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Objective: During osteoarthritis (OA), chondrocytes seem to change their spatial arrangement from
single to double strings, small and big clusters. Since the pericellular matrix (PCM) appears to degrade
alongside this reorganisation, it has been suggested that spatial patterns act as an image-based
biomarker for OA. The aim of this study was to establish the functional relevance of spatial organisa-
tion in articular cartilage.
Method: Cartilage samples were selected according to their predominant spatial cellular pattern. Young's
modulus of their PCM was measured by atomic force microscopy (AFM) (~500 measurements/pattern).
The distribution of two major PCM components (collagen type VI and perlecan) was analysed by
immunohistochemistry (8 patients) and protein content quantified by enzyme-linked immunosorbent
assay (ELISA) (58 patients).
Results: PCM stiffness significantly decreased with the development from single to double strings
(p = 0.030), from double strings to small clusters (p = 0.015), and from small clusters to big clusters
(p < 0.001). At the same time, the initially compact collagen type VI and perlecan staining progressively
weakened and was less focalised. The earliest point with a significant reduction in protein content as
shown by ELISA was the transition from single strings to small clusters for collagen type VI (p = 0.016)
and from double strings to small clusters for perlecan (p = 0.008), with the lowest amounts for both
proteins seen in big clusters.
Conclusions: This study demonstrates the functional relevance of spatial chondrocyte organisation as an
image-based biomarker. At the transition from single to double strings PCM stiffness decreases, followed
by protein degradation from double strings to small clusters.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

these layers is characterised by unique structural, functional, and
biomechanical properties. Within the cartilage, chondrocytes form

Articular cartilage is a specialised anisotropic connective tissue' specific spatial patterns that are characteristic of each joint>> and
composed of three layers: superficial, middle, and deep. Each of that appear to depend on joint-specific loading mechanisms®. The
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predominant physiological cellular pattern found in the femoral
condyle is that of single strings’. With osteoarthritis (OA) initiation
and progression, spatial chondrocyte organisation changes: rear-
rangement can be observed from single strings to double strings®,
followed by small clusters, and finally big clusters’. In end-stage
tissue degeneration, huge chondrocyte clusters are enclosed in
densely packed tissue that is not well characterised®®. This reor-
ganisation of cellular spatial patterns has been suggested to act as
an image-based biomarker for OA events occurring at a cellular
level.

Characteristic for articular cartilage is the presence of a distinct
and unique structure termed the pericellular matrix (PCM). The
PCM has been primarily defined as the presence of collagen type
VI'®! It encompasses the chondrocytes, thus forming the struc-
tural, functional, and metabolic unit of articular cartilage termed
the “chondron”'?. Other key components of the PCM are the
heparin-sulphate proteoglycan perlecan'®, aggrecan monomers'*
and aggregates'®, laminin'®, fibronectin'/, hyaluronan'®, bigly-
can'?, and collagen type IX?°. The PCM acts as a mechano-sensitive
cell matrix interface, protects the chondrocytes from apoptosis, and
modulates biosynthetic response®' 2. In contrast to the extracel-
lular matrix (ECM), the PCM contains higher concentrations of
proteoglycans®?, because, for example, the ECM proteoglycans
biglycan and decorin bind near the N-terminal region of the
collagen type VI triple helix?. The mesh-like capsule of the PCM
defines its mechanical properties®®, which also determines the
stiffness of the cartilage. Interestingly, the compressive mechanical
properties also seem to depend on the position of the chondron
within the cartilage?’.

OA onset is associated with collagen fibril denaturation
accompanied by a loss of small and large proteoglycans®’. Local
changes in perlecan expression and content have also been re-
ported during OA development®'. The loss of these molecules is
correlated with the presence and elevated activity of various matrix
metalloproteinases®>*>. As a result, despite the fact that the
expression of collagen is upregulated®*, the net amount of, for
example, collagen type II in the ECM decreases>>>°. Similar changes
during OA have also been described specifically for collagen type
VI: in the lower middle and upper deep zones of the articular
cartilage, its expression and presence seems to increase; in the
upper middle zone, it appears to be lost; and in the superficial zone,
it shows heterogeneous expression’>’.

Our aim in the present study was to evaluate the biomechanical
degenerative changes of the PCM from human articular cartilage
explants through determination of Young's moduli (stiffness) by
using the spatial organisation of chondrocytes as an image-based
biomarker. To evaluate the biomechanical properties of articular
cartilage, we used atomic force microscopy (AFM), which is a
powerful technique that allows direct quantification of the
biomechanical tissue properties in situ at a microscale with mini-
mal risk of interfering with its natural physiological state>®. We also
analysed the associated changes in PCM composition by examining
two of its main components: collagen type VI and perlecan. We
hypothesised (I) that the more pathological the spatial chondrocyte
arrangement, the lower the stiffness of the cellular microenviron-
ment and (II) that the presence of collagen type VI and perlecan
would decrease with increasing tissue destruction.

28,29

Materials and methods
Cartilage samples
Tissue was obtained from patients undergoing total knee

arthroplasty in the Department of Orthopaedic Surgery of the
University Hospital of Tuebingen, Germany, and the Winghofer-

clinic, Rottenburg a.N., Germany, for end-stage OA of the knee.
Full departmental, institutional, and local ethical committee
approval were obtained before commencement of the study
(project number 674/2016B0O2). Written informed consent was
received from all patients before participation.

Tissue sample preparation for AFM testing

After surgery resection, the tissue was temporarily stored in
serum-free Dulbecco's modified Eagle's medium (DMEM; Gibco,
Life Technologies, Darmstadt, Germany) with 2 % (v/v) penicillin-
streptomycin and 1.2 % (v/v) amphotericin B. Full-thickness artic-
ular cartilage samples were then collected and embedded in water-
soluble embedding medium (Tissue-Tek O.C.T. Compound, Sakura
Finetek, Alphen aan den Rijn, Netherlands). Sectioning of the
topmost layer of articular cartilage (representing the first 300 um)
was performed with a Leica cryotome type CM3050S (Leica Bio-
systems, Wetzlar, Germany) with 35 um thickness (n = 4 cuts per
patient). Cartilage slices were rinsed with phosphate-buffered sa-
line (PBS) to remove the water-soluble embedding medium, glued
(biocompatible sample glue, JPK Instruments AG, Berlin, Germany)
onto tissue culture dishes (TPP Techno Plastic Products AG, Trasa-
dingen, Switzerland), and covered with Leibovitz's L-15 medium w/
o L-glutamine (Merck KGaA, Darmstadt, Germany) until AFM
measurements. Processing of the cartilage samples and the AFM
measurements was done immediately after tissue resection to
reduce artefacts from swelling of the tissue.

Biomechanical characterisation of the PCM via AFM

Elastic moduli of the PCM were assessed by using an AFM
system (CellHesion 200, JPK Instruments, Berlin, Germany) inte-
grated into an inverted phase contrast microscope (AxioObserver
D1, Carl Zeiss Microscopy, Jena, Germany), which allowed simul-
taneous visualisation of the cartilage samples. This allowed us to
measure specific cellular spatial patterns. Calibration of the
cantilever was done on the retracted curve, and the spring con-
stant was determined by using the thermal noise method incor-
porated into the device software (JPK Instruments, Berlin,
Germany). Measurements were performed in force spectroscopy
mode by recording single force—distance curves at the position of
interest without laterally scanning the sample. For microscale
indentation, a polymeric microsphere (25 pm in diameter, Poly-
sciences, Inc.,, Warrington, PA, USA) was attached to an AFM
cantilever (tip C, k = 7.4 N/m, All-In-One-Al—TI, Budget Sensors,
Sofia, Bulgaria). Indentation curves were sampled at 2 kHz, with a
force trigger of ~300 nN and a velocity of 5 um/s. To evaluate
elastic properties of the PCM as a function of the cellular spatial
organisation, we applied indentations over the chosen region of
interest identified by microscopic examination (9 measurement
repetitions/measurement site; two distinct cellular patterns/his-
tologic cut) (Fig. 1). In case a pattern was not present on a histo-
logic cut, this measurement was left out. Young's modulus was
calculated from the force—distance curves by using the Hertz-fit
model of the data processing software (JPK Instruments, Berlin,
Germany). Young's modulus is the ratio of uniaxial force per unit
surface in pascal divided by the adimensional proportional
deformation of the examined tissue.

PCM immunostaining

Following AFM measurements, cartilage samples were fixed
with 4 % (w/v) paraformaldehyde in PBS for 30 min at room
temperature, and then processed and labelled for collagen type VI
and perlecan. Enzymatic pretreatment of samples was done as
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Fig. 1. Light microscopy pictures indicating regions of interest. atomic force microscopy (AFM) pictures showing the distinct cellular spatial patterns of strings (A), double strings
(B), small clusters (C), and big clusters (D) (red box). Red arrow showing the cantilever that was used. Scale bar (black) represents 150 pm.

previously described®®*° with some modifications. Briefly, histo-
logical sections were pretreated with 0.1 % (w/v) hyaluronidase
(Sigma—Aldrich, Taufkirchen, Germany) for perlecan staining and
0.2 % (wfv) collagenase type XI (Sigma—Aldrich, Taufkirchen,
Germany) for collagen type VI staining in PBS at 37°C for 1 h,
followed by three washing steps with PBS. Sections were incu-
bated with a mix of 5 % (w/v) bovine serum albumin and 0.3 % (v/
v) Triton X-100 in PBS as a blocking agent for 30 min, followed by
incubation with collagen type VI (rabbit anti-collagen VI, ab-
182744, Abcam, Cambridge, UK) and perlecan (mouse anti-
perlecan, sc-377219, Santa Cruz Biotechnology Inc., Dallas, TX,
USA) primary monoclonal antibodies at a dilution of 1:100 in 2.5 %
(w/v) bovine serum albumin-PBS overnight at 4°C in a humidity
chamber. Afterwards, sections were incubated with secondary
antibodies (Alexa Fluor 555 goat anti-rabbit IgG, a-21429, Thermo
Scientific, Waltham, MA, USA, and Alexa Fluor 594 goat anti-
mouse IgG, ab-150116, Abcam, Cambridge, UK) for 2 h with a
dilution of 1:100 at room temperature in the dark. Nuclear
staining was performed with 1 % (v/v) DAPI in PBS for 5 min prior
to imaging. Fluorescence-stained tissue sections were visualised
with a Carl Zeiss Observer Z1 fluorescence microscope (Carl Zeiss
Microscopy, Jena, Germany).

Tissue preparation for biochemical quantification of the PCM

Thin pieces of articular cartilage were cut with a scalpel blade
no. 21 from the surface of the femoral condyle. A self-made cutting
device was used to generate 300 pm discs of tissue representing the
top-most layer of articular cartilage. Fresh-cut pieces of articular
cartilage from each patient were stained with 4uM Calcein AM
fluorescence dye (Cayman Chemical, Ann Arbor, Michigan, USA) in
serum-free DMEM (Gibco, Life Technologies, Darmstadt, Germany)
with 2 % (v/v) penicillin-streptomycin and 1.2 % (v/v) amphotericin
B for 30 min at 37°C. Calcein-stained samples were visually clas-
sified and sorted according to their predominant cellular spatial
patterns®! by using a fluorescence microscope (Leica DM IMBRE,
Germany). Discs were then assigned to each of the four individual
cellular spatial pattern groups. The discs were then snap-frozen in
liquid nitrogen and stored at —80°C until further analysis.

Assessment of PCM components by enzyme-linked immunosorbent
assay (ELISA)

Frozen cartilage explants from each group were crushed with a
pestle and mortar under liquid nitrogen and placed on ice for
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15 min in homogenisation buffer (25 mM Tris—HCI pH 7.5, 100 mM
NaCl, 1 % (v/v) IGEPAL CA-630) supplemented with proteinase in-
hibitors. A soluble fraction was obtained by centrifugation at
15,000g for 15 min at 4°C. For normalisation of the amount of tis-
sue, aliquots were first analysed for total protein concentration by
Bradford protein assay (Bio-Rad Laboratories, Richmond, CA, USA).
A total of 15 ug of protein for each individual cellular pattern was
subjected to sandwich ELISA for collagen type VI (MyBiosource Inc.,
San Diego, CA, USA) and 10 pg of protein for perlecan (BIOZOL
Diagnostica Vertrieb GmbH, Eching, Germany) following the
manufacturer's protocol. Absorbance was recorded at 450 nm by
using an EL 800 reader (BioTek Instruments GmbH, Bad Friedrich-
shall, Germany). Protein content was calculated from the absor-
bance according to the prior established protein specific standard
absorption curve. Three independent measurements of the ELISA
assays were performed for each spatial pattern.

Statistical analysis

Normality of the data was assessed by histograms. For further
analyses, the median of the nine AFM measurements per mea-
surement site was used. Extreme values were screened and filtered
by the 2-standard deviation (SD) method. Depending on normality,
values are presented as median (minimum—maximum) and
graphically displayed as boxplots, or as mean (SD) and graphically
displayed as bar diagrams. Even though our AFM results were not
normally distributed, the mean, SD, and standard error of the mean
of the AFM data are additionally displayed (Table II) to allow a direct
comparison of our results with those reported in the literature.

To further analyse the results, the same approach and assump-
tions were employed as described previously by Wilusz et al.**:
Briefly, each median of the nine AFM measurements per mea-
surement site was treated as an independent value within each
group of cellular spatial pattern. This assumption could be made as
cartilage biomechanical properties display “greater variations
spatially than among individuals*?. The biomechanical properties
of the articular cartilage are prone to significant spatial variations

Table I
Comparison of elasticity measurements (Young's modulus) as a function of cellular
spatial organisation

Comparison P-value FDR-adjusted alpha values
All Groups <0.001* <0.001

SS—DS 0.030° 0.030

SS—SC <0.001° <0.001

SS—BC <0.001° <0.001

DS—SC 0.013° 0.015

DS—BC <0.001° <0.001

SC—BC <0.001° <0.001

*Kruskal—Wallis test, °Mann-Whitney U test. Abbreviations: SS — single strings; DS
— double strings; SC — small clusters; BC — big clusters; FDR — false discovery rate.

Table II
Stiffness measurements by atomic force microscopy (AFM)

Descriptive statistics Cellular organisational pattern

SS DS Ne BC
Median 37.611 25.330 13.714 5.643
Minimum 5.447 2.581 0.500 0.332
Maximum 174.315 122.213 58.066 24.487
Mean 49.479 33.828 18.983 7.615
Standard deviation 40.376 29.159 14.161 5.849
Standard error 5.395 4.043 1.909 0.788

Values displayed in kPa. Abbreviations: SS — single strings; DS — double strings; SC
— small clusters; BC — big clusters.

across the joint*?, also varying with depth from the articular sur-
face** and they are influenced by loading changes occurring during
joint motion®”. Since measured regions were chosen over the entire
length of each sample and were not adjacent to one another, it is
extremely unlikely that the measured regions within the same joint
would have experienced the same biomechanical environment in
situ or been influenced by each other.

Comparison between experimental results was therefore per-
formed with the Kruskal—Wallis test by using the Mann-Whitney U
test for post hoc analysis, or by one-way analysis of variance and t-
test for independent samples as a post hoc test, as appropriate.
Alpha adjustment on the basis of a significance level of 0.05 was
performed for each calculation by using the Benjamini-Hochberg
procedure. Statistical analysis was performed with SPSS Statistics
22 (IBM Corp., Armonk, NY, USA).

Results

Articular cartilage samples from eight patients were subjected
to elasticity measurements of the pericellular region via AFM. Thus,
a total of 2070 measurements were done (single strings: 513,
double strings: 504, small clusters: 531, big clusters: 522). After
exclusion of extreme values, the median for 56 single strings, 52
double strings, 55 small clusters, and 55 big clusters were included
in the final analysis. The measured PCM elastic moduli results are
shown in Fig. 2 and Table I. Stiffness of the patterns significantly
decreased along the entire scale of patterns from single strings to
double strings (p = 0.030), from double strings to small clusters
(p = 0.015), and from small clusters to big clusters (p < 0.001).
Absolute values were thereby reduced by 84 % with a median of
38 kPa for single strings to a median of 6 kPa for big clusters.

In the immunofluorescence analysis, healthy tissue areas rep-
resented by single strings exhibited a PCM composed of densely
compact, intact, and well-defined collagen type VI [Fig. 3(A)] and
perlecan [Fig. 3(E)]. With initiation and progression of tissue
degeneration represented by the cellular pattern shift from single
strings (Fig. 3(A/E)) to double strings (Fig. 3(B/F)) to small clusters
(Fig. 3(C/G)) and eventually to big clusters (Fig. 3(D/H)), a change in
staining localisation and integrity of collagen type VI was observed
and, to a lesser extent, of perlecan: the PCM contour around the
chondrocytes softened, especially for collagen type VI immuno-
labelling. Moreover, PCM staining of collagen type VI no longer
exhibited a precise localisation restricted to the pericellular region
of the chondrocytes; rather, it was scattered between the cells. By
comparison, in advanced tissue degeneration represented by
chondrocyte clustering (small and big clusters), perlecan was still
present and localised in the PCM.

Tissue samples from 58 patients (n = 25 for collagen type VI
assays and n = 33 for perlecan assays) were included in the ELISA
analysis. Since not all patients presented all spatial patterns, 46—52
cartilage discs per pattern for collagen type VI and perlecan were
used. Complementary to immunolabelling, quantitative ELISA an-
alyses showed that the more pathological the cellular pattern, the
more collagen type VI (Fig. 4(A)) and perlecan (Fig. 4(B)) decreased.
The earliest point in the sequence of events where a significant
reduction could be observed was the transition from single strings
to small clusters for collagen type VI (p = 0.016) and for perlecan
(p = 0.008) (Table IIl and Table 1V). For both collagen type VI and
perlecan, the lowest amounts were measured in big clusters.

Discussion
The aim of this study was to evaluate whether stiffness of the

PCM decreases as a function of OA initiation and progression by
using the spatial arrangement of chondrocytes as an image-based
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Fig. 2. Comparison of quantified Young's modulus of the pericellular matrix (PCM) as a function of cellular organisation. Boxplots of the stiffness measured by AFM of the different
chondrocyte patterns. A continuous reduction of stiffness in the PCM during the rearrangement from the SS to the BC pattern can be observed. *p < 0.05; ***p < 0.001 (for exact P-
values, see Table I). Abbreviations: SS — single strings; DS — double strings; SC — small clusters; BC — big clusters.

Fig. 3. PCM immunolabelling for collagen type VI and perlecan for the different cellular spatial patterns. Immunolabelled PCM with Alexa Fluor 555 anti-collagen type VI antibody
(A-D) and Alexa Fluor 594 anti-perlecan antibody (A/E — single strings, B/F — double strings, C/G — small clusters, D/H — big clusters). While a decrease in collagen type VI from
single strings to big clusters can be observed (A—D), the intensity of the decrease for perlecan is much less pronounced (E—H). 20-fold magnification, scale bar represents 20 pm.

biomarker. We found that the more pathological the spatial
arrangement of the chondrocytes, the lower the stiffness of the
single chondron (hypothesis I). This translates into a total differ-
ence in the mean of Young's modulus of 30 kPa (~60 %) between
single strings and small clusters, and of 41 kPa between single
strings and big clusters (~80 %). The results of our stiffness mea-
surements of supposedly healthy cartilage (i.e., single strings) are
comparable to data from previous publications for native healthy
articular cartilage®®”. The same applies to small clusters when we
compared them with the values obtained by Wilusz et al. (2013),

where the PCM from early OA cartilage was measured*’. A com-
parable 30—40 % decrease in the PCM moduli was also reported
when we measured chondrons extracted by micropipette aspira-
tion of OA cartilage and of macroscopically intact tissue®*%, Inter-
estingly, the earliest statistically significant decrease observed in
our AFM data was at the first possible time point: the transition
from single to double strings (p = 0.030, Table I). Since double
strings are a feature most commonly observed in macroscopically
intact cartilage®, this underlines the biomechanical relevance of
spatial organisation as a functional biomarker.
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Fig. 4. Biochemical analysis of the PCM by quantification of collagen type VI and perlecan as a function of cellular pattern organisation. ELISAs performed with homogenised
cartilage to quantify changes in content of collagen type VI (A) and perlecan (B) according to the predominant spatial cellular pattern. From single strings to big clusters, a decrease
in collagen type VI and a significantly lower amount of perlecan can be observed in small clusters and big clusters compared with that in single strings and double strings. *p < 0.05;
**p < 0.01; ***p < 0.001. Abbreviations: SS — single strings; DS — double strings; SC — small clusters; BC — big clusters.

Table III Table IV
Comparison of ELISA assays for collagen type VI as a function of cellular spatial Comparison of ELISA assays for perlecan as a function of cellular spatial organisation
organisation Comparison P-value FDR-adjusted alpha values
Comparison P-value FDR-adjusted alpha values All Groups 0.002* 0.004
All Groups 0.010* 0.017 SS—DS 0.393° 0.458
SS—DS 0.739° 0.739 SS-SC 0.001° 0.003
SS—SC 0.007° 0.016 SS—BC <0.001° 0.003
SS—BC <0.001° <0.001 Ds—SC 0.006° 0.008
DS—-SC 0.267° 0.311 DS—BC 0.003° 0.005
DS—BC 0.042° 0.058 SC—BC 0.790° 0.790
SC—BC 0.004° 0.014

*ANOVA, °t-test for independent samples. Abbreviations: SS — single strings; DS —
*ANOVA, °t-test for independent samples. Abbreviations: SS — single strings; DS — double strings; SC — small clusters; BC — big clusters; FDR — false discovery rate.
double strings; SC — small clusters; BC — big clusters; FDR — false discovery rate.
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We also analysed the changes in PCM composition accompa-
nying spatial rearrangement by examining two of its main com-
ponents: collagen type VI and perlecan. As previously described,
collagen type V1'% and perlecan® were present at high levels in
single strings representing healthy cartilage. As hypothesised (hy-
pothesis II), ELISA analyses showed that the protein content
decreased in conjunction with the spatial physiopathological
model. In this case, the earliest point in the sequence of events with
a significant protein content reduction was at the transition from
single strings to small clusters for collagen type VI (p = 0.016) and
from double strings to small clusters for perlecan (p = 0.008)
(Tables III and IV). In the immunohistological analyses, the PCM
contour around the chondrocytes also softened with increasingly
pathological spatial organisation. In particular, in small and large
clusters, collagen type VI and perlecan staining was no longer
clearly restricted to the pericellular region, but also showed a
diffuse blur between adjacent cells. The reasons for this observation
remain, so far, speculative. The observed nonhomogeneous distri-
bution of collagen type VI is most likely the consequence of
nonhomogeneous degradation of collagen type VI occurring in
OA*". The loss of perlecan from the PCM could be due to an in-
flammatory change in B1 integrin, as it is suggested to mediate
interactions between the cell surface and perlecan®' >,

Several publications have linked the PCM to biomechanical
functions in  tensional and load-bearing connective
tissue?”46:47.54=56 " indjcating that the PCM acts as transducer of
mechanical and physicochemical signals®">’ and that it is suscep-
tible to OA triggered degenerative changes®®. It has also been re-
ported that collagen type VI°>®C is reduced and perlecan is altered
in 0A®'. We are the first, however, to describe these changes as a
function of cellular spatial rearrangement. The decrease in PCM
stiffness that is observed simultaneously with the reduction in
collagen type VI and perlecan suggests that these two phenomena
are linked to each other. This idea is supported by the observation
that knockdown collagen type VI mice also exhibit lower PCM
elastic moduli, and, at the same time, show increased chondrocyte
swelling®’. With respect to the role of perlecan, Xu et al. (2016)
showed in a murine model of Schwartz-Jampel syndrome that
perlecan knockdown alters matrix organisation and causes a
reduction in stiffness®'. In 2012, Wilusz et al. reported that isolated
enzymatic depletion of perlecan increases PCM elastic moduli,
pointing out the possible involvement of perlecan in biomechanical
properties®”. To explain this unexpected finding, they used the
analogy of a spring system in series with a stiffer and a softer
spring, where “the effective spring constant of the system is lower
than the spring constant of either component®”. In our study, a
decrease in perlecan led to a reduction in stiffness. Yet at the same
time, we also observed a decrease in collagen type VI, which —
continuing with Wilusz's analogy — would also lower the second
spring stiffness. From the present data, the question remains open
to discussion whether a spring system in series would in fact
illustrate the observed phenomenon, or whether instead the per-
lecan and collagen type VI are somehow functionally intertwined,
the isolated depletion of perlecan leading to an increase in stiffness
of the collagen type VI fibres. It will also be interesting to investi-
gate how the PCM is connected microbiomechanically with the
ECM and if disruption of the PCM correlates also with changes in
ECM elasticity during degeneration.

Of note, the AFM data show significant reductions in stiffness
between all of the spatial chondrocyte patterns. The decrease in
protein quantity is first measured at the change from double strings
to small clusters. While the elasticity of the PCM is thus already
clearly affected from the earliest rearrangement on, this is not
immediately translated into a reduction in protein content. One
simple explanatory approach to this phenomenon could be that at

the transition from single to double strings, the number of cells
within a defined cartilage area increases. While the total protein
content for key PCM components remains at a similar level, this
means that the amount of protein available per PCM per cell would
be reduced, leading to an early reduction in PCM mechanical
moduli. Alternatively, at the transition from single to double
strings, collagen type VI and perlecan might be fragmented without
being degraded. Soder et al. (2002) suggested that two types of
collagen type VI destruction occur in osteoarthritic cartilage:
induced molecular degradation resulting in the diffusion of
collagen type VI fragments into the adjacent interterritorial matrix,
and transformation of collagen type VI filaments to banded struc-
tures that no longer provide the flexible mechanical interface to the
ECM-collagen type I1°,

Since spatial chondrocyte organisation indeed has functional
relevance, the impact of this image-based biomarker is strongly
enhanced. Our data affirm that first degenerative changes are
already measurable functionally at the transition from single to
double strings, where macroscopically the cartilage still appears
intact. This implies that such a biomarker could be used for diag-
nosis of early stages of OA. If researchers use regenerative therapies
to pursue the goal of recreating physiological cartilage architecture,
this model can also serve as a landmark parameter, with single
strings being the target organisational form in the cellular reor-
ganisation process.

Study limitations

Values from AFM measurements show a relevant individual
range between patterns as well as in repeated measurements.
This phenomenon can be counteracted by choosing a large
sample size as we did in our study. One possible explanation for
the variation in values for the same patterns may be the regional
variation in biomechanical properties of the PCM*’. Experimental
parameters used for mechanical testing, such as indentation ve-
locity and depth, indenter shape and size, and accurate repre-
sentation of tip geometry in model fitting® may impact absolute
values of the measured mechanical properties®®®. They should
not, however, affect the results within one study and their rela-
tion to each other.

Conclusion

This study demonstrates the functional relevance of using
spatial chondrocyte organisation as an image-based biomarker. At
the transition from single to double strings, PCM stiffness is
beginning to decrease, where macroscopically the cartilage still
appears intact. This is followed by a reduction in collagen type VI
and perlecan content, suggesting that the degeneration of these
components and functional disruption of the PCM are closely
intertwined events in OA physiopathology.
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