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Abstract

Osteoarthritis (OA) is one of the most prevalent degenerative joint diseases in the
Netherlands associated with pain and disability and the incidence is expected to rise
rapidly. No treatment is available yet due to a lack of knowledge about the initiation
and progression of the disease, as well as a representative research model. Physio-
logical joint loading is necessary for matrix homeostasis and has proven beneficial
for attenuating cartilage degradation during OA progression. The mechanobiol-
ogy behind this could provide invaluable information about homeostatic processes
and reveal potential targets for therapeutics, however it is not well understood yet.
YAP/TAZ (YAP) transcriptional co-activators have shown potential in attenuating
cartilage degradation in OA tissues, but controversy exists about the mechanism.
This thesis investigates YAP activity upon dynamic compression in normal and
pathological conditions, to eludicate part of the mechanobiology in chondrocytes.

A Cartilage-on-Chip platform was used to deliver physiological dynamic com-
pression (300mbar, 1 Hz, 1hr/day) onto human primary chondrocytes embedded
in agarose. YAP and SMAD protein nuclear translocation was measured using im-
munofluorescence to estimate the nuclear-to-cytoplasmic ratio over time and in addi-
tion of pro-inflammatory cytokines IL-1β and TNF-α. Additionally, gene expression
was measured of matrix components and targets downstream of YAP-SMAD2/3 and
YAP-SMAD1/5/9 complexes.

The results reveal that YAP, SMAD2/3 and SMAD1/5/9 nuclearisation does not
increase upon physiological dynamic compression. CTGF was however upregulated,
showing some influence of compression on the transcriptional activity of YAP. Nu-
clear YAP and SMAD2/3 increased upon addition of cytokines, while compression
attenuated the nuclearisation of SMAD2/3. In contrast, nuclear SMAD1/5/9 only
increased upon addition of cytokines in combination with compression. Downregula-
tion of CTGF and Pai-1 in both pathological conditions demonstrates the influence
of inflammation on the transcriptional activity of YAP-SMAD2/3. Furthermore,
compression in pathological condition presents attenuated upregulation of MMP13,
which could potentially be related to increased nuclear YAP.

This thesis concludes no direct influence of dynamic compression on YAP phos-
phorylation and nuclear translocation, however an influence on transcriptional ac-
tivity of YAP is suggested by the data. This research could be continued by inves-
tigating the role of YAP in Extracellular Matrix (ECM) development or homeosta-
sis, using YAP inhibitors and stimulators to regulate YAP expression and activity.
Future experiments should increase the biological sample size and also include a
physiologically relevant ECM to assess the role of mechanotransduction on YAP
activation. The findings of this thesis show the possibility to investigate mechanobi-
ology in the Cartilage-on-Chip platform, which could be applied to other signalling
pathways involved in matrix homeostasis and potentially study the development of
OA.
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Samenvatting

Artrose is één van de meest voorkomende degeneratieve gewrichtsziektes in Neder-
land die gepaard gaat met pijn en bewegings beperkingen en naar schatting groeit
het aantal patiënten snel. Er is nog geen behandeling beschikbaar vanwege een ge-
brek aan kennis over de initiatie en progressie van de ziekte en een representatief
onderzoeksmodel. Fysiologische belasting is nodig voor kraakbeen homeostase en
kan de afbraak van het kraakbeen tijdens de progressie van artrose vertragen. De
mechanobiologie hierachter wordt echter nog niet goed begrepen, wat waardevolle
informatie zou kunnen opleveren over homeostatische processen en potentiële doel-
witten voor medicatie. YAP/TAZ (YAP) transcriptie co-activatoren tonen potentie
om kraakbeen afbraak in artrose te verzwakken, maar dit mechanisme wordt nog
niet goed begrepen. In deze thesis wordt de actviteit van YAP onderzocht bij dy-
namische compressie in normale en pathologische condities, om meer te weten te
komen over de mechanobiologie in chondrocyten.

Een Cartilage-on-Chip platform is gebruikt om fysiologische dynamische com-
pressie (300 mbar, 1 Hz, 1 uur per dag) toe te passen op menselijke primaire chondro-
cyten ingebed in agarose. De nucleaire translocatie van YAP en SMAD-eiwitten is
gemeten met behulp van immunofluorescentie, om de nucleair-cytoplasmatische ver-
houding te schatten over de tijd en in aanwezigheid van pro-inflammatoire cytokines
IL-1β en TNF-α. Bovendien is de genexpressie geanalyseerd van matrix componen-
ten en genen geassocieerd met YAP-SMAD2/3 en YAP-SMAD1/5/9-complexen.

De resultaten tonen dat YAP, SMAD2/3 en SMAD1/5/9 nuclearisatie niet toe-
neemt door fysiologische dynamische compressie. Upregulatie van CTGF toont aan
dat compressie invloed had op de transcriptie-activiteit van YAP. Wanneer cytokines
werden toegevoegd, toonde YAP en SMAD2/3 een verhoogde nuclearisatie in statis-
che condities, terwijl SMAD2/3-nuclearisatie minder werd in aanwezigheid van com-
pressie. Daarentegen nam SMAD1/5/9-nuclearisatie alleen toe door compressie in
aanwezigheid van cytokines. De afname van CTGF en Pai-1 in beide pathologis-
che condities toont aan dat ontsteking invloed heeft op de transcriptie-activiteit
van YAP-SMAD2/3. Bovendien zorgde compressie voor minder upregulatie van
MMP13 in pathologische condities, wat potentieel gerelateerd is aan de toename
YAP nuclearisatie.

Deze thesis concludeert dat er geen directe invloed is van dynamische compressie
op de fosforylatie en nucleaire translocatie van YAP, maar de data suggereert wel
een invloed op de transcrip-tieactiviteit van YAP. Dit onderzoek kan worden voort-
gezet door te kijken naar de rol van YAP in de ontwikkeling of homeostase van
de Extracellulaire Matrix (ECM), door gebruik te maken van YAP-remmers en -
stimulators. In vervolg experimenten moet de sample grootte worden verhoogd en
een fysiologisch relevante ECM worden gecreëerd om de rol van mechanotransductie
op de activatie van YAP te beoordelen. De bevindingen van deze thesis laten zien
dat het mogelijk is om mechanobiologie te onderzoeken in het Cartilage-on-Chip
platform, wat kan worden toegepast op andere signaalpaden die betrokken zijn bij
matrix homeostase en mogelijkde ontwikkeling van OA.
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Chapter 1

Introduction

Osteoarthritis (OA) is the most common degenerative joint disease and is associated
with pain and disability. In the Netherlands, OA is one of the two most prevalent
joint diseases affecting about 480.000 in 2017[1, 2]. The incidence of OA is rising
rapidly, as the population is aging and obesity rates are rising globally[3, 4]. OA is
characterised by progressive degeneration of the cartilage matrix, synovial inflam-
mation and changes in subchondral bone structure[5]. Symptoms are chronic pain,
swelling, joint instability, stiffness and radiographic jointspace narrowing, causing
decreased mobility and decreased quality of life[6]. The initiation of the disease has
been linked to mechanical overloading of the joint, while moderate physical activ-
ity is linked to cartilage homeostasis[7]. Age is by far the highest risk factor for
developing OA, next to knee injury and obesity[8].

Due to a lack of understanding of the initiation and progression of OA, treatment
is limited to surgery and pain mitigation[4]. This however does not cure the disease
and current pain medication can increase the risk of cardiovascular morbidity[3].
In addition, cartilage has little regenerative capability which renders the disease
progressive. OA research is partially dependent on (limited) tissue samples acquired
from joint replacement surgeries, providing some insight into OA, typically relating
to late stages of the disease[9]. Current research is focused on the role of joint
loading on OA progression and the role of inflammation in cartilage degeneration,
focusing on end end-point outcomes, namely the matrix remodelling. However,
little insight into the inner mechanics of mechanotransduction which triggers matrix
remodelling is gained. Therefore, further research into mechanobiology is necessary
to unravel the role of different pathways in matrix remodelling and how these can
be utilized in OA treatment. In this thesis, an organ-on-chip platform is used to
apply mechanical compression on chondrocytes in an agarose matrix to study the
response of mechanotransduction pathways in normal and pathological conditions.

1
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1.1 Biological background

1.1.1 Articular cartilage

Articular cartilage is hyaline cartilage that covers the surface of load-bearing joints
and protects the underlying structures[10]. In addition, it provides a smooth, lubri-
cated surface causing a low frictional coefficient during movement. It mainly consists
of extracellular matrix (ECM) and does not contain blood vessels, lymphatics, and
nerves, which limits its healing capacity. The structure can be divided into three
zones with a different organisation and composition of matrix components, Figure
1.1. The superficial zone provides resistance against sheer, tensile, and compressive
forces, while the deeper zone mainly absorbs and dissipates compressive forces.

Chondrocytes are the only cellular component present in articular cartilage, mak-
ing up only 2% of the total volume [10]. They maintain matrix homeostasis by regu-
lating cartilage synthesis and cartilage degradation, through anabolic and catabolic
metabolism respectively. Chondrocyte morphology, spatial organization, and ECM
turnover is dependent on their location in the cartilage, Figure 1.1. A chondrocyte
together with its pericellular matrix (PCM) make up a chondron, the microme-
chanical and metabolically active functional units of articular cartilage[11]. Because
cartilage lacks vascularisation, chondrocytes thrive on anaerobic metabolism. The
PCM encapsulates the chondrocyte and transduces biochemical and biomechani-
cal signals, regulates fluid flow, and prevents the cells from migrating and cellular
contact[10]. Signalling between cells is enabled by mechanical loads, ion influx and
biochemical signalling.

Figure (1.1) Articular cartilage zones and composition. The articular cartilage covers the surface of load bearing
joints such as the knee. The structure can be divided into three zones, the superficial, middle and deep zone, with
a characteristic composition of ECM and chondrocyte orientation. Collagen II is the most abundant collagen and
aggrecan the most abundant proteoglycan present in articular cartilage. The chondrocyte microenvironment can
also be divided into three zones, the closest being the pericellular matrix, followed by the territorial matrix and
interterritorial matrix, which is the bulk tissue ECM. The PCM is characterised by collagen type VI and perlecan,
but also contains hyaluronan, biglycan and fibronectin. The territorial matrix is composed of a fine collagen fibril
network. Inspired by [11, 12], made with biorender

The main components found in articular cartilage are water, collagen, and pro-
teoglycan [11]. Collagen II forms fibrils and fibers intertwined with proteogly-
can aggregates, that provide stability through hydrogen bonds. Collagen type
I, IV, V, V I, IX and XI are less present and stabilise the collagen II network. Pro-
teoglycan consist of a linear protein core with negatively charged glycosaminoglycan
(GAG) chains covalently attached to form combs. The main proteoglycan, aggrecan,
can form large proteoglycan aggregates with hyaluronic acid, which give cartilage
its water retaining ability. Ions are dissolved in the water, enabling their transport
through movement of fluid through the matrix upon compressive loading. Carti-

2
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lage homeostasis is maintained by a balance between the synthesis of these matrix
components and matrix degrading enzymes. The main enzymes involved are ma-
trix metalloproteinase (MMP) and a disintegrin and metalloproteinase with throm-
bospondin motif (ADAMTS), degrading collagen and proteoglycan respectively.

Normal physiological loading is well tolerated by the joints and during higher
loading regimes, the cartilage surface and ECM absorb and dissipate the impact
forces to protect the joint[11]. Loading forces in the knee joint range from 2-4
times body weight during daily activities and scale linearly with increased body
weight[13, 14]. Other forces acting on the joint are shear stress induced by synovial
fluid flow, hydrostatic pressure from fluid retained by proteoglycans, and osmotic
stress from changes in solute concentration[15, 16]. The smoothness of the superficial
zone provides a low frictional coefficient that enables relative movement of opposing
cartilage surfaces with minimal wear. For this movement, the collagen network
provides resistance to tensile and shear forces generated by sliding of the condyles
in the knee-joint. The proteoglycan meshwork in the deeper cartilage zones provides
resistance to compressive forces. Negatively charged GAG chains act as a sponge
that retains water when unloaded. The force from compressive loading pushes the
water out, generating a large drag force that provides compressive resilience.

Physiological joint loading is needed to maintain cartilage homeostasis, regulat-
ing distribution of cartilage thickness and providing important stimuli for increasing
cartilage synthesis [11]. Dynamic compression stimulates matrix synthesis, while
static or hyperphysiological loading inhibits matrix synthesis and can cause a shift
toward catabolic activity leading to matrix degradation[17, 18]. Loading cartilage
with higher forces has also shown to increase articular cartilage thickness[19]. Fur-
thermore, development of degenerative diseases is associated with dramatic changes
in cartilage metabolism.

The influence of mechanical stimulation on matrix remodelling by chondrocytes
has been studies widely, showing a dependency on frequency, magnitude, and dura-
tion of applied forces[20, 21, 22]. In general, static compression is found to downreg-
ulate gene expression of aggrecan and collagen II, while dynamic compression up-
regulates these genes, as did hydrostatic pressure. When introducing shear stress,
proteoglycan and collagen II are upregulated compared to dynamic compression
[20, 21, 23]. These studies provide information about the resulting ECM production
after stimulation, however the signalling behind this response remains elusive.

1.1.2 Mechanobiology of articular chondrocytes

Mechanotransduction maintains joint health by regulating the transcriptional ac-
tivity in chondrocytes[24]. It can be defined as the whole process of converting
mechanical stimuli into biochemical signals, which are transported into the nucleus
and elicit a cellular response. This process is initiated by proteins on the membrane
that act as mechanosensors, such as ion channels, integrins, and receptors[25].

The PCM plays an important role in mechanotransduction by regulating the
forces acting upon the chondrocyte. The matrix gradually reduces the compressive
loading force and regulates hydrostatic pressure and fluid flow to maintain home-
ostasis [24]. Additionally, the PCM deforms upon mechanical loading, causing the
release of ECM-bound proteins or decreasing the distance between these proteins
and the cell membrane surface, which enables ligand-receptor binding[20, 24, 26].
Some proposed mechanotransduction pathways regulating chondrocyte behaviour
include integrin signalling[27], purinergic signalling[28], calcium signalling[29], pri-

3
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mary cilia [30, 31], and biochemical signalling such as Ihh, Wnt, MAP-ERK, Hippo,
and TGF-β pathways[24, 25, 32, 33]. The latter two have received more interest in
OA research lately.

Hippo signalling
Yes-associated protein (Yap) and WWTR1 (TAZ) are transcriptional co-activators
that regulate gene transcription[25]. Upon activation, they migrate inside the nu-
cleus and interact with other transcription factors, regulating cell fate, organ size,
and wound healing. Because YAP/TAZ (YAP) do not contain a DNA binding mo-
tif, transcriptional activity is dependent on these other transcription factors and
their interaction depends on the phosphorylation status[34]. Phosphorylation se-
questers the YAP complex to the cytoplasm in an inactive state, which is regulated
mainly through the Hippo pathway. In this Hippo pathway, MST1/2 phospho-
rylates LATS1/2 which in turn phosphorylates YAP, enabling nuclear transport,
Figure 1.2. Several other pathways interact with the Hippo pathway by inhibiting
or stimulating LATS, or by directly phosphorylating YAP[35]. Some of these path-
ways respond to mechanical stimuli such as substrate stiffness, giving YAP a role in
mechanotransduction[36, 37].

Integrin is a transmembrane protein that forms a physical link between the ECM
and the intracellular cytoskeleton. The tail of integrin provides docking sites for pro-
teins that recruit more proteins to form focal adhesions (FA). The size and amount of
FAs formed correlate to the force felt by the cell, through ECM tension and stiffness,
which increase the recruitment of stress fibers to the FA[25]. The cytoskeleton acts
as a second messenger by regulating the tension inside the cell and effectively the cell
shape, maintaining tensional homeostasis by altering the cytoskeletal architecture
and shuttling proteins into the nucleus. YAP is one of these mechanosensitive pro-
teins that travels along the cytoskeleton fibers into the nucleus upon stiff substrates
or low cell densities[36, 39]. Suggested pathways that influence this process are either
Hippo dependent, or Hippo independent, Figure 1.2[37]. The Rho/ROCK pathway

Figure (1.2) Overview of YAP regulation through Hippo pathway and mechanical cues. In the Hippo pathway,
MST phosphorylates LATS, which then phosphorylates YAP and inhibits nuclear translocation of the YAP complex.
Cell-matrix interactions stimulate YAP activity through focal adhesions, by inhibiting LATS (Hippo-dependent)
or by directly influencing YAP phosphorylation through Rho/Rock (Hippo-independent). Rho stimulates actin
cytoskeleton stabilisation, which promotes YAP nuclearisation. Mechanical cues such as high matrix stiffness and
increased cell spreading stimulate YAP nuclearisation. The pointed arrow indicates stimulation while the flat arrow
indicates inhibition. Image inspired by [38, 35, 37], made with biorender

4
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mediates cytoskeleton stability and shows regulation of YAP nuclearisation[25], in
a Hippo-independent way. LATS1/2 phosphorylation of YAP is inhibited through
FAK-Src upon cell-cell contact, in a Hippo dependent way[38, 35]. In turn, YAP
controls the transcription of genes involved in FA formation and cytoskeleton sta-
bility, as a response to the microenvironment [40, 41].

Transforming Growth Factor beta (TGF-β) signalling
TGF-β is a family of proteins involved in tissue homeostasis, including TGF-β and
bone morphogenetic proteins (BMPs). These growth factors interact with a set of
receptors, forming specific complexes sensitive to the different family members[42].
TGF-β members can activate multiple intracellular signalling pathways, which are
either R-SMAD-dependent or independent[33]. In the canonical (R-SMAD-dependent)
pathway, two groups are distinguished: SMAD2/3 and SMAD1/5/9 (or SMAD1/5/8),
Figure 1.3. Upon phosphorylation, these groups complex with co-SMAD4 enabling
nuclear translocation and subsequently gene transcription. TGF-β induces phos-
phorylation of SMAD2/3 which in chondrocytes is associated with ECM synthesis,
anti-hypertrophy, and anti-inflammation. BMP induces SMAD1/5/9 phosphoryla-
tion, which is associated with hypertrophy and bone formation and is regarded as
the antagonist of SMAD2/3 signalling. To maintain cartilage homeostasis, a balance
between these pathways is needed [26].

Some of the components of the TGF-β signalling pathway are directly linked
to the cytoskeleton, suggesting a role in mechano-transduction[26]. TGF-β is often
used in chondrocyte culture to enhance matrix production[43], however the effect
of gene transcription may depend on the process of chondrogenesis[21]. In addi-
tion, physiological loading of cartilage has shown increased SMAD2/3 nuclearisation,
presenting a regulatory role in chondrocyte maturation and matrix production[44].
However, high concentration of TGF-β has been associated with SMAD1/5/9 sig-
nalling causing MMP13 expression and cartilage degradation[5]. Furthermore, TGF-
β has an important anti-inflammatory role by inhibiting catabolic pathways includ-
ing Nf-κB[33].

Figure (1.3) Overview of TGF-β/SMAD signalling. TGF-β phosphorylates SMAD2/3 through the ALK1 receptor,
which enables interaction with SMAD4 resulting in nuclearisation. SMAD2/3 transcription is associated with anti-
hypertrophy and anti-inflammation. SMAD1/5/9 is the antagonist of SMAD2/3, which is regulated by BMP,
a member of the TGF-β family. SMAD1/5/9 transcription is associated with hypertrophy and bone formation.
TGF-β can also cause SMAD1/5/9 phosphorylation through the ALK5 receptor in presence of stresses such as
inflammation or abnormal loading. A balance between both pathways is needed to maintain cartilage homeostasis.
Image inspired by [33], made with biorender
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1.1.3 Pathophysiology of osteoarthritis

Mature chondrocytes exist in a somewhat resting state causing homeostatic carti-
lage turnover. In contrast, OA is characterised by proliferation, hypertrophy, re-
modelling of the cartilage matrix, vascularisation and focal calcification[5]. These
processes are regulated by growth factors and cytokines causing upregulation of ma-
trix degenerative enzymes. Of these enzymes, MMP13 and ADAMTS5 are most
widely researched in association with OA[9, 43]. Mechanical overloading can release
latent growth factors and cytokines bound to the ECM and shift the metabolic ac-
tivity towards cartilage degeneration. As a result, the PCM thins which reduces its
protective ability, increasing this imbalance even more[16, 45]. Once the collagen
matrix degrades, disease progression is irreversible[46].

Additionally, OA is characterised by inflammation. Inflammation can reprogram
chondrocytes toward hypertrophic differentiation and stimulate catabolic metabolism
through Nf-κB[6, 47]. Without stimulation, Nf-κB activity is inhibited by IκB pro-
teins. Pro-inflammatory cytokines such as IL-1β and TNF-α and stress-like re-
sponses from abnormal loading trigger the activation of NF-κB through the canon-
ical pathway [48], Figure 1.4. When activated, Nf-κB causes cartilage degradation
through upregulation of MMPs and ADAMTSs and stimulation of inflammatory
pathways[49, 50].

Figure (1.4) Overview of the canonical Nf-κB pathway. Without stimulation, Nf-κB is retained in the cytoplasm by
IκB proteins. When stimulated, IκB kinases (IKK) promotes degradation of IκBs and Nf-κB is released. Active Nf-
κB is involved in upregulation of cartilage degrading enzymes and stimulation of inflammatory pathways. Nf-κB also
regulates IκB transcription in a negative feedback loop. Through the canonical pathway, regulation occurs through
TRAF and TAK1. Activation of Nf-κB is associated with many stimuli including inflammation and abnormal
mechanical stress. Image inspired by [49], made with biorender

An increased risk of developing OA is associated with age and obesity[8]. Age in-
duces several changes in cartilage which influence functionality[17]. With age, fewer
chondrocytes are found in the superficial zone and more in the deeper zones, affect-
ing cartilage homeostasis and disrupting the smooth surface of the superficial zone.
Additionally, matrix hydration decreases which reduces friction between the inter-
stitial fluid and the aggrecan meshwork, resulting in increased cartilage stiffness[9].
Lastly, a shift in TGF-β signalling is seen from SMAD2/3 to SMAD1/5/9 resulting
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in cartilage degradation[51]. Obesity both increases the mechanical load upon the
load-bearing joints and introduces chronic inflammation. An increase of 1

2
kilo is as-

sociated with a fourfold increase in knee compressive forces [14]. In addition, chronic
inflammation continuously triggers the catabolic metabolism resulting in cartilage
degradation.

1.2 Regulation of YAP transcriptional activity

As mentioned above, YAP do not possess a DNA binding motif and therefore depend
on other transcription factors to initiate gene transcription, some are summarised
in Figure 1.5. Most reported are interactions with the TEAD family, promoting
cell growth, proliferation and transformation[34]. Target genes of this complex are
CTGF- and CYR61, which are involved in ECM remodelling[52].

Figure (1.5) Overview of suggested interactions from literature between YAP and transcription factors, downstream
target genes and induced response upon stimuli. Most reported are YAP interactions with members of the TEAD
family, playing a role in cell growth, survival and transformation. Downstream targets of YAP-TEAD complex are
CTGF and Cyr61 which are involved in matrix remodelling. Interaction with the SMAD family has been suggested
to regulate the nuclearisation or cytoplasmic sequestering of the YAP-SMAD complex, depending on the present
stimuli. Some targets downstream of YAP-SMAD2/3 are Pai-1, CTGF and additionally SMAD7. SMAD7 inhibits
SMAD2/3 activity, which introduces a negative feedback loop. Downstream targets of YAP-SMAD1/5/9 include
Id1 and Id2. Finally, a suggested pathway is shown upon inflammation. YAP attenuates Nf-κB induced cartilage
degradation in OA models, suggested through inhibition of TAK1 ubiquitination of IKK. However, controversy
exists in the literature about the influence of YAP in atttenuating cartilage degradation in OA. Genes in bold are
targets used in this thesis, inspired by [34], made with biorender

YAP-SMAD interactions have also been identified in response to mechanical cues.
Depending on cell density, more YAP-SMAD2/3 complex was found in the nucleus
(low cell density) or sequestered in the cytoplasm (high cell density)[53]. The latter
suppresses TGF-β signalling through upregulation of SMAD7, inhibiting SMAD2/3
activity[34]. Upon abnormal mechanical stimulation, YAP-SMAD2/3 nuclearisation
may induce HTRA1 which contributes to joint degradation[54]. Furthermore, in-
duction of TGF-β showed that YAP regulates bone remodelling in osteocytes[55].
Additionally, YAP is sequestered upon soft substrates, while stiff substrates stimu-
late YAP nuclearisation. In the presence of BMP2, YAP-SMAD1/5/9 co-localises
in the nucleus to initiate osteogenic differentiation[56].
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In human Embryonic Kidney (HEK) cells, inflammatory cytokines revealed ac-
tivation of the Hippo pathway, resulting in sequestering of YAP in addition to
proteasomal degradation of YAP[47]. While this interaction was not present in
chondrocytes, overexpression of YAP did demonstrate inhibition of Nf-κB mediated
degradation of cartilage in OA mice. Suggested was that upregulation of YAP could
therefore be a potential treatment to attenuate cartilage degradation in OA. In con-
trast, another study showed that YAP was upregulated in OA tissues, suggesting
that inhibition of YAP with siRNA could prevent cartilage degradation in OA[57].

The discussed literature shows the influence of substrate stiffness, cell volume,
cell density and inflammation on the activation of mechanotransduction pathways
Hippo-YAP and TGF-β/SMAD. However, the influence of dynamic mechanical com-
pression on these pathways remains elusive[37]. Furthermore, conflicting observa-
tions were presented about the potential of YAP to attenuate cartilage degradation
in OA cartilage. Investigating the inner mechanics of these pathways could give
information on how YAP activity is related to cartilage homeostasis and how they
can potentially be used in therapeutic interventions for OA.

1.3 In vitro models

To study mechanobiology in chondrocytes in vitro, direct cartilage biopsies from
animal tissues or patient donors are used to keep the native ECM intact, but are
limited in availability. To simulate this, chondrocytes are cultured in porous hy-
drogel matrices, where they produce ECM over time to resemble the physiological
microenvironment. Chondrocytes embedded in an agarose matrix have shown ECM
production and have been used to study the effect of mechanical stimulation on
chondrocytes[58, 59, 60]. These cartilage or hydrogel samples are mechanically com-
pressed to deliver static or dynamic loading, often using bulky equipment or set-ups
with limited control over the environment.

Another way to study mechanobiology in vitro is using Organ-on-Chip (OoC)
technology, which allows better control over the microenvironment. These chips are
designed to simulate a simplified, microscale model of a tissue or organ, by integrat-
ing 3D cell culture and microchannels to deliver nutrients or stimulants. By using
smart designs, actuation can be integrated using valves or membranes[61, 62]. Due
to the microscale technology, low sample volumes are needed which can be bene-
ficial for limited tissue samples. Additionally, isolation and simplification of tissue
allows better control over parameters, therefore enabling the study of specific cellu-
lar responses to applied stimuli without interference of other tissues. Furthermore,
multiple OoCs could be connected to study interaction between tissues, which is of
interest for OA as it is a multiple-organ disease.

Previous work in the group resulted in a monolithic Cartilage-on-Chip (CoC) de-
vice which uses a 50 µm thin vertical membrane for easier fabrication and analysis,
Figure 1.6[23]. Multiple designs (1-3 actuation chambers) deliver either homoge-
neous compression or multimodel compression, the latter introducing bulk shear
forces. Cells are seeded inside a culture chamber (1260 µm long, 4000 µm wide and
250µm high) and nutrients are supplied through a medium channel. Using physio-
logical compression (300 mbar pressure), upregulation of collagen II was detected,
which increased more when using the multimodel actuation. A PCM resembling
physiolgical thickness (5 µm) was obtained after 15 days of culture and stimulation.
Further findings show that a static culture period of 7 days after seeding decrease
pro-inflammatory cytokines concentrations (IL-6, IL-1β, and TNF-α) and that the
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direction of stimulation influences the organisation of proteins[23]. This platform
will be used in this thesis to study mechanotransduction upon mechanical compres-
sion in chondrocytes.

Figure (1.6) Cartilage-on-Chip platform (left) design of the chip with (top) actuation chamber (middle) culture
chamber and (bottom) medium channel. The culture chamber is separated from the other chambers by a thin
membrane (50 µm) and pillars. The actuation chamber can be pneumatically actuated to deform the membrane
(right), which compresses the hydrogel-cell mixture and delivers compressive forces onto the cells (left uncompressed,
right compressed). Scalebar = 500 µm. [23]
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Chapter 2

Research Aim & Approach

2.1 Aim and objectives

YAP has been identified as a key player in mechanotransduction, however the regu-
latory role of mechanical loading on YAP activity has not been investigated yet. The
aim of this thesis is to assess the influence of dynamic mechanical compression on
YAP activation in chondrocytes. This relationship will be investigated by analysing
YAP activation, together with several suggested mechanotransduction pathways in-
fluencing YAP activation.

The focus of this study is uncovering more about the role of YAP in mechan-
otransduction, as it has shown the potential to attenuate cartilage degradation in
OA[47, 57, 63]. To understand this mechanism, the following objectives were for-
mulated:

• Investigate whether dynamic compression affects YAP activation in chondro-
cytes.

• Determine the influence of dynamic compression in a pathological condition
on the regulation of YAP in chondrocytes.

Several pathways have been identified as mechanosensitive and have been linked
to YAP activity, such as FAs and release of ECM bound TGF-β followed by the
activation of SMAD pathways. The response of these individual components upon
dynamic compression, in combination with the activation of YAP and ECM pro-
duction by chondrocytes, will be analysed to achieve these objectives.

Connections between YAP, FAs and SMAD pathways have been investigated
before in static conditions, by focusing on substrate stiffness, cell density and cell
area. The interaction of these proteins upon dynamic compression has not yet been
explored. As physiological loading is needed to maintain cartilage homeostasis and
has shown beneficial for attenuating cartilage degradation during OA, investigating
these pathways upon physiological loading could provide new insights into pathway
crosstalk and cell behaviour, which could prove beneficial for OA research.
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2.2 Research approach

The research approach of this thesis is focused on investigating the response of
YAP and SMADs in chondrocytes upon dynamic mechanical compression. This
is realised by investigating the influence of pressure magnitude, time, and induced
inflammation on protein activation and matrix remodelling.

A CoC platform is used to apply dynamic compression to human primary chon-
drocytes (HPC) embedded in agarose. A compressive load of 300 mbar is applied
to simulate loading during walking, which delivers a strain to the cells (3.5-10%)
comparable to physiological loading[64]. This regime is repeated for 1 hour per day
at 1 Hz to simulate the pace of a normal walking gait. As control, chips are kept
static throughout the experiment. Pro-inflammatory cytokines IL-1β and TNF-α
are added to the medium to simulate OA[65].

To give insight into binding of YAP with other transcription factors, gene ex-
pression of downstream targets is measured through RT-qPCR: CTGF and Cyr61
for YAP-TEAD transcription, Pai-1 for YAP-SMAD2/3 transcription, and Id2 for
YAP-SMAD1/5/9 transcription. In addition, the TGF-β1 concentration is mea-
sured through an ELISA to give insight into TGF-β-SMAD signalling. Furthermore,
matrix remodelling is analysed through immunofluorescence to investigate the pro-
duction of collagen II and aggrecan, RT-qPCR to analyse both matrix components
in addition to matrix degrading enzymes MMP13 and ADAMTS5, and Alcian Blue
staining to analyse GAG production.

Hypothesised is that dynamic compression increases the nuclearisation of YAP,
similar to a stiff substrate condition. If this is the case, an increased N/C ratio
is expected and upregulation of CTGF and Cyr61 through YAP-TEAD transcrip-
tion. Additionally, it is expected that nuclear SMAD2/3 is increased upon dynamic
compression as shown before in the literature, therefore increased N/C ratio and
upregulation of CTGF and Pai-1 is expected through YAP-SMAD2/3 transcrip-
tion. Because nuclear SMAD1/5/9 is not increased upon physiological dynamic
compression, no change in N/C ratio and gene transcription of Id1 and Id2 through
YAP-SMAD1/5/9 is expected. Furthermore, it is hypothesised that in presence of
inflammation, the TGF-β pathway shifts from SMAD2/3 to SMAD1/5/9 activa-
tion, increasing YAP-SMAD1/5/9 transcription and thus upregulation of Id1 and
Id2. Expected is that physiological dynamic compression will attenuate this effect.

This thesis can be divided into two sections. The first is focused on optimising
analysis protocols and validation of the mechanical actuation protocol. These results
are discussed and used to perform the experiments in the second part, which consists
of several mechanical actuation experiments to look at protein activation over time
and in a simulated pathological condition.
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Chapter 3

Methods

3.1 Fabrication of Cartilage-on-Chip device

To make the CoC device, a SU-8-on-silicon mould was used[23]. Using soft-lithography,
PDMS pre-polymer was mixed with curing agent (Sylgard 184, Dow Corning, USA)
with a weight ratio of 20:1 and poured on the wafers, thoroughly degassed and cured
at 65◦C for 24 hours. In the same manner, a thin PDMS layer was fabricated in a
petri dish. The chips were cut and punctured with 1 and 2 mm diameter punchers.
To assemble the device, the PDMS layer was bonded to a glass slide and in turn the
chip onto the glass-PDMS layer using plasma treatment (Cute plasma oven, Femto
Science, South Korea) or (Harrick Plasma, Anadis, Netherlands). The devices were
then placed in the oven at 65◦C for 24 hours before use.

3.2 Cell culture of human Primary Chondrocytes

Healthy looking HPC were thawed and cultured in T175 flasks (Cellstar®, Greiner
bio-one, Germany) in chondrocyte proliferation medium (DMEM with 10% fetal
bovine serum (FBS), 100 UmL−1 penicillin and 100 gmL−1 streptomycin, 0.2 mM
ascorbic acid 2-phosphate, 0.1 mM non-essential amino acids, 4 mM proline). To
passage the cells, they were washed with PBS (1x) and trypsinised using a trypsin-
EDTA 0,25%/0.1 M solution and reseeded in a new flask at 1 million cells per 175
cm2. Cells were used at passage 4 for the experiments.

3.3 Seeding of cells in chips

To inject the cells into the CoC device, 4% w/v agarose (UltraPure Low Melting
Point agarose, Invitrogen) was diluted in PBS (1x) and heated until dissolved. This
was kept in a 50◦C water bath to cool down for at least one hour. Meanwhile,
the culture flask with cells was washed with PBS (1x) and trypsinised. The cell
concentration was determined with trypan blue and the EVE cell counter and ad-
justed to 3 million cells/mL and kept at 37◦C. The agarose was mixed with the
cell suspension resulting in a final concentration of 1.5 million cells/mL in 2% w/v
agarose to inject into the chips. Chondrocyte proliferation medium was added to
the medium channel approximately 1 minute after injection into the device. This
medium was later replaced and refreshed every day with chondrocyte differentia-
tion medium (DMEM with 100 UmL−1 penicillin and 100 gmL−1 streptomycin, 1x
insulin-transferrin-selenium (ITS)-premix, 50gmL−1 ascorbic acid 2-phosphate, 40
gmL−1 proline, 1x sodium pyruvate, 20 ngmL−1 TGF-β3, 10−7M dexamethasone).
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Medium of the previous day was collected from the medium channel by pooling
medium from 6 chips and frozen at −80◦C until analysis.

3.4 Mechanical stimulation of chips

Mechanical stimulation was applied as shown in Figure 3.1. The chips were kept
static for 5 days after seeding prior to mechanical stimulation. Unless mentioned
otherwise, the chips were mechanically stimulated on day 5 to 9, and again on day
12 with 300 mbar positive pressure at a frequency of 1 Hz, which was done for 1
hour each day. The medium was refreshed before stimulation. For stimulation, chips
were connected through 18 gauge needles and Tygon tubing (MasterFlex™Microbore
tubing, Thermo Fisher Scientific) to a microfluidic manifold (7 port manifold, Dar-
win Microfluidics, USA). The manifolds were connected to Flow EZ™ (Microfluidic
flow controller, pressure output from 0 to 2000 mbar, Fluigent, France), which are
controlled by Fluigent and Microfluidic Automation tool software (AiO-All in One,
Fluigent). Actuation was validated for each chip by looking if the membrane moved
using a camera (RS PRO USB Digital Microscope, RS Components, UK).

Figure (3.1) Stimulation protocol over 12 days. Cells are seeded inside chips on day 0 and kept static until day
5. On day 5 to day 9 mechanical stimulation is applied with 300 mbar compression at 1 Hz for 1 hour per day.
From day 10 to 11, no stimulation is applied. On day 12, chips are stimulated and after stimulation processed for
analysis. For pathological conditions, IL-1β and TNF-α are added to the medium from day 5 to day 12. Chondrocyte
differentiation medium is used for the whole protocol and refreshed on day 1-2, 5-9 and on day 12.

3.5 Live/dead assay

To determine the viability of chondrocytes in the chips, the hydrogel samples were
retrieved from the PDMS and stained for 10-15 minutes with calcein AM (green/live)
and ethidium homodimer-1 (red/dead) (Thermo Fisher Scientific) and imaged on
the EVOS FL microscope (Thermo Fisher Scientific). Images were taken of three
separate areas per chip at 10x magnification. These images were analysed in ImageJ
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software using a self-made script to automate cell counting (S3). In this script, the
brightness was adjusted between 0-50 and a Gaussian Filter applied with radius
1 to reduce out-of-focus signal. To measure overlap, imagecalculator with ’both’
was used. Particle analysis counts the number of red, green, and overlapping cells.
The total number of green stained cells is regarded as live cells and the number of
red cells diminished by overlapping cells regarded as dead cells. If this results in a
negative value, the number of dead cells is taken as 0. Viability was determined by

Viability in % =
Live cells

Live + Dead cells

3.6 Induced pathology

To induce a pro-inflammatory-like state in the chondrocytes, cytokines IL-1β and
TNF-α were used. First, a viability test was done on a monolayer of HPC. On day
2-5 of culture, 2, 5 or 10 ng/mL of both cytokines was added to the medium. A
viability staining was performed on day 6 (S2.6). From this data it was decided
to use 5 ng/mL cytokine concentration for the actuation experiments, which were
added to the medium on day 5-12, Figure 3.1.

3.7 Immunofluorescence

Samples were retrieved from the chips approximately 1 hour after mechanical stim-
ulation. They were washed 3x with PBS (1x) and fixated with 10% formalin (Sigma
Aldrich, USA) in 10 minutes. For the washing steps, the liquid was taken up with a
tissue by carefully touching the hydrogel to remove excess liquid. After fixation, sam-
ples were washed 3x with PBS and permeabilised with 0,25% TritonX-100 (Sigma
Aldrich) in PBS for 30 min, washed again 3x with PBS and blocked in 1% Bovine
Serum Albumin solution (BSA, Sigma Aldrich) in PBS for 1 hour. Next, primary
antibody (AB) was diluted in BSA and incubated overnight at 4◦C. The next day,
samples were washed 3x with PBS and incubated with secondary antibody in BSA
for 1-1,5 hours. This procedure was repeated if a double staining was implemented
following 3 washes and incubation with DAPI (4’,6-diamidino-2-phenylindole, 1:100
dilution rate, Thermo Fisher Scientific) for 15 minutes. Finally, the samples were
washed 3-5x with PBS and stored at 4◦C until further use. Antibodies and dilutions
are listed in Table 3.1 and were validated in monolayer culture of HPC, Figure S2.4.
Immunostaining of chip samples was done on µ-Slide 4 Well chambered polymer
coverslip (Ibidi, Germany).

3.8 Imaging and analysis

Samples were imaged on a Carl Zeiss Confocal microscope (Zeiss LSM880, Carl Zeiss
Microscopy, Germany) using a Zeiss C-Apochromat 40x Water immersion objective
(NA=1.2, WD=0.28 mm) and Zeiss Immersol™ W 2010 (Ne=1,334 at 23◦C23). For
this, samples were dried with a tissue to keep the gels in place and then hydrated
with a drop of 100-200 µL PBS to prevent shrinking of the sample during imaging.
Each dye was imaged in a separate track, with a pinhole of 49.2 (DAPI 1.56 AU,
AF488 1.24 AU, and AF647 1.00 AU). Gain and laser power were adjusted as needed
for each sample. First, an overview was made using a tile-scan of the entire sample
at one z-position of the gel (between 1100 and 1400 nm height), by turning the stage
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Table (3.1) List of primary and secondary antibodies and dilutions used for im-
munofluorescence staining of chip samples.

Target Antibody Dilution Source
Primary Antibodies
Acan Mouse-anti-aggrecan 1:100 Abcam (ab3778)
Col2 Rabbit-anti-collagen II 1:100 Abcam (ab34712)

Phalloidin Alexa Fluor™ 488 Phalloidin 1:40 ThermoFisher (A12379)
SMAD2-3 Rabbit-anti-SMAD2/3 1:200 CellSignal (D7G7)
p-SMAD1/5/9 Rabbit-anti-p-SMAD1/5/9 1:200 CellSignal (D5B10)
Vinc Rabbit-anti-vinculin 1:100 Abcam (ab129002)
YAP Mouse-anti-YAP 1:100 Santa Cruz (sc101199)
Secondary Antibodies
AF488 goat-anti-rabbit AF488 1:200 Invitrogen (a11008)
AF647 donkey-anti-mouse AF647 1:200 Abcam (ab150107)

such that the top of the image represents the membrane side of the sample. This
overview was used to choose the positions of individual cells in the gel, which were
imaged using a z-stack of 21 slices (1 µm spacing). Random cells throughout the
sample were chosen for static conditions and for mechanically stimulated conditions,
only cells between the top and middle of the gel were considered.

Focal Adhesion analysis
FAs form the connection between the cytoskeleton and ECM and are often in-

volved in mediating signalling pathways. FAs consist of many proteins and can be
imaged by choosing one of these proteins. In this study, vinculin was used to visu-
alise the FAs and phalloidin to stain F-actin as validation. Images were analysed
in ImageJ using several plugins as described in [66]. Particle analysis was done to
measure the area and number of FAs. For 3D stacks, first a z-projection is made by
summing the images which is converted to 8-bit for analysis.

Nuclear-to-Cytoplasmic ratio
Because transcription factors translocate into the nucleus, determining the frac-

tion of protein inside the nucleus compared to the cytoplasm could give an indication
of the activity. Stacks of single cells were analysed with ImageJ plugin Giani which
allows batch analysis of 3D stacks[67]. This software segments nuclei and cells in
stacks and generates masks. These masks are then used to measure the fluorescence
intensity inside the nucleus and cytoplasm separately, which are used to calculate
the N/C ratio using

Nuclear/Cytoplasmic ratio =
Nuclear Mean Fluorescence

Cytoplasmic Mean Fluorescence

Giani was used with: Nuclear Radius for Simple Centroid Detection = 9 µm; Quality
of Simple Nuclear Centroid Detection = 3; Filter Radius for Nuclear Channel =
1 µm; Threshold Method for Nuclear Segmentation = Default; Nuclear Volume
Marker selected; Filter Radius for Cell Channel = 0.5 µm; Threshold Method for
Cell Segmentation = Default; Cell Volume Marker selected. For the pathological
conditions, Nuclear radius for Simple Centroid Detection was incresaed to 10 µm
and Quality of Simple Nuclear Centroid Detection decreased to 1.
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3.9 RNA extraction, cDNA synthesis and RT-

qPCR

Samples were retrieved from the device directly after mechanical stimulation and 3
hydrogels were pooled for 1 sample. Unless mentioned otherwise, total RNA was
obtained using the RNeasy Micro Kit (cat. Number 74004, QIAGEN, Germany).
Samples were lysed using 350 µL RLT Buffer and homogenised by pipetting through
a 26G needle. This was followed by the protocol described by the supplier, with
an additional washing step with 80% ethanol. Quality and purity of extracted
RNA was assessed using the NanoDrop™2000 spectrophotometer (Thermo Fisher
Scientific). Samples were stored at −80◦C until further processing. Next, cDNA
was synthesised with the iScript cDNA synthesis kit (Bio-Rad, USA) using the
whole extracted RNA samples. RT-qPCR was performed using SensiMix™ SYBR®

& Fluorescein Kit (Bioline, UK) on a CFX Connect Real-Time System (Bio-Rad). A
table representing all primers can be found in Table 3.2. Efficiency was determined
for validated primers (S2.3) and data was normalised to RPS18. Previously validated
primers were assumed to have an efficiency of 100% and amplification of 2.

Table (3.2) Primers used for qPCR, 5’ > 3’. * indicates primers of own design

Gene Forward Reverse
RPS18 TGAGGTGGAACGTGTGATCA CCTCTATGGGCCCGAATCTT
YAP1 * GCAGTTGGGAGCTGTTTCTC GCCATGTTGTTGTCTGATCG
CTGF- (CCN2) * GTTTGGCCCAGACCCAACTA CTTCTTCATGACCTCGCCGT
Pai-1 * CTCTCTCTGCCCTCACCAAC GTGGAGAGGCTCTTGGTCTG
Id2 * CGTGAGGTCCGTTAGGAAAA ATAGTGGGATGCGAGTCCAG
hACAN AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC
Col2A1 CCAGATGACCTTCCTAGGCC TTCAGGGCAGTGTACGTGAAC
MMP13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT
ADAMTS5 TGGCTCACGAAATCGGACA GGAACCAAAGGTCTCTTCACAGA
Col10A1 GCAACTAAGGGCCTCAATGG CTCAGGCATGACTGCTTGAC

3.10 Calculation of Projected Cell Area Deforma-

tion and Gel Displacement

HPC were cultured on chip and kept static until day 5. On day 5, two chips of each
CoC design (1, 2 or 3 chambers) were stimulated with 300 mbar compression at
1 Hz for 1,5 hours and imaged on an inverted microscope (IX51, Olympus, Japan)
equipped with a camera (ORCA-flash, 4.0 LT, Hamamatsu Photonics, Japan). After
this, one chip of each design was additionally stimulated with 500 mbar compression
at 1 Hz for 30 min. This was done assess if there is a difference between the pressure
magnitudes and designs. Timed image sequences were made at 250 ms intervals
for 5 seconds. For each chip, two areas near the membrane and two areas near
the pillars were imaged to measure the difference between these areas. From every
image sequence, two images were selected to measure the area of static cells and two
images to measure the same cells but in a compressed state. For every cell, a region
of interest (ROI) was drawn with the circle tool on ImageJ around each cell three
times to account for human error. The projected cell area deformation (PCAD) is
calculated by

Projected cell area deformation [%] = abs

(
Static cell area - Compressed cell area

Static cell area

)
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The absolute value is considered as the ROI is drawn as a circle, where a flattened
cell results in a larger diameter which causes an increased cell area. These values
should thus be considered relative values. The gel displacement is determined by
the central X and Y coordinate of the cells inside the gel.

3.11 TGF-β1 ELISA

Medium from 6 chips was pooled together for one sample of approximately 15 µL
and stored at −80◦C until further processing. Human/Mouse TGF-β1 Uncoated
ELISA(Cat Number 88-8350, Invitrogen, USA) was used to determine the concen-
tration of TGF-β1 in these samples, following manufacturers’ protocol. First, it
was validated that the TGF-β1 concentration from these low volume samples were
measurable S2.10, were results showed a detectable concentration in only part of the
samples. Because of this, the dilution of the sample as stated in the manufacturers’
protocol (10x dilution) was reduced. To achieve this, samples were diluted with 25
µL PBX (1x) and acid-activated using 8 µL 1N HCl followed by 8 µL 1N NaOH,
resulting in a 3,7x dilution. Absorption was measured in VarioscanLUx (Thermo
Fisher Scientific) at 450 and 570 nm. A TGF-β1 concentration curve was deter-
mined by subtracting ELISA/ELISASPOT Diluent (1x) blank from the TGF-β1
dilution series and fitting a linear curve. Samples were corrected using medium
samples retrieved from chips without cells.

To normalise the data, quantitation of DNA was done by QuantiFluor® dsDNA
(Promega, Netherlands). For this, three static chips were pooled for one sample
and lysed using CDP∗ lysis buffer (0.1MKH2PO4, 0.1MK2HPO4, and 0.1% Triton
X-100 with pH 7.8). Samples were incubated with lysis buffer for 1 hour at RT
on a shaker and after stored at −30◦C. For quantitation, samples were added to a
plate directly from the lysate and measured together with Lambda dsDNA standard
diluted in 1x TE buffer. Fluorescence was measured at 504 nmEx/531 nmEm using
Perkin Elmer Victor3 1420 Multilabel Plate Counter (Perkin Elmer, USA). DNA
content standard curve was determined by subtracting the 1x TE buffer blank from
the dilution series and fitting a linear curve. Samples were corrected using a no-cell
control sample.

3.12 Alcian Blue staining

Alcian Blue and Fast Red solutions (Sigma Aldrich) were filtered before use. Sam-
ples were dried with a tissue and incubated for 30 min with Alcian Blue, washed
with tap water and incubated for 8 minutes with Fast Red. Next, samples were
washed 3x with tap water and fixated under a coverslip and sealed with nail polish
before imaging on the NanoZoomer (Hamamatsu Photonics). Mean intensity was
determined by measuring 10 areas in the hydrogel in between cells and normalised
to a white area outside the sample. Conditions were compared to a no-cell control.

3.13 Graphs and statistical analysis

All data was visualised with Prism (GraphPad Software, Dotmatics, USA). Mean
values are expressed with standard deviation (SD). Statistical analysis was con-
ducted using ordinary one-way ANOVA, multiple comparison testing the mean,
non-paired, with Tukey 99% confidence. For all experiments, HPC originating from
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one donor were used (N=1 biological replicates). The analysed samples are therefore
considered pseudoreplicates.
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Chapter 4

Optimisation of protocols

The results and discussion have been divided into two parts. This first chapter will
discuss the results of experiments trying to optimise protocols and validate analyses
for the used platform. These results will be discussed and decisions made regarding
what experimental conditions to use in the following mechanical stimulation exper-
iments. The next chapter presents the results of protein nuclearisation and ECM
production over time and in pathological a condition, followed by a discussion of
these results.

4.1 Results

4.1.1 Viability of cells seeded inside CoC and after dynamic
compression

Figure (4.1) Viability of HPC after mechanical stimulation (A) Fluorescence image of chip sample after 300 mbar
compression with circled cells showing both red and green signals, scalebar = 100 µm. (B) Viability of chondrocytes
for static and compressed chips, N=3 chips, 3 areas measured per chip.

To seed the cells inside the CoC platform, the agarose is kept liquid at 50◦C. The
agarose is then mixed with the cell suspension which is kept at 37◦C and quickly
injected into the chip before solidifying. To test if the cells remain viable throughout
the experiment, a live/dead staining was performed, Figure 4.1. Some overlapping
cells can be seen in both red and green channels, which is due to bleedthrough of
the live staining into the red channel (S2.1). When calculating the viability, this is
accounted for by taking the total number of dead cells as red stained cells diminished
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by the number of overlapping cells, resulting in a viability of approximately 60% for
each condition. This is quite low, however no significant decrease is seen after com-
pression which suggests that compression of 300 and 500 mbar do not significantly
affect cell viability.

4.1.2 Optimisation of RNA extraction method

Trizol extraction was not able to increase the quality nor purity of RNA
extracted from agarose hydrogels. Because of the low cell content in the chips,
around 1900 cells from 1.5 million cells/mL seeded inside a culture chamber of 1.26
µl (4000x1260x150 µm), it was investigated if TRIzol extraction could increase the
RNA yield. For this, RNA was extracted using the TRIzol method (Trizol), the
RNeasy Microkit (Column), and by combining both techniques (Trizol+Column),
following protocols described in S1. Additionally, it was explored if agarase pre-
treatment could increase the purity by degrading the agarose hydrogel around the
cells before RNA extraction.

Figure 4.2A and B show a substantial increase of RNA concentration in all meth-
ods using Trizol, compared to the Column extraction. Because these values seemed
unrealistic, it was examined if the Trizol method influences the measurements, shown
in Figure 4.2C. The high RNA concentration measured in the no cell control of Tri-
zol+Column indicate that Trizol affects the Nanodrop measurement. The no cell
control of Column is considerably lower. Subtracting the control from the methods
leaves 8,51 ng/µL RNA for Trizol+Column and 6,15 RNA ng/µL for Column. These
resulting values indicate that the difference in extracted RNA between methods is
low.

The absorption ratios still show high contamination for both techniques. Good

Figure (4.2) Comparison of different RNA extraction methods using droplets of agarose and HEK293 cells. The
concentration of RNA is shown in the top graphs and absorption ratios in the bottom graphs for (A) Trizol,
Column and combined methods and (B) Agarase pre-treatment before Trizol and Column methods. Both show a
large increase of RNA concentration when using Trizol, N=1 chip. (C) Validation of contamination by comparing
Trizol+Column and Column methods to a no cell control, with an additional 80% ethanol washing step to reduce
impurities and lysate homogenisation through a 26G gauge needle to increase gel disruption. Trizol influences the
concentration and purity measurement, N=3 chips. Note that no error bar is present in A and B because one sample
per condition was tested.
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quality RNA should show absorption ratios around 1.8-2.0 for 260/280 and 2.0-2.2 for
260/230, lower values indicate contamination with compounds absorbing around 280
and 230 respectively. Figure 4.2C together with the absorption spectra in S2.2 show
high contamination around 230 nm for all techniques. In addition, extraction with
TRIzol shows contamination at 270 nm which affects the 260 nm readout. Guanidine
(iso)thiocyanate is present in both TRIzol and RLT buffer from the RNeasy Microkit
and shows absorption at 230 nm, likely causing the contamination. From these
results it was decided to continue using the Column method.

4.1.3 Detection of Focal Adhesions in a 3D hydrogel

No difference in FA formation was detected in chondrocytes upon dif-
ferent compression magnitudes, Figure 4.3. The immunofluorescence images

Figure (4.3) Detection of FAs in HPC (A) Immunofluorescence images of chondrocytes cultured in monolayer (2D)
and chip (3D) for 14 days showing actin fibers and vinculin. The chip was stimulated with 300 mbar compression
on day 7-11 and 12. The last image shows the processed red channel with threshold, illustrating what is analysed
as FA (B) Threshold images of static and compressed conditions at day 14, showing FAs mainly on the edges of the
cell. (C) Number of FAs per cell and (D) Mean area of FAs which both show similarity for all conditions, N=1 chip
per condition, 9 cells measured per chip. Note that FBS was present in the chondrocyte differentiation medium
during this experiment. Scalebar = 10 µm
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show the difference of FA formation in cells cultured in monolayer and in 3D. In
the monolayer culture, it was hard to isolate a single cell and its FAs, however the
red thresholding shows a clear outline of the cell, which is were most of the FAs
are expected to be formed. In Figure 4.3B representative images are shown for each
condition, which look quite similar. Quantification of the FAs in chip samples reveal
no significant difference in static and compressed conditions. Notably, not all FAs
appear as isolated spots in the thresholding image, but rather as one larger area
which was accounted for by only including areas <5 µm2. This corresponds roughly
to a diameter of 2.5 µm, which has been indicated by literature to be the maximum
size of FAs detected in 3D[68]. Only a slight increase in the number of FAs per
cell is present in the compressed conditions. The variation however is too large to
be considered as a difference. Because of these results and the low amount of sam-
ples available, it was decided not to continue with this type of analysis in future
experiments. Instead, Alcian Blue staining is used to indicate GAG production and
immunofluorescence of collagen II and aggrecan to indicate ECM production.

4.1.4 Influence of chip design on dynamic compression of
chondrocytes

Large variability was detected due to chip seeding quality , Figure 4.4B and
statistical analysis in Table 4.1. Both 300 and 500 mbar compression do not show
a difference in PCAD between cells near the membrane and cells near the pillar,
between chip designs, and between compression magnitude. Additionally, Figure
4.4C reports no difference between increased compression magnitude. This data
suggests that the cells do not undergo significant deformation at 1 Hz application
of 300 and 500 mbar compression.

The difference between measures of cells near the membrane and cells near the
pillar gives an indication of gel compression. The gel near the membrane should
move more compared to the gel near the pillars, as the gel is obstructed by these
pillars. 300 mbar compression shows no difference between gel displacement of cells
near the membrane compared to cells near the pillars, while 500 mbar compression
shows a significant difference for the 1 and 2 Chambers designs. When comparing
the designs, the 2 Chambers design shows a larger gel displacement compared to 1
and 3 Chambers. The mean of all designs near the membrane reveal a slight increase
upon 500 mbar compression, Figure 4.4E.

One observation that was often made in these chips was a gap between the
agarose and the membrane (S2.7), which can cause an increase in gel displacement
both near the membrane and the pillars. These gaps are formed either during the
seeding procedure or after mechanical stimulation. During seeding, the agarose
needs to be kept warm enough to stay liquid, therefore several chips are seeded
after each other before medium is added to the medium channel to prevent drying
of the agarose. If the time between seeding and adding medium is too long, the
agarose can dry and shrink, thereby creating a gap. It can also be caused later
after mechanical loading if the agarose at the pillar side breaks which affects the
deformation upon loading (S2.7). An increased gap allows for more displacement
compared to no gap, where the displacement is a result only from compression of the
gel. The gel displacement in these graphs could therefore not only depend on the
chip design, but also on the quality of the gel inside the chip. The low sample size
used in this experiment (N=2 chips for 300 mbar and N=1 chip for 500 mbar) could
explain the high variability between the 2 Chambers design and the other designs.
For better comparison between these conditions, the experiment should be repeated
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using more chips per condition.
To decrease the influence of the chip design in following experiment, chips with

3 actuation chambers were used for mechanical stimulation and chips with 1 and 2
chambers for static conditions. Furthermore, the quality of the chips was assessed
before the first mechanical stimulation by looking at limited gap between PDMS
and agarose and the quality of the membrane.

Figure (4.4) Comparison of CoC designs with 1, 2 or 3 actuation chambers during 300 and 500 mbar dynamic
compression on day 5. (A) Microscope images of cells seeded inside the 1, 2 and 3 chambered design, scalebar =
100 µm. (B) and (C) PCAD of compressed cell area relative to static cell area (B) per chamber design for 300
and 500 mbar compression, looking at areas near the membrane or the pillars and (C) mean of all designs near the
membrane. No difference is detected between conditions. (D) and (E) Gel displacement looking at cell movement
between static and compressed states (D) per chamber designs for 300 and 500 mbar compression, statistical analysis
presented in Table 4.1, and (E) mean of all designs near the membrane showing a difference between 300 and 500
mbar compression. N=2 chips for 300 mbar and N=1 chip for 500 mbar. Pvalues: 0.001 < P <= 0.01∗∗

4.1.5 Influence of pressure magnitude on protein nucleari-
sation

A single dynamic compression session with 500 mbar increases nucleari-
sation of SMAD1/5/9. In an attempt to shorten the experimental protocol,
YAP, SMAD2/3 and SMAD1/5/9 nuclear localization was estimated after only one
dynamic compression session for 300 and 500 mbar, Figure 4.5. The immunofluores-
cence images illustrate the difference of SMAD1/5/9 between a lower N/C ratio for
Static versus a higher N/C ratio for 500 mbar. For the latter condition a higher flu-
orescence intensity can clearly be seen in the nucleus. This difference is not present
in the YAP and SMAD2/3 images (S2.8). Only the N/C ratio of SMAD1/5/9 is
increased after one session of mechanical compression of 500 mbar. 300 mbar com-
pression does not show any difference compared to static conditions.
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Table (4.1) Statistical analysis comparing gel displacement in multiple chip designs
over different pressure magnitudes, graphs shown in Figure 4.4D. Pvalues: 0.001 <
P <= 0.01∗∗, 0.0001 < P <= 0.001∗∗∗, P <= 0.0001∗∗∗∗

Comparison of membrane to 300 mbar 500 mbar
pillar in one design
1 Chamber membrane vs. pillar ns ****
2 Chambers membrane vs. pillar ns ****
3 Chambers membrane vs. pillar ns ns
Comparison between designs 300 mbar 500 mbar
1 Chamber vs. 2 Chambers **** ****
1 Chamber vs. 3 Chambers ns ns
2 Chambers vs. 3 Chambers **** ****
Comparison between pressure 1 Chamber 500 mbar 2 Chambers 500 mbar 3 Chambers 500 mbar
magnitudes
1 Chamber 300 mbar ns **** ns
2 Chamber 300 mbar ** **** ****
3 Chamber 300 mbar **** **** ns

Figure (4.5) Influence of a single dynamic compression session of HPC with 300 or 500 mbar at day 5 compared
to static condition. (A) Immunofluorescence images of single cells representative for SMAD1/5/9 AB for Static and
500 mbar condition (YAP and SMAD2/3 shown in S2.8), scale bar = 10 µm. (B) N/C ratio of YAP, SMAD2/3 and
SMAD1/5/9, N=1 chip (SMADs) and N=2 chips (YAP), 19-36 cells analysed per chip. Pvalues: P <= 0.0001∗∗∗∗
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4.2 Discussion

The aim of this part was to validate and optimise protocols to study mechanobiol-
ogy using the Cartilage-on-Chip platform. Mechanical compression of chondrocytes
seeded inside a hydrogel can simulate loading forces upon articular cartilage, similar
to standing or walking. Physiological compression in articular cartilage enhances
matrix production and helps maintain homeostasis, while hyperphysiological strain
is associated with cartilage degradation[17, 18]. Loading of chondrocytes in a phys-
iological (3.5-10% deformation) and hyperphysiological (5-25% deformation) range
could be achieved by using homogeneous static compression of 300 and 500 mbar
respectively[64]. Performing a similar experiment with dynamic compression at 1
Hz did not show a significant cell area deformation, suggesting that the cell area
is not significantly influenced by dynamic compression. In consequence, dynamic
compression is unlikely to activate mechanotransduction pathways associated with
alterations in cell volume[60]. In contrast, gel displacement was increased upon
stimulation with a higher pressure magnitude. This was however more likely caused
by the chip seeding quality in this experiment, than by the pressure magnitude.
Because the CoC platform uses a vertical membrane to apply compression hori-
zontally to the gel, gaps between the hydrogel and the PDMS chip wall will have
consequences for the forces acting upon the cells. Therefore, the compression force
is reduced in some chips compared to others depending on the seeding quality, which
introduces variability in the system. In comparison, mechanical compression is often
applied vertically on agarose or cartilage discs [51, 58, 60, 69], these systems however
have less control over the microenvironment and experimental parameters.

In this study, one session of hyperphysiological compression showed to increase
the nuclearisation of SMAD1/5/9, but not upon physiological compression. Addi-
tionally, no change was seen in SMAD2/3 nuclearisation. Release of ECM-bound
TGF-β is a suggested early response to dynamic compression causing a rapid in-
crease of nuclear SMAD[20]. TGF-β canonically stimulates SMAD2/3 through the
ALK5 receptor, however can shift stimulation towards SMAD1/5/9 phosphorylation
through the ALK1 receptor[51]. It was however shown in bovine cartilage explants
that excessive mechanical stress alone was not enough to cause this shift and in-
crease SMAD1/5/9 activation[44]. Additionally, both physiological and excessive
dynamic compression increased SMAD2/3 activation, which was not present in this
study. It is suggested that TGF-β has a different effect in the presence or absence of
PCM, which on day 5 after culture is still lacking[70]. Culturing the chondrocytes
for a longer period to allow PCM production might thus influence TGF-β-SMAD
signalling and will be discussed further in the next chapter. For later experiments,
it was decided not to continue with hyperphysiological compression using 500 mbar,
but instead use cytokines to induce a pathological condition. For this, IL-1β and
TNF-α were used similar to literature [9, 71, 72].

A single mechanical stimulation session did not increase nuclear YAP. A lack of
response could be caused by limited FA formation at day 5, as agarose does not al-
low cell-matrix interactions and limited ECM is formed as mentioned above. When
more ECM is synthesised by the chondrocytes over time, more FAs could be formed
that potentially influence YAP activity upon dynamic compression[25, 38, 39, 36].
Vinculin was visualised through immunofluorescence to detect FA formation in this
study, which did not show a significant difference between static and compressed con-
ditions with the used detection method[66]. The method was however formulated
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for 2D applications, which may not work similarly on summed z-projections of 3D
cell images. Another method used in literature is to analyse the change in cytoskele-
ton organisation by calculating an Edge Index[59]. This revealed that cytoskeleton
remodelling upon dynamic compression was visible 1 minute after stimulation, but
reverted back to a state similar to static condition 1 hour after stimulation[18]. Here
the actin cytoskeleton showed a more spiked morphology upon compression com-
pared to static conditions. In this thesis, fixation was done 1-2 hours after the last
mechanical actuation session, which could explain the lack of difference between
conditions. Although quantification of FAs was not possible, it is expected that
sufficient ECM is produced when using longer culture times, as shown by[64]. To
indicate regulation of YAP activation through FAs, different methods should be
used to indicate FA formation in these 3D constructs, such as gene transcription of
Rho/ROCK genes or proteins involved in FA formation.

In this study, it was chosen to estimate nuclear localization of proteins through
immunofluorescence, due to the low sample availability and volume of experiments.
A more quantitative method could be used such as Western Blot, separation of
nuclear and cytoplasmic fraction or chromatin immunoprecipitation (ChIP). When
using these methods however, the low sample size and contamination of agarose
should still be taken into account and should therefore first be validated for the
CoC platform.

Nuclear localization does not indicate gene expression, for which qPCR was used.
The polysaccharide present in agarose can however cause contamination of the ex-
tracted RNA, which could explain the low absorption ratios seen in this study’s
results. It was also demonstrated that Trizol contamination causes incorrect mea-
surements of RNA concentrations. Polysaccharides in agarose and cartilage tissues
(GAG) can decrease RNA yield by co-purification in the phase-separation step of the
Trizol extraction and inhibit reverse transcriptase[73]. This paper suggests that low
temperatures of 0◦C should be used when extracting with Trizol to reduce RNase
activity. Additionally, phenol and guanidine isothiocyanate solutions (such as Tri-
zol) and columns using a silica membrane can be useful for obtaining high-integrity
RNA from cell/agarose constructs[74]. The RNeasy Microkit uses both techniques
and showed the most reliable RNA extraction of the validated methods. Addition-
ally, a limitation of low RNA quantities is that the nanodrop might not accurately
measure the amount of extracted RNA. In the following experiments, four hydrogels
were pooled for one sample and the whole sample after RNA extraction was used for
cDNA synthesis. qPCR data was then normalised to the housekeeping gene RPS18
to compare gene transcription in different conditions. Lastly, agarase pre-treatment
showed a small increase in purity, which could be explored in further studies to
increase the purity.
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Chapter 5

Protein activation upon
compression

5.1 Results

To study the effect of dynamic compression on the activation of YAP and SMADs,
two types of studies were performed. The first looks at the activation over time
and the second one investigates the effect of dynamic compression in the presence of
induced inflammation by the addition of cytokines. Additionally, matrix remodelling
is assessed to be able to link these pathways to overall matrix production.

5.1.1 Influence of dynamic compression on cell behaviour
over time

Immunofluorescence data shows no significant influence of dynamic com-
pression on the nuclearisation of YAP and SMAD proteins, Figure 5.1 with
statistical analysis in S2.9. The N/C ratio was studied over time by fixating samples
on day 5, 9 and 12 of the mechanical actuation protocol. Only SMAD2/3 shows a
difference between Static and Compression on day 5 and 9, but not day 12 (Figure
5.1A). Notably, on day 5 compression increases the N/C ratio compared to Static,
while on day 9 compression decreases the N/C ratio. Additionally, a downward
trend is seen for all proteins and conditions, except for SMAD2/3 where Static D9
shows a slight increase in the mean compared to D5. This suggests that the activity
of all proteins decreases over time in this experimental setting, even with mechanical
stimulation. For YAP and SMAD2/3, a larger decrease in N/C ratio is seen from
day 9 to day 12 compared to the decrease from day 5 to day 9. SMAD1/5/9 shows
the smallest decrease and no difference between conditions. All proteins show a N/C
ratio of <1 at day 12, indicating that the proteins mainly reside in the cytoplasm.
SMAD2/3 shows a higher N/C ratio compared to SMAD1/5/9, which is in line with
the antagonistic nature of both pathways. Due to the limited amount of available
samples, a small sample size was used per condition.
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Figure (5.1) Influence of dynamic compression (300 mbar) compared to static condition over time in HPC. (A)
Representative immunofluorescence images of YAP and SMAD2/3 ABs with DAPI, SMAD1/5/9 is not shown
as there is little difference between conditions. Note that images are cropped in different sizes, but all scalebars
represent 10 µM. (B) N/C ratio over time for YAP, SMAD2/3 and SMAD1/5/9 calculated from immunofluorescence
images. N = 1 chip (SMADs) or 2 chips (YAP), 23-43 cells analysed per chip. Statistical analysis is represented in
S2.9, Pvalues: 0.001 < P <= 0.01∗∗, P <= 0.0001∗∗∗∗

Dynamic compression does not show beneficial ECM production ac-
cording to GAG staining and immunofluorescence of aggrecan and colla-
gen 2, Figure 5.2. For this experiment, samples previously used for immunofluores-
cence were re-used for Alcian Blue staining. A blue shell around the cells indicates
formation of a PCM, which is visible in the static condition but less for the com-
pressed condition. The mean gray value relative to a no cell control is shown in
Figure 5.2B, which shows high variability in both conditions. In addition, no up-
ward trend is detected as would be expected when looking at ECM production over
time. Mechanical stimulation of chondrocytes has proven beneficial for matrix pro-
duction in literature[21, 51, 64, 75], however these results show no clear benefit of
dynamic compression. There are some cells surrounded by a PCM in each condition,
though the number of cells presenting a PCM is larger in the static condition.

Figure 5.4C shows two situations that are found in the samples, one with and
one without a PCM. When overexpressing the immunofluorescence images, aggrecan
can be seen outside the cell indicating formation of PCM. Collagen 2 is less often
found outside of the cell. An attempt was done to quantify the matrix deposition
outside the cell, however due to the absence of a membrane marker this did not
succeed. In static conditions there was generally more aggrecan detected outside
the cell compared to compressed conditions.
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Figure (5.2) ECM production over time in static and compressed (300mbar) conditions in HPC (A) GAG produc-
tion through Alcian Blue staining showing the hydrogel (scalebar = 200 µm ) and zoomed in (scalebar = 20 µm ),
(B) Mean gray values relative to no cell control showing variability between days and conditions, N=3 chips. (C)
Immunofluorescence images of matrix components in HPC Satic day 12, indicating ECM deposition when Acan
shows outside the cell, indicated with a dashed circle. The brightness of the images is adjusted to show this effect.
Scalebar = 10 µm, N=1 chip
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5.1.2 Influence of pro-inflammatory cytokines on chondro-
cyte behaviour in response to dynamic compression

Dynamic compression does not affect YAP nuclearisation in pathologi-
cal condition, Figure 5.3A and B. The results show increased YAP nuclearisation
in chondrocytes when stimulated with cytokines, suggesting the influence of in-
flammation on YAP. However, no difference is seen when compression is applied.
Downstream target gene CTGF- is upregulated upon compression, which suggests
increased transcriptional activity of YAP, Figure 5.3D. Note that no statistical anal-
ysis was done for the PCR data as the data is represented as relative fold change to
normal static condition.

Dynamic compression attenuates SMAD2/3 nuclearisation and stim-
ulates SMAD1/5/9 activation in pathological conditions. Upon addition of
cytokines, the N/C ratio is increased for SMAD2/3 while SMAD1/5/9 is not influ-
enced, Figure 5.3A and B. In combination with dynamic compression, the N/C ratio
increase of SMAD2/3 is less compared to static condition. Notable is the distribu-
tion here, which shows that this effect is more prominent in part of the chondrocytes
in the sample. The opposite effect is seen for SMAD1/5/9, where cytokines alone
do not influence nuclearisation but only in combination with dynamic compression.
Measurements of TGF-β1 concentration in the medium show an initial increase after
the first day of mechanical stimulation, Figure 5.3C. However on day 2 of mechanical
stimulation, the TGF-β1 concentration returns to a similar value in all conditions,
around 51 pg/mL. Cytokines thus do not affect this concentration.

Dynamic compression and inflammation show a role in YAP-SMAD2/3
transcription. CTGF-, Pai-1 and Id2 are downstream targets of YAP-TEAD,
YAP-SMAD2/3 and YAP-SMAD1/5/9 transcription respectively. A change of tran-
scriptional activity in these genes gives an estimation of the complex formed in the
nucleus. CTGF- transcription is upregulated upon dynamic stimulation, suggesting
YAP-TEAD complexion is stimulated upon compression, Figure 5.3D. Both CTGF-
and Pai-1 are downregulated upon the addition of cytokines, suggesting an inhibitory
role of inflammation on YAP-TEAD and YAP-SMAD2/3 complexing. In addition,
Id2 is not affected by cytokines nor mechanical stimulation, suggesting no influence
of the YAP-SMAD1/5/9 binding. Interestingly, inflammation downregulates tran-
scription of CTGF- and Pai-1, but not of YAP itself.
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Figure (5.3) Influence of cytokines and dynamic compression (300 mbar) in HPC (A) Immunofluorescence images of
single cells representative for each condition, scale bar = 10 µm. (B) N/C ratio of YAP, SMAD2/3 and SMAD1/5/9
detected from the immunofluorescence images, N=1 chip (SMADs) or N=2 chips (YAP), 26-40 cells analysed per
chip. Data of normal condition is re-used for comparison. (C) TGF-β1 concentration measured with ELISA and
normalised to DNA quantity. Shown is day 1-4 after mechanical stimulation, which corresponds to day 6-9 of the
stimulation protocol, the full graph is shown in S2.11. Additionally the viability at day 12 is presented in S2.12
(D) RT-qPCR fold change of YAP1, CTGF-, Pai-1 and Id2 gene expression with respect to normal static condition
and normalised to housekeeping gene RPS18, N=3 samples of 4 chips pooled, measured in duplo. Note the different
scales of y-axes Pvalues: 0.0001 < P <= 0.001∗∗∗, P <= 0.0001∗∗∗∗
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Dynamic compression attenuates MMP13 activity in pathological con-
dition. Addition of cytokines shows to reduce GAG production in static conditions,
while some GAG shells can still be seen in compressed conditions, Figure 5.4A. As
expected, RT-qPCR confirms the donwregulation of Acan and Col2A1 in patho-
logical conditions, while matrix degrading enzymes MMP13 and ADAMTS5 are
upregulated, Figure 5.4B. MMP13 is less upregulated when mechanically stimulat-
ing the pathological condition, suggesting a protective role of loading in cartilage
degradation. Notably, both conditions with cytokines do not upregulate Collagen
10, which is a hypertrophy marker often used to indicate OA. This might be an
effect developing later in OA. Immunofluorescence of Acan and Col2A1 indicates
notable deposition of these ECM proteins upon addition of cytokines, Figure 5.4C.
In addition, cells appear to be larger compared to the normal conditions shown in
Figure 5.1A. Proliferation was also seen in pathological conditions which was not
seen in normal conditions.

Figure (5.4) Influence of cytokines and compression (300 mbar) on the ECM production in HPC (A) GAG pro-
duction through Alcian Blue staining showing the hydrogel (scalebar = 200 µm) and zoomed in (scalebar = 20
µm), a blue shell indicating PCM formation, N=3 chips. Data of normal condition is re-used for comparison. (B)
RT-qPCR fold change of ECM components and degradation enzymes with respect to static normal condition and
normalised to housekeeping gene RPS18, collagen X acts as hypertrophy marker, N=3 samples of 4 chips pooled,
measured in duplo. Note the different scales of y-axes. (C) Immunofluorescence images of single cells showing matrix
components. Acan outside of the cell (indicated with dashed line) indicates ECM deposition, the brightness of all
images is adjusted to show this effect. Scalebar = 10 µm
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5.2 Discussion

The aim of this thesis was to explore the inner workings of chondrocyte mechanobi-
ology upon dynamic compression. It was decided to focus on YAP as this protein
has shown the potential to attenuate cartilage degradation in OA[47, 57]. These
papers however are inconsistent on whether upregulation or downregulation of YAP
is beneficial as a potential treatment. The development of OA is linked to ab-
normal mechanical loading, while physiological loading of articular cartilage has
shown beneficial to maintain cartilage homeostasis and preventing degradation in
OA [76, 9, 69]. The suggested protective benefit of YAP could possibly be caused by
interaction with pathways involved in matrix remodelling, which are influenced by
mechanical loading. Previous studies on YAP activation in response to mechanical
stimulation is limited to the effect of stiffness, cell area, and cell density. In this
study, the effect of dynamic compression on YAP activation in chondrocytes was
studied with and without induced inflammation.

The results of this study suggests that YAP nuclearisation is not influenced by dy-
namic compression. Upregulation of CTGF was however seen in upon compression,
suggesting an increase of YAP-TEAD transcriptional activity. A regulatory role of
FAs and actin stress fibers has previously been shown through Hippo-dependent
and Hippo-independent pathways[25, 38, 35, 37]. Upon mechanical compression,
the ECM deforms which propagates tensional and compressive forces on the cells,
regulating cytoskeletal remodelling and stress fiber recruitment. It was therefore
expected that, similar to increased FA and stress fiber formation in stiffer sub-
strates, YAP activity would increase by mechanical compression. In the obtained
results however, physiological compression of 300 mbar was not beneficial for GAG
production, causing less FA formation and stress fiber recruitment. Nonetheless,
a decreasing trend in N/C ratio of YAP was seen in both static and compressed
conditions, suggesting no influence of the applied stimuli. Because agarose does not
allow cell adhesion, the stiffness of this matrix was not expected to influence YAP
nuclearisation.

YAP activity has also been linked to increased cytokine concentrations[47, 57].
It was reported previously that IL-6, IL-1β and TNF-α concentrations increase upon
seeding of chondrocytes in the CoC platform, suggesting a 7 day static culture pe-
riod to reduce the influence of these cytokines[64]. In this thesis, a static culture
period of 5 days was used to shorten the experimental protocol and because IL-1β
and TNF-α showed enough reduction at this time point. Upon addition of IL-1β and
TNF-α in the pathological condition, an increase in nuclear YAP was presented. The
starting N/C ratio of YAP at day 5 could therefore be linked to this initial increase
of cytokines upon seeding and the decrease of N/C ratio related to the reduction of
cytokine concentration over time. In future experiments, it would thus be beneficial
to use a longer static culture period before evaluating protein nuclearisation (7-12
days), to reduce this effect of cytokines after seeding and ensure sufficient ECM pro-
duction as mentioned above. Performing mechanical actuation experiments without
the effect of cytokines and with a physiologically relevant ECM will give more in-
formation about the influence of dynamic compression on YAP activity.

In this study, physiological compression does not show an increase in TGF-
β/SMAD activation, in contrast to literature[44]. This increase has been suggested
to originate from release of latent TGF-β bound to the ECM, which can be released
through compression. However, TGF-β-SMAD2/3 activity is dependent on duration

33



R. Wijngaarden Chapter 5 Protein activation upon compression

of the stimulation[20] and presence of an established PCM[70]. The absence of a
response in SMAD2/3 nuclearisation upon stimulation could therefore be explained
by the lack of ECM production in this thesis. In contrast, SMAD1/5/9 was not
expected to be activated through mechanical stimulation. Even excessive mechani-
cal stress alone was not enough to cause a shift toward SMAD1/5/9 pathway [44],
which is in line with the obtained results.

Next to the lack of ECM production, some other limitations should be taken
into account. One is the use of only one donor for all mechanical actuation experi-
ments. The obtained results are therefore not representative of the studied biological
phenomena, but can be seen as a proof of concept for studying mechanobiology in
this platform. To make significant conclusions on the role of dynamic mechanical
compression on the activation of YAP, these experiments should be repeated using
several donors to increase the biological sample size. Additionally, there was vari-
ability in ECM production between samples, inconsistent with previous studies that
showed increased ECM production upon compression[58, 64, 51]. A potential cause
is the seeding quality of the gel, which can be improved by experience of handling the
platform. However, this does not account for the variability in the static conditions.
An additional method to enhance matrix production is mixing agarose with collagen
I[77]. This could provide a better microenvironment to regulate the forces felt by
the chondrocytes upon mechanical compression, and reduce the culturing time for
achieving sufficient ECM production. Lastly, the period between mechanical stim-
ulation and fixation of the samples might cause loss of data. Similar experiments
showed that cytoskeleton remodelling upon mechanical compression was visible when
directly fixating the samples after stimulation, which was reverted after on hour [18].

Furthermore, the obtained results suggest that dynamic compression in patho-
logical conditions does not affect YAP nuclearisation, but instead affects binding
to different transcription factors. In this case, CTGF- and Pai-1 were downregu-
lated upon addition of cytokines. CTGF- is a downstream target of YAP-TEAD
interactions, but also of YAP-SMAD2/3[78], which has shown downregulation in
mice upon TNF-α treatment [79]. Additionally, Pai-1 expression is influenced by
cytokines, suggesting inhibition of gene transcription by the YAP-SMAD2/3 com-
plex. Downregulation of both these genes could thus be an effect of inflammation
on YAP-SMAD2/3 interaction. YAP overexpression can inhibit hypertrophy [79],
similar to the role of SMAD2/3 in chondrocyte maturation, which highlights this
relation.

Additionally, inflammatory cytokines were shown to activate Hippo signalling to
promote YAP sequestering in HEK cells, however not in chondrocytes[47]. This is
in line with the increased nuclearisation of YAP upon the addition of cytokines in
the results. Upregulation of YAP was connected to induced OA in mice[57], how-
ever no upregulation of YAP transcription was shown in this study. Furthermore,
an increased cell size was seen in pathological conditions, which has been reported
to increase YAP nuclearisation independent of FA formation[40]. The increase of
N/C ratio in this thesis could therefore also be caused by the increased cell size.
The results also revealed that MMP13 upregulation by cytokines was attenuated
by physiological loading, suggesting some benefit of dynamic compression in pro-
tecting cartilage degeneration. In this situation, nuclear YAP was also increased.
Future research could investigate if the increase of nuclear YAP is related to the
attenuation of MMP13 upregulation, by inhibiting or overexpressing YAP through
inhibitors/stimulators. Multiple interactions of YAP and the Hippo pathway with
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Nf-κB signalling have been identified in literature[80]. The experimental set-up in
this thesis was however not enough to give insight into the potential role of YAP in
Nf-κB signalling.

Finally, mechanical stimulation in the pathological condition was able to in-
crease nuclear SMAD1/5/9. This is in line with earlier research that showed that
mechanical stimulation in combination with cytokines can induce a shift in TGF-β
signalling towards SMAD1/5/9 [44]. No upregulation of Id2 was shown, a target
downstream of YAP-SMAD1/5/9, suggesting that YAP-SMAD1/5/9 interaction is
not promoted in this condition, even though nuclear SMAD1/5/9 was increased.
TGF-β stimulation of chondrocytes has demonstrated upregulation of Id1, which
was used to indicate a shift of SMAD pathways by looking at the Id1/Pai-1 ratio
(indicating SMAD1/5/9 / SMAD2/3 ratio)[51]. Therefore, multiple downstream
targets of transcription complexes should be used instead of a single target in future
research, to provide a better indication of the transcription activity. Due to limited
RNA content in this study, only a few selected genes were included to indicate each
interaction.
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Chapter 6

Conclusion & Future Outlook

In this thesis, YAP/TAZ (YAP) activity was analysed upon mechanical dynamic
compression in chondrocytes. The influence of compression was investigated using
a Cartilage-on-Chip (CoC) platform to provide mechanical stimulation.

First, analysis methods were validated for the CoC platform and parameters
analysed for mechanical stimulation. Trizol extraction of RNA demonstrated high
contamination in concentration and purity measurements. In the end, column based
extraction with a silica membrane presented the least contamination. In addition, a
small increase in purity was obtained when using agarase pre-treatment, which could
be explored in future research. Analysis of vinculin did not show a difference in Focal
Adhesion (FA) assembly when stimulated with 300 and 500 mbar compression. To
study the influence of compression on cytoskeleton remodelling and FA assembly, a
different method should be explored and the samples should be fixed immediately
after mechanical stimulation. Furthermore, a high variability in gel displacement
between chips was detected likely due to the seeding quality, which should be taken
care of in future experiments.

The results indicate that YAP nuclearisation is not influenced by mechanical
physiological compression in both normal and pathological conditions. Compression
might instead play a role in the binding of YAP with other transcription factors.
Additionally, it was shown that inflammation increases nuclear SMAD2/3, which
is attenuated by physiological compression. In contrast, compression in the patho-
logical condition induced SMAD1/5/9 activation. Furthermore, an increased cell
size was noted in pathological conditions, which could also increase YAP nucleari-
sation. Upregulation of MMP13 was attenuated when compression was applied in
pathological conditions, indicating a protective role of dynamic loading on cartilage
degradation.

The objectives of this thesis were to investigate the influence of dynamic com-
pression on YAP activation in a normal and pathological condition in chondrocytes.
From the results can be concluded that nuclearisation of YAP is increased upon in-
flammation but not upon dynamic compression. This is in contrast to the hypothesis
that dynamic compression increases nuclear YAP similar to incresaed substrate stiff-
ness. Compression might instead influence binding of YAP to other transcription
factors, where dynamic compression increases YAP-TEAD binding while inflam-
mation decreases YAP-SMAD2/3 binding. Furthermore, attenuation of MMP13
upregulation upon inflammation might be related to increased nuclear YAP, which
should be explored further.

By unraveling the role of YAP in cartilage homeostasis, their benefit as thera-
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peutic intervention for osteoarthritis (OA) could be discovered. YAP has demon-
strated to attenuate cartilage degradation in OA, but there is controversy regarding
the route of action. Additionally, activation of this pathway shows a high depen-
dency on the type of tissue. Organ-on-Chip technology provides a platform to study
mechanobiology in specific tissues, without influence of other tissues. This type of
research can provide new insights into the initiation and progression of cartilage
degradation. By studying different mechanotransduction pathways on chip, new
strategies to mediate OA could be found and tested.

Some limitations of this study are the limited biological sample size used and the
variability in Extracellular Matrix (ECM) production in the samples to simulate the
native microenvironment. In future research, several cell donors should be used to
increase the biological relevance of the results. To study the influence of mechanical
compression on mechanotransduction pathways, a pre-culture period should be used
to ensure sufficient production of ECM in both static and compressed conditions.
Additionally, several downstream targets of transcription should be used to vali-
date transcriptional co-activity. Furthermore, different methods could be explored
to analyse pathway activation, taking into account the low sample size and possible
contamination of agarose.

This thesis was focused on the activation of YAP upon dynamic compression. To
further explore their role in cartilage remodelling, YAP inhibitors and stimulators
could be used to relate YAP activity to cartilage development by looking at ECM
production over time in the agarose hydrogel. By first pre-culturing the chondro-
cytes to obtain a more physiological relevant PCM, inihbitors and stimulators could
be used to uncover their role in matrix homeostasis. By combining this with me-
chanical compression and cytokines, more insight into the physiological maintenance
of cartilage and disease could be gained. Additionally, this research could be repro-
duced to investigate other mechanotransduction pathways such as Ca2+ signalling,
primary cilia and other biochemical signalling pathways.
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Supplementary Material

S1 Additional Methods

Cell culture of HEK293 cells

HEK293 cells were cultured in T175 flasks in proliferation medium (DMEM with
10% FBS (fetal bovine serum), 100 Uml−1 penicillin and 100 gml−1 streptomycin).
To passage the cells, they were washed with PBS (1x) and trypsinised using a
trypsin-EDTA 0,25%/0.1 M solution and reseeded in a new flask at 1 million cells
per 175 cm2. Cells were used at passage 22-28 for the experiments.

Trizol method

Total RNA was obtained using TRIzol™ Reagent (Invitrogen) following the protocol
described by the supplier. The RNA pellet was air dried for 5-10 minutes and
resuspended in RNase-free water, followed by incubation at 55 − 60◦C for 10-15
min. Samples were then frozen at −80◦C for further use.

Trizol disruption and column based extraction

Samples were lysed with TRIzol™ Reagent, mixed with 1 volume 70% ethanol and
then transferred to the RNeasy MinElute spin column to proceed with the column
extraction protocol as described in 3.9. Samples were then frozen at −80◦C for
further use.

Agarase pre-treatment

Agarase(Thermo Fisher Scientific) was used to dissolve the agarose around the chon-
drocytes. For this, samples were first washed with PBS (1x) and heated to 70◦C
for 10 min and then cooled for 5 min at 42◦C. Agarase was added (0,2 U in HBE
buffer) and incubated for 30-40 min. Samples were then frozen at −80◦C for further
use.

Table (S1.0) Additional primers used for primer validation and housekeeping gene
stability (B2M), 5’ > 3’, * indicates primers of own design

Gene Forward Reverse
B2M GACTTGTCTTTCAGCAAGGA ACAAAGTCACATGGTTCACA
CYR61 (CCN1) * AGTGGGTCTGTGACGAGGAT GGGTTTCTTTCACAAGGCGG
ARHGEF17 * ACAAACCACCTCCTCCTGTG GGTGTTCCATCAGGAATGCT
ARHGEF18 * CAGGTGAAAATGGGGAGAGA CTCCACCAGCACTGGGTATT
Col1A1 GTCACCCACCGACCAAGAAACC AAGTCCAGGCTGTCCAGGGATG
ADAMTS5 S1 CCCACCCAATGGTAAATC GACTCCTTTTGCATCAGAC
ADAMTS5 S2 TGATGGCCATGGTAACTG GAATGTCAGGTTGCACTG
ADAMTS5 S3 TTTCTCCAAAGGTGACCG AGTTCTCACACACTTCCC
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S2 Additional Data

S2.1 Viability staining on chip

Figure (S2.1) Live/dead staining of HPC showing (A) Static chip with limited diffusion when the staining is
injected into the medium channel. The hydrogel is therefore removed from the chip for homogeneous staining of
the sample. (B) Static chip with either live or dead staining showing bleedthrough of the live staining into the red
channel. Scalebar = 100 µm.

S2.2 Validation of RNA extraction methods

Figure (S2.2) Absorption spectra measured by Nanodrop of RNA samples extracted through (A) Column (RNeasy
Microkit) (B) Trizol (phase separation) (C) Trizol+Column (D) No cell control Column extraction (E) Agarse+Trizol
and (F) No cell control Trizol+Column extraction. All show high contamination at 230 nm, causing low 260/230
ratios. Extraction with Trizol shows high contamination at 270 nm with a wide peak, causing high readouts of RNA
concentration. No cell control shows that the Column extraction has the least contamination at 260 nm.
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S2.3 Primer validation

Figure (S2.3) Primer validation using a monolayer of HPC passage 4 cultured for 1 day (A) Gel electrophoresis
of (1) RPS18 (180 bp), (2) YAP1 (203 bp),(3) CTGF- (385 bp),(4) CYR61 (315 bp),(5) ARHGEF17 (193 bp),(6)
ARHGEF18 (218 bp),(7) ID-2 (237 bp),(8) Pai-1 (212 bp),(9) hAcan (136 bp),(10) Col10A1 (129 bp),(11) MMP13
(184 bp),(12) Col2A1 (92 bp),(13) Col1A1 (121 bp),(14) ADAMTS5 S1 (76 bp),(15) ADAMTS5 S2 (109 bp). First
and last slot show a gene ladder, the scale indicated on the left, the orange arrow indicates a faint band under
CYR61. Most primers show a band comparable to the size of the primer, with exception of Col2A1 which also
shows several other bands. Col10A1 does not show any band, likely due to the short culture period and being
a hypertrophy marker. ADAMTS5 S2 shows several products. (B) Stability of housekeeping genes RPS18 and
B2M over time showing starting RNA concentration after RT-qPCR (N=3 chips), both show good performance
(R2 = 0.998), however RPS18 reveals a more stable concentration over time compared to B2M and will therefore
be used as housekeeping gene.

Table (S2.3) Raw data CFX384 qPCR primer test, Baseline Threshold is deter-
mined by baseline between 3-10 cycles and the Threshold is taken at 2529,48 RFU.
Samples are used in gel electrophoresis for primer validation.

Well Sample Cq Melt Temp Peak Height Begin Temp End Temp
A07 RPS18, 3 20.97 81.50 1361.23 77.00 87.00
B07 YAP, 3 26.23 82.50 1252.80 76.00 88.00
C07 CTGF-, 3 25.77 85.50 1375.69 80.50 95.00
D07 CYR61, 3 25.89 86.50 700.19 84.00 95.00
E07 ARHGEF17, 3 31.10 87.00 1156.78 77.50 95.00
F07 ARHGEF18, 3 29.29 81.50 1237.98 74.50 94.00
G07 ID2, 3 24.65 85.00 1414.41 80.50 94.00
H07 Pai-1, 3 26.59 84.50 1283.19 79.50 95.00
I07 Acan, 3 26.76 84.00 854.38 79.50 95.00
J07 Col10A1, 3 39.08 None None None None
K07 ADAMTS4, 3 None None None None
L07 MMP13, 3 29.61 78.00 1178.02 74.50 84.50
M07 COL2A1 NG, 3 31.36 89.00 591.31 78.50 92.50
N07 COL2A1 HAY2, 3 26.32 89.50 713.38 81.50 95.00
O07 COL1A1, 3 23.40 87.50 733.12 81.00 94.00

Table (S2.3) Primer efficiency and amplification factor calculated from serial dilu-
tions, only the primers that will be used later are shown.

Target Slope Efficiency Rˆ2 Amplification
RPS18 -3.621 88.87% 0.9993 1.889
YAP -3.156 107.42% 0.9710 2.074

CTGF -3.923 79.84% 0.9980 1.798
Pai-1 -3.518 92.42% 0.999 1.924
Id2 -3.513 92.60% 0.9958 1.926

hAcan -2.743 131.50% 0.9408 2.315
MMP13 -3.102 110.07% 0.9862 2.101
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S2.4 Immunofluorescence monolayer antibody validation

Figure (S2.4) Immunofluorescence images of HPC monolayer at day 14 validating several ABs. Dilutions used are
YAP (1:50), SMAD2/3 (1:600), Col2a1 (1:100), Acan (1:100), Vinculin (1:50), Phalloidin (1:200), AF288 (1:200)
and AF647 (1:200). SMAD1/5/9 AB is not shown because the image quality was poor, but did show staining in
ohter samples. Scalebar = 50 µm.

S2.5 Immunofluorescence on chip controls

Figure (S2.5) Immunofluorescence control images of HPC in static chip at day 12 (A) Primary or secondary AB
only control showing some autofluorescence of SMAD2/3 and AF488. Brightness is adjusted slightly to make this
visible, therefore it is not expected to affect the analysis methods used to measure N/C ratio. (B) No cell control of
agarose hydrogel mixed with medium using both primary and secondary ABs. The left images show no signal while
the right images do show some signal in both channels, indicating signal from a-specific binding can be present in
some chips. Scalebar = 10 µm.
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S2.6 Viability of monolayer culture upon addition of cy-
tokines

Figure (S2.6) Viability of HPC p4 in monolayer culture (25000 cells/cm2) after addition of 2, 5 or 10 ng/mL of
cytokines IL-1β and TNF-α (N=2 wells). The addition of cytokines shows a slight decrease in viability, however no
downward trend is observed with increasing cytokine concentration. The data suggests that all applied concentra-
tions do not significantly decrease the viability of chondrocytes.

S2.7 Chip seeding quality

Figure (S2.7) Chips after agarose-cell seeding showing different conditions of quality: (A) Good quality chip, no
gap is shown between the garose and membrane or pillars. (B) A small gap is indicated by the arrow, which causes
the gel to move within the chip during actuation. (C) and (D) show a chip after compression, the bottom arrow
shows where the agarose has broken through the pillars and the top arrow indicates the gap between the agarose
and membrane. (D) is not used for analysis while (C) could be used depending on the analysis, scalebar = 100 µm.
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S2.8 Influence of pressure magnitude on protein nuclearisa-
tion

Figure (S2.8) Influence of a single dynamic compression session with 300 mbar at day 5 of HPC. Immunofluores-
cence images of single cells representative for YAP and SMAD2/3, both have a N/C ratio around 1.3, scale bar =
10 µm.

S2.9 Statistical analysis of dynamic compression over time

Table (S2.9) Statistical analysis of dynamic compression over time, complement
to Figure 5.1B, Pvalues: 0.001 < P <= 0.01∗∗, 0.0001 < P <= 0.001∗∗∗, P <=
0.0001∗∗∗∗

YAP SMAD2/3 SMAD1/5/9
Static D5 vs. Static D9 ns ** ns
Static D5 vs. Static D12 **** **** ns
Static D5 vs. 300 mbar D5 ns ** ns
Static D9 vs. Static D12 **** **** ns
Static D9 vs. 300 mbar D9 ns **** ns
Static D12 vs. 300 mbar D12 ns ns ns
300 mbar D5 vs. 300 mbar D9 *** **** ns
300 mbar D5 vs. 300 mbar D12 **** **** ****
300 mbar D9 vs. 300 mbar D12 **** ns ns
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S2.10 Validation of TGF-β1 ELISA on chip samples

Figure (S2.10) TGF-β1 ELISA validation comparing static, 300 mbar and 500 mbar compression conditions. TGF-
β1 concentration per chip indicating it is possible to detect TGF-β1 from pooled samples (sensitivity of >8 pg/mL).
However, many data points are excluded as they did not pass the threshold value of the no cell control, thus the
dilution of samples should be reduced. Note that the data is not normalised to DNA quantity, the conditions are
however from the same experiment. N=2 medium samples of 6 chips pooled

S2.11 TGF-β1 concentration over time in normal and patho-
logical conditions

Figure (S2.11) TGF-β1 concentration from ELISA normalised to DNA quantity, comparing normal and patholog-
ical conditions. Both static conditions start and end with a concentration around 51 pg/µL. The concentration in
mechanically stimulated conditions is initially increased after 1 day of stimulation, which decreases again toward
this 51 pg/µL.
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S2.12 Viability in normal and pathological conditions on
chip

Figure (S2.12) Viability of HPC on chip in static and compressed (300 mbar) conditions with and without the
addition of cytokines, day 12. While cytokines in static condition do not significant difference, in combination with
compression there is a significant difference. The cells were visually inspected throughout the experiment and cells
looked viable. This significant difference might be due to the analysis method and only one replicate used. N=1,
Pvalues: 0.001 < P <= 0.01∗∗, 0.0001 < P <= 0.001∗∗∗

S3 ImageJ Macro for viability cell counting

// g en e r a l i z a t i o n
t i t l eO r i g = ge tT i t l e ( ) ;

run (” Sp l i t Channels ” ) ;
// selectWindow ( t i t l eO r i g + ” ( blue ) ” ) ;

//Dead
selectWindow ( t i t l eO r i g + ” ( red ) ” ) ;
// run (”Enhance Contrast ” , ” saturated =0.35”) ;
// run (”Apply LUT” ) ;
setMinAndMax (0 , 5 0 ) ;
run (” Gaussian Blur . . . ” , ” sigma=1”);
run (” Subtract Background . . . ” , ” r o l l i n g=5 c r ea t e ” ) ;
setAutoThreshold (” Tr iang le dark ” ) ;
setOption (” BlackBackground ” , t rue ) ;
run (” Convert to Mask ” ) ;
run (” Analyze Pa r t i c l e s . . . ” , ” s i z e=50− I n f i n i t y c i r c u l a r i t y =0.60−1.00 d i sp l ay exc lude c l e a r add ” ) ;

waitForUser

// Live
selectWindow ( t i t l eO r i g + ” ( green ) ” ) ;
// run (”Enhance Contrast ” , ” saturated =0.35”) ;
// run (”Apply LUT” ) ;
run (” Subtract Background . . . ” , ” r o l l i n g=5 c r ea t e ” ) ;
setAutoThreshold (” Tr iang le dark ” ) ;
run (” Convert to Mask ” ) ;
run (” Analyze Pa r t i c l e s . . . ” , ” s i z e=50− I n f i n i t y c i r c u l a r i t y =0.60−1.00 d i sp l ay exc lude c l e a r add ” ) ;

waitForUser

//Both
imageCalculator (”AND crea t e ” , t i t l eO r i g + ” ( red )” , t i t l eO r i g + ” ( green ) ” ) ;
selectWindow (” Result o f ” + t i t l eO r i g + ” ( red ) ” ) ;
run (” Analyze Pa r t i c l e s . . . ” , ” s i z e=5− I n f i n i t y c i r c u l a r i t y =0.20−1.00 d i sp l ay exc lude c l e a r add ” ) ;

waitForUser
c l o s e (”∗”)
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