
cell shape and phenotype, dependent upon the surface substrate and the
environmental conditions. Macrophages are regulated by numerous molecules
including cytokines, chemokines and neurotransmitters and can react to mechanical
forces such as tension in the bone or stretch in the lungs. Macrophages are unique in
their ability to adjust to a plethora of endogenous and exogenous factors and acquire
a range of phenotypes to adjust to their current environment. The sensory
neuropeptide, SP, is able to influence osteoclasts and their precursors, the
macrophages [61]. Macrophages might also respond to aCGRP as they express the
respective receptors [62]. The main interest of this work was how the combination of
sensory neuropeptide stimulation and mechanical loading affects macrophage

behavior.

5.2.1 Impact of mechanical loading on gene and protein expression of the
neuropeptides SP and aCGRP and their receptors in RAW 264.7
macrophages

5.2.1.1 NK1R and SP expression: formation of a negative feedback loop

The mechanosensing potency of NK1R has first been observed by Millward-Sadler et
al. in chondrocytes of human articular cartilage [20]. So far, studies have demonstrated
that various bone cells, specifically osteocytes [21] and also osteoclasts [161,162],
possess the NK1R, but mechanotransduction processes have not been analyzed yet.
Our study of gene and protein expression of NK1R and SP after mechanical force
application indicate a negative feedback loop between SP and its receptor: after
loading, the NK1R gene and protein were upregulated, whilst there was a
downregulation of SP gene expression. Opposite to the results of our study,
mechanical loading of tenocytes led to an increased SP mRNA and decreased NK1R
MRNA expression [23]. Yet consistent with our observations, Backman et al. suggest
a negative feedback loop as the regulating mechanism for SP release and production.
In accordance to their study, further experiments of our group revealed a reduced
NK1R mRNA expression after SP stimulation of unloaded RAW 264.7 macrophages,
while SP mRNA expression of stretched murine macrophages was further reduced by

picomolar SP concentrations [52]. The altered gene and protein expressions of NK1R
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and SP observed in this study demonstrated for the first time an involvement of the
tachykinin system in mechanotransduction processes of murine macrophages. A
negative feedback loop between NK1R and SP, as previously described in the
literature has been confirmed after application of shear stress on RAW 264.7

macrophages.

After SP binding to its receptor, the NK1R receptor is internalized from the cell surface
into the cytoplasm and recycled afterwards [221,222]. This internalization is
accompanied by cell desensitization towards SP stimulation through modulation by -
arrestin. Furthermore, low concentrations of SP induce a rapid NK1R recruitment to
the cell surface, whereas high SP concentrations lead to a prolonged recycling process
[46], supporting the hypothesis of a negative feedback loop of the receptor and its
ligand. On the other hand, Koh et al. observed a higher NK1R expression following SP
stimulation of murine pancreatic cells, suggesting a positive feedback loop [223].
Exercise-induced loading of salmon osteocytes and osteoblasts resulted in increased
SP mRNA/ protein and NK1R protein levels [22]. In conclusion, our results partly differ
from previous studies presumably due to differences in cell type, loading modality and
parameters used in various studies, individual cell reactivity towards mechanical stimuli
and complex physiological cellular interplay in vivo. Furthermore, the NK1R-SP-
response might be confounded by additional/parallel receptor-ligand interactions. For
example, SP might also bind to NK2R and NK3R, though with a much lower affinity
[224]. Hence, effects mediated via these receptors also need to be considered when
interpreting the results. Additionally, Neurokinins A and B cross-react with NK1R,
which might interfere especially in in vivo observations [225].

Results from previous studies indicate that SP has different metabolic effects
depending upon cell type and the used peptide concentration. During embryonic
development and skeletal growth, SP seems to have anabolic effects, whereas in adult
organisms, it promotes catabolic actions, as shown in chondrocytes [17,145]. Bone
formation is affected positively when stimulated with a concentration higher than 10-
8M, but inhibited with low or no SP stimulation [17]. Current research reports about SP
effects on various cell types confirm the assumption of a trophic function of the
neuropeptide. In the evaluated studies, apoptosis was unchanged [155] or lowered
[158] after stimulation with SP, whereas the proliferation of chondrocytes was
enhanced [23,60,155-157,226]. The effect of SP on adhesion was mixed [155,227].
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However, the combination of SP stimulation and loading has not been examined in
depth so far and little is known about the combined effects of these two conditions. We
observed a reduced adhesion and proliferation in unloaded RAW 264.7 macrophages
but no effects in loaded cells. It can be concluded that loading seems to alter the
reactivity of the tachykinin system resulting in changes in metabolic responses to SP
stimulation. Furthermore, altered SP concentration or binding reactivity might have a
major impact on experimental outcomes. In the first place, SP is likely to produce a
high intra-assay variability due to a less selective receptor binding to the NK1R.
Another reason might be digestion via rapid peptidases [228]. In tissues, unbound SP
turnover is more rapid than in the central nervous system, mediated by the
metalloendopeptidase neprilysin [46,229]. The half-life of SP is dependent on its
binding to certain molecules and on its site of action. The SP half-life is prolonged by

binding of fibronectin and differs between blood and tissues [46].

In conclusion, we demonstrated that mechanical loading interferes with the gene
expression of NK1R and SP by formation of a negative feedback loop. Still, further
effects of SP stimulation on macrophages were neglectable and almost undetectable
in combination with loading. Therefore, follow-up studies are needed to reveal
additional SP effects.

5.2.1.2 Are a-CGRP and its receptors involved in macrophage
mechanotransduction?
To our knowledge, there is no observation published that the aCGRP receptor is
mechanosensitive or -responsive. It might enhance the mechanosensation of articular
chondrocyte nociceptors in rats with surgically induced OA [230]. We observed that
the gene expression of aCGRP is influenced by mechanical loading. aCGRP mRNA
was not detectable in unloaded RAW 264.7 cells, but expression was induced in loaded
cells. Yet, the protein expression of aCGRP, measured by ELISA, remained unaffected
indicating that alterations of protein expression require a longer loading duration, other

frequency or different neuropeptide concentration.

Additionally, cyclic stretch increased the gene and protein expression of the CRLR
subunit but not the co-receptor unit, RAMPL1, that is responsible for the receptor
specificity for aCGRP. In a study using vascular smooth muscle cells (VSMC), a similar

effect was observed [231]. After exposure to hypoxia, the CRLR mRNA was elevated
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after 3 and 4 h, whilst there was no change in RAMP1 mRNA. Exposing VSMC to
chronic hypoxic stress increased both CRLR and RAMP1 mRNA. Similar observations
were made by Nikitenko and colleagues who detected an activated CRLR gene
transcription under hypoxia in microvascular endothelial cells, whereas the expression
of RAMP1, 2 and 3 also remained unaffected by low oxygen levels [232]. Though the
experimental conditions differ, it seems that cell stress, whether induced by hypoxia or
mechanical loading, has comparable effects on the expression of the CGRP receptor
complex. In addition to our short-term loading protocol, a longer mechanical loading
period could show how CRLR and RAMP gene expression would develop during
chronic mechanical stress. From the studies reported so far, it can be assumed that
RAMP1 mRNA and protein expression might be upregulated with increasing duration
or force independent of the CRLR subunit, as shown in a condition of chronic stress.

The binding affinity of aCGRP is highest to the CRLR/RAMP1 complex. Besides,
aCGRP binds with lower affinity to the receptors formed with RAMP2 and RAMP3 that
are most sensitive to adrenomedullin, as well as the amylin receptor subtypes, AMY1
and AMY3 [179]. Considering this complex cross-reactive system, it is difficult to relate
aCGRP effects only to the CRLR/RAMPL1 receptor, because the influence of other
receptor responses cannot be excluded. Regarding in vivo conditions, adrenomedullin
and intermedin can evoke a signal when binding to the CRLR/RAMP1 complex but
with lower potencies than aCGRP [182]. Additionally, the receptor component protein
(RCP) might modulate CRLR/ RAMP1 signaling efficacy in vivo. RCP is responsible
for the coupling of CRLR with RAMPL. If the RCP expression is enhanced, the receptor
signaling is increased [181]. Since enhanced RCP levels in the spinal cord and an
elevated aCGRP sensitivity are reported during the inflammatory stage of
osteoarthritis, the participation of RCP in CRLR signaling can be assumed [233]. The
effect of loading on the RCP expression is not yet known, but it can be assumed that
mechanical stress might also affect RCP level modulations and sensitivity changes of
the aCGRP receptor.

This study demonstrated for the first time that the CRLR/ RAMP1 complex participates
in mechanotransduction and that macrophages react to mechanical stress with

alterations in the aCGRP gene expression.
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5.2.2 Impact of mechanical loading on inherent metabolic behavior of

RAW 264.7 macrophages in the presence of sensory neuropeptides
The metabolic parameters, adhesion, proliferation and apoptosis are critical indicators
for cell activity and viability. Thus, we analyzed how mechanical stress and sensory

neuropeptide stimulation affected these parameters.

5.2.2.1 Apoptosis

In our experiments, loading of RAW 264.7 macrophages induced a higher caspase 3/7
mediated apoptosis. Similar observations are described in the literature: Xu et al.
stretched osteoclasts, differentiated from RAW 264.7 macrophages, and observed an
increased apoptotic rate at low physiological mechanical strain [78]. Osteoclasts on
the maxillary bone surface became apoptotic after the application of a tensional force
that was not seen on the control bone surface [234]. Noble and colleagues loaded mice
ulnae with physiological and pathologically high strains. The apoptosis of osteocytes
subjected to lower strains was reduced, while the apoptotic rate of the extensively
loaded osteocytes was elevated [191]. Higher apoptosis rates were also shown for
fibroblasts subjected to compressive loading [194], alveolar type Il cells in rat lungs
exposed to intermittent stretch [195] and human chondrocytes from the epiphyseal
growth plate loaded with 4000 p-strain [193] compared to controls. In contrast,
mechanical stretching of fibroblast-like synoviocytes either from healthy control tissue
or rheumatoid arthritis synovium did not affect apoptosis [199]. In summary, previous
examinations on the impact of mechanical force application on apoptosis are
consistent with our study but the number of experiments that specifically dealt with
loading of macrophages is little. Cells that have been most extensively studied under
loading are bone cells (e.g. osteocytes or osteoblasts), chondrocytes and cell types
involved in dental structures that are typically exposed to tensile or compressive force.
Increased apoptosis of macrophages and osteoclasts could be a protective
mechanism to prevent enhanced bone resorption due to mechanically induced micro-
damages. On the one hand, micro-damage could be the initiation signal for bone
remodeling, accelerated bone turnover and repair of affected sites. On the other hand,
overactivation of macrophages might evoke immune responses that are unfavorable
in pathologies like OA which includes structural joint damage. Macrophage activity
might be controlled by an upregulation of apoptosis to prevent detrimental

inflammatory conditions.
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The apoptosis of RAW 264.7 cells was not affected significantly by SP and aCGRP
stimulation. Similarly, Opolka et al. observed little effect of SP stimulation on the
apoptotic rate of mice costal chondrocytes [155]. In contrast, apoptosis of human
tenocytes and human mesenteric pre-adipocytes was decreased by SP stimulation
[158,159]. It has also been observed that treating vascular smooth muscle cells with
10-8M CGRP prior to oxidative stress exposure reduced the number of apoptotic nuclei
[235]. So far, the knowledge about the influence of SP and aCGRP concerning
apoptosis of macrophages is very limited. Gherardini et al. examined intracutaneous
human macrophages and detected a significantly increased cell number after SP
stimulation, but the effect could be attributed to an enhanced differentiation from

progenitor cells and not to altered rates of apoptosis or proliferation [236].

Regarding the broad spectrum and various effects of different loading parameters and
taking into account the combination of loading and neuropeptide stimulation in this
study, the question arises, whether the observed effects in RAW 264.7 macrophages
can be considered anabolic or catabolic. Here, the increased apoptosis rate of RAW
264.7 macrophages points to inhibitory processes due to mechanical stress with a
reduced cell vitality and metabolic activity. Further addition of SP and aCGRP had little
effects on apoptosis leading to the conclusion that both neuropeptides are not involved
in apoptotic processes related to mechanical strain.

5.2.2.2 Proliferation

The proliferation rate of the RAW 264.7 macrophages used in our experiments was
not significantly altered by mechanical loading and only had a tendency for a reduced
proliferation rate. Similarly, when human fibroblast-like synoviocytes from healthy
tissues were exposed to stretch, the proliferation was unaffected, whereas in
synoviocytes from RA patients proliferation was significantly increased [199]. A higher
proliferation in response to loading was also seen in experiments using periosteal
fibroblast-like cells, going along with a disorganization of the actin cytoskeleton after
loading followed by a subsequent reorganization [192]. Moreover, periodic mechanical
stress induced the proliferation of chondrocytes, possibly by an integrin-calmodulin
kinase II-Pyk2-ERK 1/2 pathway [6]. Stretching of human bone marrow mesenchymal
stem cells (BMSC) at a frequency of 1 Hz presented a high variability [202]. Stretching
with a low strain and for short time periods as well as long-time loading caused a

significant increase in hBMSC proliferation. In contrast, higher strains for a short time
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evoked a decrease. Interestingly, stretched BMSC of either ovariectomized or Sham
rats clearly displayed a decreased proliferation rate after three days of loading [198].
Peyton et al. used both constant and intermittent cyclic stretch and observed an overall
inhibited proliferation of the examined human microvascular endothelial cells [237]. To
summarize, the effects of mechanical loading on proliferation vary in experiments so
far and either confirm or contradict our results. The reasons for deviating results might
be a variation in loading times and parameters, as well as differences in the
proliferative behavior of the cell type or particular macrophage subtype used for the

experiments.

Regarding proliferation and neuropeptide influence, we observed a decreased
proliferative rate of unloaded RAW 264.7 macrophages after 10 M SP stimulation.
Contrarily, SP increased the proliferation rate in endothelial cells of the rat knee-joint
[60] and in mouse chondrocytes using a 10°/101° M SP concentration [155].
Furthermore, in a study by Backman et al., SP increased cell viability and proliferation
of human tenocytes, possibly through an autocrine loop between SP and NK1R [23].
This is consistent with the negative feedback loop of the gene and protein expression
of NK1R and SP that we observed and discussed above (see 5.2.1.1). Confirming the
results from Backman and colleagues, Zhou et al. observed an elevated proliferation
rate in tendon-derived stem cells in response to SP and dose-dependent effects of SP
on patella tendons in vivo, whereby low concentrations of SP enhanced tenogenesis,
whereas high doses of SP induced tendinopathy [157]. The proliferation of neural stem
cells was enhanced by SP in vitro as well as in vivo [156]. Regarding our experiments,
SP stimulation did not influence the proliferation of loaded RAW 264.7 macrophages.
Yet, combined stimulation using SP and the NK1R antagonist induced a decreased
proliferation of loaded cells. This is similar to the effect of loading itself, which led to a
reduced proliferation rate and displays an effective blockade of the NK1R through the
L733,060 antagonist.

To summarize, the combination of SP stimulation and loading had no significant effect
on RAW 264.7 macrophages, whereas the decreased proliferation of unloaded cells
after SP stimulation is contrary to other studies. Previous experiments used other cell
types rather than macrophages, which might explain the diverging results and points

towards an altered neuropeptide signaling in case of macrophages.
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Stimulation with 101 M aCGRP decreased the proliferation rate of the unloaded RAW
macrophages. Already in 1994, Owan and his group determined an inhibitory effect of
human aCGRP on bone marrow macrophages. The number and also the size of their
macrophage colonies in culture were smaller compared to controls [57]. In a study
examining the effect of aCGRP stimulation on smooth muscle cells, the proliferation
rate was dose-dependently affected by the FCS concentration of the medium. aCGRP
had no effect in the presence of 1 % FCS, but 10 % FCS in combination with aCGRP
stimulation modulated cell proliferation. aCGRP enhanced growth rates of slow-
proliferating smooth muscle cells and inhibited growth rates of a rapidly-proliferating
smooth muscle cell population, depicting a dual role of aCGRP signaling [238].
Endothelial cell proliferation in rat knee-joints was elevated under aCGRP influence
[60]. In our study, 10 M aCGRP decreased the proliferation, whereas the higher
concentration of 10 M had no effect. Generally, it is assumed that macrophages might
show a better response to micromolar concentrations than to the nanomolar
concentrations which we used in these experiments, and as it was shown for SP [239].
Whether this also applies for aCGRP remains unknown and deserves more intense

investigation.

5.2.2.3 Adhesion

Experiments examining the influence of loading on adhesion are very few in number.
In general, the adhesive mechanisms of macrophages have been studied intensely,
but there are no reports about the impact of loading. For example, stretched fibroblasts
developed a higher number of focal adhesions than control cells, possibly as a
mechanism to correct the increased force on the cell [196]. Cyclic stretch on human
periodontal ligament cells enhanced the gene expression of adhesion molecules [240].
Our examinations demonstrated no influence of loading on the adhesion of RAW 264.7
macrophages suggesting a low or no impact of mechanical loading on the molecular
processes, which determine adhesive behavior of macrophages. The adhesion of
RAW 264.7 macrophages to collagen | seems to be modulated by class A macrophage
scavenger-receptors (SR-A) and not by B-integrins, which are the main adhesion
receptors for macrophages. The main mediators of macrophage and osteoclast
adhesions are the podosomes; dynamic cylindrical attachment structures whose
subunits react tissue- and substrate-dependent [27]. Overall, macrophages have

shown different adhesion mechanisms to collagen |, are dependent upon the cell
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phenotype and tissue-specificity, as well as a varying pool of adhesive receptors. Since
subsets of integrins and the above-mentioned scavenger-receptors are unique for
each macrophage species [27] they might contribute to the reported variability in
macrophage adhesive behavior.

In our study, stimulation with 10® M SP decreased the adhesion of unloaded
macrophages. Addition of 10-1°M SP had opposite effects on the adhesion of loaded
and unloaded cells; the adhesion rate of unloaded cells was higher, whilst the adhesion
of loaded cells was lower compared to respective unstimulated cells. In a study from
Levite and colleagues, SP blocked the neuropeptide-induced adhesion of T-cells to
fibronectin [227]. In contrast, in murine costal chondrocytes, SP stimulation increased
adhesion in a dose-dependent manner [155]. Furthermore, SP increased the focal
adhesion formation of keratocytes [241] and the expression of adhesion-associated

genes in rat fibroblasts and non-human primate fibroblasts [242].

aCGRP stimulation had little effect in unloaded RAW 264.7 macrophages. In contrast,
adhesion rate decreased in loaded macrophages upon addition of either 100 M
aCGRP, the CGRP receptor antagonist CGRPs37 or combined application. In
compliance to our results, Sung et al. observed a reduction in the adhesion capability
of leukocytes to endothelial cells after aCGRP stimulation [243], whilst a different study
demonstrated an increase in T-cell adhesion to fibronectin after stimulation with CGRP
[227]. These opposing observations indicate the involvement of more complicated
mechanisms in the regulation of adhesion after aCGRP stimulation and imply that only
little variations in the study design might lead to opposing results.

Regarding the adhesion of RAW 264.7 macrophages, neuropeptide stimulation and
mechanical loading both display inhibitory effects. If this can be considered a benefit
or drawback in macrophage physiology remains unclear. For one thing, reduced
adhesion could facilitate macrophage mobility and migration, although a lack of
adherence might make adequate cell-surface contacts and locomotion impossible. To
sum up, adhesive behavior of cells and particularly macrophages is highly variable,
and the underlying mechanisms are complex and difficult to understand. Further
elucidation of macrophage adhesion might help to understand and interpret

experimental outcomes when using macrophages in vitro and in vivo.
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5.2.2.4 Neuropeptide antagonist effects

The effect of the neuropeptide antagonists is still indistinct. In our experiment,
antagonist stimulation produced results that are difficult to explain. Often the receptor
antagonist neutralized the effect of the competitive ligand insufficiently, when
evaluating stimulation with the combination of neuropeptide and its receptor antagonist

or stimulation with the antagonist alone.

The effect of CGRP receptor antagonists is based on the lack of the N-terminal of the
CGRP molecule interfering with the necessary connection between ligand and receptor
domain [179]. The CGRPs-37 receptor antagonist is a 30-amino-acid fragment of the
aCGRP neuropeptide with a short half-life [60] that seemed to reduce mechanical
hypersensitivity after lumbar nerve transection in mice [244]. The CGRP receptor
antagonist olcegepant (BIBN4096BS) has already been observed to alleviate migraine
pain and reduce neuronal activity of the trigeminus nerve and predominantly block
peripheral CGRP receptor-mediated inflammation [171]. In this study, stimulation with
the CGRP receptor antagonist CGRPs-37 induced a higher adhesion rate of unloaded
macrophages. Referring to our outcome, Lerner et al. demonstrated that CGRPs-37
lacked an antagonistic effect regarding bone resorption and assumed the presence of
receptor subtypes on osteoclasts [162]. Previously, Dennis et al. suggested the
existence of two CGRP receptor subtypes, one with high and one with low affinity for
CGRPs.37 [245]. Intrathecal spinal injection of only the antagonist CGRPsg-37 also
evoked an unexpected effect in rats indicating a potential endogenous CGRP release
[246].

The piperidine ether-based L733,060 is a highly effective NK1R antagonist with good
blood-brain barrier permeability. It acts stereoselective, so its enantiomer L733,061
does not form a strong binding. Studies with this antagonist reported a blockade of
neurogenic inflammation and subsequent plasma extravasation [247], as well as an
anti-nociceptive impact in gerbils [248]. These findings suggest a promising role for
NK1R and SP antagonists in the treatment of painful inflammatory diseases. In our
study, L733,060 often seemed to lack its antagonistic effect and the reasons for that
still need to be elucidated. The group of Hamity observed that the efficacy of the NK1R
antagonist L733,060 was time-dependent as administration of L-733,060 to rat medulla
was highly effective at 15 min but ineffective at 30 min prior to SP treatment [249].

Further experiments would test pre-stimulations using the L-733,060.
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5.2.3 Impact of mechanical loading on osteoclastogenic differentiation
potential of RAW 264.7 macrophages
Differentiation of macrophages into osteoclasts depends on stimulation of two specific
receptors on the macrophage precursor cell: RANK and CSF1R (also c-FMS). When
RAW 264.7 cells were subjected to cyclic stretch, we observed an upregulation of
RANK mRNA, whereas the CSF1R mRNA expression remained unaffected, potentially
suggesting an enhanced osteoclastogenic differentiation potential upon mechanical
loading. In compliance, 4-point bending of RAW 264.7 macrophages resulted in strain-
dependent RANK mRNA alteration [78]. Using high strain, RANK mRNA expression
was increased. In contrast, mechanical stress on rodent femoral heads decreased the
RANK/RANKL mRNA expression [250]. In any case, RANK expression seems to be
regulated by mechanical loading. Compressive loading of human osteoblasts also
evoked a RANKL mRNA and protein increase [251], whilst similar results were
achieved by static compression of periodontal ligament cells [252]. In contrast, high
loading frequencies reduced the RANKL mRNA expression of murine stromal cells
[253], as did simultaneous fluid shear stress and aCGRP stimulation on pre-
osteoblastic cells [77]. Application of fluid shear stress on an osteocytic cell line, Ocy
454, altered RANKL mRNA in strain dependent manner [254]. In earlier studies,
CSF1R mRNA expression was increased after cyclic stretch [255] and after the release
of loading [79]. Reports regarding the influence of mechanical loading on RANK and
c-FMS gene expression are very few, whereas numerous studies examined the
expression of the ligand RANKL. The increased RANKL gene expression and the
potential induction of osteoclastogenesis following mechanical stress contradict
various other studies, whereby mechanical loading led to an osteoclastogenic
downregulation and cannot be discussed in the context of our study on RAW 264.7
macrophages (see section 4.2.4). In our loading experiments on metabolic behavior,
macrophage apoptosis was increased after mechanical loading resulting in the loss of
precursor cells for potential osteoclast differentiation. The upregulation of RANK gene
expression might be a compensatory mechanism. Still, gene regulation without
analysis of subsequent protein regulation does not allow for any solid statements

regarding physiological effects.
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5.2.4 Impact of mechanical loading on macrophage polarization:
induction of M1 activity
Macrophages display a wide range of phenotypes, the main groups being M1 or
proinflammatory macrophages versus M2 or anti-inflammatory macrophages. The
phenotype plasticity allows macrophages to adapt their function and provide an
adequate and controlled immunological reaction. Previously, it was reported that
mechanical loading affects macrophage polarization. Depending upon the stretch
intensity, both M1 and M2 phenotypes were induced [27]. We observed that a two-day-
loading protocol led to an increased gene expression of M1-associated genes like NF-
kKB, TNF-q, IL-6 and INOS, representing classically activated macrophages. Therefore,
it can be assumed that the mechanical stretch parameters used in our setup preferably
induce a proinflammatory macrophage phenotype. Gene expression of M2
macrophage markers remain unaffected. Proinflammatory M1 macrophages provide a
protective immune response by releasing cytokines and protecting the body cells from
bacteria and viruses by phagocytosis. Alternatively-activated M2 macrophages arise
to produce extracellular matrix for tissue repair and operate in an anti-inflammatory
manner [29]. The group of Hammerschmidt demonstrated a balance shift towards a
proinflammatory immune response after stretching alveolar type Il cells or rat lungs
[256]. Only a few experiments concerning mechanical stress on macrophages are
described in the literature. In accordance with our study, mechanical loading increased
the expression of proinflammatory genes such as iNOS, IL-6, IL-1B or TNF-a of
macrophages [38,257]. Ballotta et al. observed differential effects after the application
of low 7 % strain compared to a higher 12 % stretch. Stretching macrophages with
12% alignment indicated the predominance of pro-inflammatory M1 macrophages,
whereas the lower stress increased the M2/M1 ratio, resulting in an elevated anti-
inflammatory activity [36]. In conclusion, various studies including our own
observations demonstrate the differential impact of varying ranges of mechanical
stress on macrophage phenotype development. It cannot clearly be stated if
mechanical stress on macrophages has positive or negative effects or if an anti- or
proinflammatory response is dose-dependent. Shan et al. loaded RAW 264.7
macrophages for 1, 2 and 4 h with 5 %, 10 % and 15 % strain and observed a strain-
independent overall increase of proinflammatory gene expression and cytokine release

[257]. In contrast, stretching of skin macrophages induced M2 polarization at a
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relatively high strain of 33 % for 7 days [258]. In general, mechanically loaded
macrophages showed a higher cytokine release than without loading [37,259].
Numerous other cell types like fibroblasts, human blood monocytes or mesenchymal
stem cells reacted to mechanical strain with release of proinflammatory cytokines
[10,36,79,197,200,212,260,261]. Our results and previous work indicate an influence
of mechanical loading on macrophage phenotype plasticity with polarization depending
upon the loaded cell type and loading parameters. The M1 polarization demonstrated
in our experiments is in line with the proinflammatory conditions observed in OA
pathology [262,263].

Besides, numerous approaches and suggestions exist to update the common
macrophage classification since the dichotome differentiation in M1 and M2 only
displays one of many macrophage features and is too general for the multiple and

diversified appearances and tasks that macrophages can perform.

5.2.5 Impact of mechanical loading on inherent metabolic behavior of
BMM from DMM- and Sham mice in the presence of sensory
neuropeptides

One hypothesis of this work was that BMM from osteoarthritic animals show different

metabolic activity compared to Sham BMMs, since OA is related to an altered

mechanotransduction among other features [122,130,264—266]. Initially, we studied
apoptosis and proliferation of BMM from Sham- and DMM mice in the context of cyclic

stretch and sensory neuropeptide stimulation.

BMM from wildtype mice 8 weeks after DMM surgery exhibited an elevated apoptosis-
as well as proliferation rate after cyclic stretch. The increased apoptosis rate of loaded
BMM at 8 weeks post DMM surgery in comparison to no apoptosis in loaded BMM at
2 weeks post surgery might suggest a preventive measure to counteract a
macrophage-derived overactivation of the immune system and subsequent detrimental
inflammatory conditions. Apart from bone matrix degradation, osteoclastogenesis is
likewise important for the formation of new bone subsequent to its resorption. A
reduced osteoclastogenesis due to a reduced number of precursor macrophages, thus
indicates less bone turnover and might cause an insufficient repair of microdamage or
development of sclerotic bone, characteristic of late OA subchondral bone changes.

Bone homeostasis is strictly dependent upon the balance between catabolic and
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anabolic processes. Yet, the combination of an enhanced apoptosis and also
proliferation rate of BMM after OA induction indicate the complex interplay of intrinsic
cellular mechanisms as a response to mechanical stress applied in vivo (DMM) or in
vitro (cyclic stretch). These first experiments allow us to conclude that OA has an
impact on BMMs, but at the same time data are not sufficient yet for specific
conclusions. Additionally, BMM might contribute to inflammatory reactions in OA
[267,268] that also might explain the increased proliferation rate in our experiments.
Overall, our study focuses on only one cell type in primed in vitro conditions, which

makes it difficult to draw conclusions about in vivo effects.

The stimulation of BMM with neuropeptides and their respective inhibitors resulted in
a high intra-assay variability regarding their effects on proliferation and apoptosis. Our
results so far allow no deductions regarding neuropeptide effects on BMM from DMM
and Sham mice after loading. Previous studies from our group demonstrated a higher
proliferation rate of BMM after SP stimulation [61]. Wang et al. observed increased
proliferation of BMM after CGRP stimulation and no proliferative effect of SP [166,269].
Further experimental trials examining the effect of neuropeptide stimulations on the
adhesion of BMMs might be interesting, since in in vitro experiments on RAW 264.7
macrophages, adhesion and mechanical loading had similar effects. In general, the
variability of in vivo experiments is higher than of in vitro experiments using cell lines,

which we can confirm by our observations.

5.2.6 Conclusion

This study demonstrates the participation of SP and aCGRP and their neuropeptide
receptors NK1R and CRLR/RAMP1 in the mechanotransduction process of murine
macrophages. Our results indicate an autocrine negative feedback regulation of the
NK1R/ SP system. The involvement of aCGRP and its receptor CRLR/ RAMPL1 in
mechanosensation and -regulation was demonstrated for the first time. Further
experiments could aim to elucidate if the expression of the RAMP1 subunit is an
indicator for chronic stress after long-time loading. Since macrophages are resident
cells in most musculoskeletal tissues, they are exposed to mechanical stress and
neuropeptide signaling. Therefore, elucidating the impact of mechanoregulation and
neuropeptide stimulation on local cellular interactions might help to understand
macrophage-related physiological and pathological mechanisms of musculoskeletal

tissues. Macrophages displayed increased apoptosis rates after cyclic stretching,
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possibly depicting a prevention of macrophage-driven detrimental immune reactions.
Mechanical loading altered macrophage adhesive behavior in response to SP and
aCGRP stimulation, which might indicate mechano-dependent signaling alterations
interfering with migration and mobility. Moreover, the induction of OA appears to
interfere with apoptosis and proliferation of bone marrow-derived macrophages in
response to mechanical stress, indicating OA-associated altered biomechanical
signaling. Cyclic stretching of RAW 264.7 macrophages induced the gene expression
of cytokines associated with M1 polarization and increased RANK gene expression,
suggesting a pro-inflammatory and pro-osteoclastogenic activity in response to
mechanical stress. This partly depicts the eminent role of macrophages and
mechanical force in pathophysiological processes as described in subchondral bone
alterations during OA pathogenesis. More detailed insight could explore possible
treatment options targeting pathological signaling pathways related to
mechanotransduction. Future studies examining mechanotransduction of
macrophages should aim to elucidate possible receptor isoforms or variations of the
NK1R and CRLR/RAMP1, as well as interactions of SP and aCGRP to enlighten still
unexplained macrophage responses to neuropeptide stimulations in this specific

context.

The limitations of our experiments regarding protein and gene expression of
neuropeptides, their receptors, osteoclastogenesis and macrophage polarization
markers include the usage of a cell line, the RAW 264.7 macrophages. Cell lines are
a satisfying model organism to study mechanistic processes, but immortalized cells
might not show an aberrant metabolic behavior compared to primary cells and the in
vivo situation. In vitro conditions always simplify the physiological properties and lack
the influence of other cell types, the tissue-specific milieu and species-related
specialties. Repetitions of our experiments using primary bone marrow macrophages
could elucidate the interplay of mechanical stress and sensory neuropeptide

stimulation in macrophages in a more physiological setting.
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6 Summary

Macrophages as precursor cells of osteoclasts are of importance during bone
formation, whose physiologically well-balanced process is altered during osteoarthritis
(OA). Mechanosensing within cells is necessary for growth and maturation of joints,
whereas pathological stress can cause inflammation and disorders, such as articular
cartilage degeneration or subchondral bone sclerosis in OA. The neuropeptides
Substance P (SP) and a-calcitonin gene-related peptide (aCGRP), acting on the
neurokinin-1 receptor (NK1R) and the calcitonin receptor-like receptor (CRLR)/
receptor activity-modifying protein (RAMP1), are involved in joint physiology and OA-
associated degenerative processes and were shown to modulate osteoclastogenesis.
Regarding these mechanisms, the topic of this work was to elucidate the combination
of both mechanical loading and sensory neuropeptide stimulation on metabolic

parameters of murine macrophages.

RAW 264.7 macrophages were subjected to cyclic mechanical stretch. Neuropeptide
receptor and neuropeptide gene and protein expression was assayed by PCR analysis
and western blotting, respectively. Metabolic behavior of macrophages was analyzed
by studying apoptosis, proliferation and adhesion, with and without neuropeptide
stimulation after application of cyclic stretch. The expression of macrophage
polarization markers and osteoclastogenesis-associated genes was examined after
loading. Neuropeptide stimulation experiments were repeated on primary BMM after

the surgical induction of OA.

This study demonstrated the involvement of SP and aCGRP and their receptors in
macrophage mechanotransduction and -regulation. Mechanoregulation via aCGRP-
CRLR/RAMP1 interaction had never been previously addressed. Our results further
indicate the regulation of RAMPL1 in experimental conditions of mechanically induced
stress. In agreement with results from other groups, we observed an autocrine

negative feedback mechanism of NK1R/SP signaling.

Furthermore, macrophages exposed to mechanical stress developed a sensitization
for caspase 3/7-mediated apoptosis induction and an inhibited adhesion after aCGRP
stimulation, pointing towards a preventive mechanism regarding detrimental
inflammatory conditions by upregulation of macrophage apoptosis and a reduced

macrophage migration. The M1 polarization after loading suggests a proinflammatory
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activity of mechanically stressed macrophages. If and how this would affect
macrophage activity in vivo remains elusive. Furthermore, we observed that the gene
expression of the RANK receptor was enhanced after mechanical loading leading to
the assumption of a higher osteoclastogenic differentiation potential of macrophages.

Additionally, the induction of experimental OA appears to alter the
mechanotransduction of primary murine BMM, as we observed a higher proliferation
rate and an increased sensitivity to apoptosis induction of BMM at 8 weeks post OA
surgical induction in comparison to BMM from Sham-operated animals. From that, we
conclude that altered cellular biomechanics, induced by OA, affect bone resident
macrophage populations. The underlying molecular mechanisms remain unknown so
far. Future studies could help to identify regulatory processes involved in the altered
cellular reactivity and might contribute to the development of new treatment options
that target pathological signaling pathways of macrophage mechanoregulation and

neuropeptide sensitivity.
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7 Abbreviations

AB
AC
ACLT
ADAMTS
APS
AUT
BCA
B-ME
BMM
BMP
BMSC
bp
BrdU
BSA
Ca?
cAMP
cDNA
c-FMS
CFU-M
CGRP
COX
CRLR
ctrl
DMM
DNA
dNTP
DTT
ECM
EIA
ELISA
ERK
FAK
FCS
GAPDH
GER
GPCR
h

HIF
HRP
IG

IL
iINOS
IP
JNK
KLF
MAPK
M-CSF
MMTL

antibody

adenylate cyclase

anterior cruciate ligament transection
A disintegrin and metalloprotease with thrombospondin motifs
ammonium persulfate

Austria

bicinchoninic acid

B-mercaptoethanol

bone marrow macrophages

bone morphogenetic protein

bone marrow mesenchymal stem cells
base pairs

5-bromo-2’-deoxyuridine

bovine serum albumin

calcium

cyclic adenosine monophosphate
complementary deoxyribonucleic acid
macrophage colony-stimulating factor
macrophage colony-forming unit
calcitonin gene-related peptide
cyclooxygenase

calcitonin receptor-like receptor
control

destabilization of the medial meniscus
desoxyribonucleic acid
deoxyribonucleotide triphosphates
dithiothreitol

extracellular matrix

enzyme immuno-assay
enzyme-linked immunosorbent assay
extracellular signal-regulated kinases
focal adhesion kinases

fetal calf serum
Glyceraldehyde-3-phosphate dehydrogenase
Germany

G-protein coupled receptor

hour/ hours

hypoxia-inducible factor

horse radish peroxidase
immunglobuline

interleukin

inducible nitric oxide synthase
inositoltriphosphate

c-Jun-N-terminal kinases

kruppel-like factor

mitogen-activated protein kinases
macrophage colony-stimulating factor
medial meniscal tear ligament
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MIA
Min
MMP
MRC-1
MRI
MRNA
MT
MTX
NF-kB
NGF
NK1R
NO
NOS
NSAID
OA
OARSI
PBS
PCR
PGE:2
PKC
gRT-PCR
RA
RAMP1
RANK
RANKL
RCP
RIN
RIPA
RNA
ROS
RQ
Sec
SR-A

SDS-PAGE

SP
TAC
TAE
TEMED
TBS
TGF-B
™
TNF-a
TRAP
TRPV
USA
VIP
VSMC
WT
2D/3D

monoiodacedate

minutes

matrix metalloproteinase

mannose receptor

magnetic resonance imaging

messenger ribonucleic acid

meniscal tear

methotrexate

nuclear factor-kappa-B

nerve growth factor

neurokinin-1 receptor

nitric oxide

nitric oxide synthase

non-steroidal anti-inflammatory drugs
osteoarthritis

osteoarthritis research society international
phosphate-buffered saline

polymerase chain reaction

prostaglandin E2

protein kinase C

guantitate real-time polymerase chain reaction
rheumatoid arthritis

receptor activity-modifying protein 1
receptor activator of nuclear factor kappa-b
receptor activator of nuclear factor kappa-b ligand
receptor component protein

RNA integrity number
radioimmunoprecipitation assay
ribonucleic acid

reactive oxygen species

relative quantification

Seconds

class A scavenger-receptor

sodium dodecyl sulfate polyacrylamide gel electrophoresis
substance P

tachykinin

tris-acetate EDTA
tetramethylethylendiamin

tris-buffered saline

transforming growth factor

temperature maximum

tumor necrosis factor

tartrate-resistant acid phosphatase
transient receptor potential vanilloid

United States of America

vasoactive intestinal peptide

vascular smooth muscle cells

wildtype

two-dimensional/ three-dimensional
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