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ARTICLE INFO ABSTRACT

Handling Editor: Professor H Madry Objective: The zone of calcified cartilage (ZCC) connects non-calcified articular cartilage to the subchondral bone,

acting as transitional layer. Regeneration of this layer is key for cartilage repair but remains a challenge.

Keywords: Knowledge on the formation of this layer during development is limited. This study describes the use of an ex vivo
Articular cartilage explant culture model to investigate the formation of the ZCC.
Calcification

Design: Explants were harvested from immature bovine metacarpophalangeal joints and cultured in the presence
of B-glycerophosphate for 3 weeks as osteochondral explants, full-thickness cartilage or divided in top and
bottom cartilage layers. To investigate cell-driven vs matrix-dependent calcification, explants were devitalized.
Calcification was analysed using calcium uptake, micro-computed tomography, gene expression analysis, and
histological stainings.

Results: A distinct area of calcified cartilage formed in the explants ex vivo. This layer showed similar charac-
teristics to the ZCC in mature bovine tissue. Viable chondrocytes in bottom layers actively contributed to
cartilage calcification, while calcification in top layers was only present in devitalized top layer explants. Top
layers inhibited cartilage calcification in bottom layers and expressed higher levels of FGF18, PTHLH and MGP,
while the bottom layers expressed more ALPL, COL10A1 and IHH.

Conclusion: We present the first ex vivo model allowing to study and modulate cartilage calcification and the
formation of the ZCC. We demonstrated an inherent zone-specific calcification pattern within the cartilage ex-
plants. This model allows future studies investigating mechanisms of ZCC formation in cartilage repair pro-
cedures, and the role of the top layer in pathological cartilage calcifications and potential interventions.

Zone of calcified cartilage
Tissue engineering
ex vivo culture model

1. Introduction a major challenge [2]. Articular cartilage and subchondral bone are

connected via the ZCC. This interfacial layer forms during skeletal

Osteochondral defects caused by trauma or osteoarthritis lead to
joint pain, dysfunction and reduced mobility [1]. The limited regener-
ative capacity of articular cartilage has stimulated the investigation of
tissue engineering approaches. However, regenerating the zonal struc-
ture of this unit, especially the zone of calcified cartilage (ZCC), remains

maturation [3-6]. The ZCC consists of dispersed chondrocytes residing
in a physiological calcified cartilage like matrix [7]. As an interfacial
layer, the ZCC ensures a mechanically continuous transition between the
rigid and stiff bone and the viscoelastic and compliant articular cartilage
[8-11]. The tidemark defines the transition of the ZCC towards the

* Qur study does not involve animal studies. All tissue used in this study was harvested from MCP joints from a slaughterhouse after the animals were killed for

meat consumption in accordance with local regulations.

* Corresponding author. Room Eel655, Erasmus MC, University Medical Center Rotterdam, Rotterdam, 3015 GD, Netherlands.
E-mail addresses: xujietao@hmc.edu.cn (J. Xu), andrea.schwab@med.ovgu.de (A. Schwab), e.salzer@erasmusmec.nl (E. Salzer), n.kops@erasmusmc.nl (N. Kops),
pieter.brama@ucd.ie (P.A.J. Brama), e.farrell@erasmusmec.nl (E. Farrell), g.vanosch@erasmusmc.nl (G.J.V.M. van Osch).

https://doi.org/10.1016/j.ocarto.2026.100743
Received 28 July 2025; Accepted 5 January 2026

2665-9131/© 2026 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International (OARSI). This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:xujietao@hmc.edu.cn
mailto:andrea.schwab@med.ovgu.de
mailto:e.salzer@erasmusmc.nl
mailto:n.kops@erasmusmc.nl
mailto:pieter.brama@ucd.ie
mailto:e.farrell@erasmusmc.nl
mailto:g.vanosch@erasmusmc.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ocarto.2026.100743&domain=pdf
www.sciencedirect.com/science/journal/26659131
www.elsevier.com/journals/osteoarthritis-and-cartilage-open/2665-9131
https://doi.org/10.1016/j.ocarto.2026.100743
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ocarto.2026.100743

J. Xu et al.

non-calcified articular cartilage, while the cement line marks the tran-
sition to the subchondral bone [8]. The thin interfacial ZCC layer might
play a role in cartilage and bone homeostasis and allows for molecular
transport between the two tissues [12]. Therefore, regenerating the ZCC
in osteochondral defects is critical for restoring physiological functions.

Understanding the mechanism underlying cartilage calcification is
essential for the successful ZCC regeneration in (osteo-) chondral tissue
engineering. The formation of the ZCC involves a multifactorial process
resulting from a balance between pro-calcification factors and calcifi-
cation inhibitors including cell-driven and matrix-dependent processes
[13]. The physiological or pathological imbalances can be attributed to
various factors, including chondrocyte phenotype, dysregulated inor-
ganic pyrophosphate, inorganic phosphate metabolism and extracellular
calcium levels [14].

In vitro 2D or 3D cell cultures are commonly used to study bone
calcification processes. These models use either cell lines or chon-
drocytes isolated from immature cartilage [15-20]. Conventional in vitro
cell models do not include the extracellular matrix (ECM) nor the
complex interplay between different cartilage zones. For instance,
parathyroid hormone-related protein (PTHrP) in the superficial zone
and Indian hedgehog signalling in the deep zone regulate cartilage
calcification [21,22]. Although tissue engineering techniques have led
to the generation of 3D culture models, the ECM produced in these
models is immature and lacks the architecture of articular cartilage
[18-20]. In contrast, ex vivo tissue cultures provide a more realistic
environment maintaining cells in their native ECM [23,24]. Their uti-
lisation has the potential to reduce the need for animal experiments in
future research endeavours, aligning with ethical considerations.
Obtaining healthy and immature human explants where the ZCC is not
yet developed would be favorable. However, setting up such a cartilage
calcification model is very challenging and raises ethical considerations
as the ZCC forms during late childhood to adolescence.

Previously, the formation of the ZCC was investigated by ectopic
implantation of bovine osteochondral explants in vivo in mice [25].
However, there are currently no explant models to study the formation
of the ZCC ex vivo. In this study we developed a new ex vivo culture
model to investigate the mechanism of the ZCC formation. We hypoth-
esised that an explant of immature bovine cartilage (with the ZCC not
yet formed) retains the ability to form the ZCC ex vivo. Then, we
investigated the role of zonal cartilage and chondrocytes in calcified
cartilage formation with this ex vivo cartilage culture model.

2. Materials and methods
2.1. Explant isolation and ex vivo culture

Full-thickness cartilage explants (4-mm diameter) and osteochondral
explants (8-mm diameter and 5-mm height) were harvested from met-
acarpophalangeal joints of 6-8-month-old calves. All tissue used in this
study was harvested from joints from a slaughterhouse (LifeTec Group,
Eindhoven, The Netherlands) after the animals were killed for meat
consumption in accordance with local regulations and this study does
not involve animals. At the age of 6-8 months, the ZCC was not yet
formed (Fig. 1, uncultured (day 0)). Explants were transferred to a well
plate with Dulbecco's Modified Eagle Medium (DMEM, 1 g/L glucose,
Gibco, Whatman, MA, USA) supplemented with 10 % fetal bovine serum
(Gibco), 25 pg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA),
50 pg/mL gentamycin (Gibco), and 1.5 pg/mL Amphotericin B (Gibco)
and kept over-night at 37 °C and 5 % CO». The next day, the cartilage
explants were scanned with micro-computed tomography (pCT) and
explants with remaining underlying subchondral bone tissue were
excluded from the culture experiments. Explants were randomly divided
into the respective experimental groups. To induce calcification, carti-
lage explants were cultured in a standard 24-well plate (1 mL per well).
Osteochondral explants were transferred in a custom made well plate
(LifeTec) designed to restrict the crosstalk between the tissue to the
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cartilage-bone interface (3 mL for bone and 3 mL for cartilage) [23].
Cartilage calcification was stimulated by media supplementation with
10 mM pB-glycerophosphate (bGP, Sigma-Aldrich) for three weeks with
media changes every 2-3 days. bGP serves a phosphate source in our
culture media and forms calcium-phosphate deposits with free calcium
ions available in the cultured sample. Osteochondral explants were
additionally stimulated with elevated levels of calcium (10 mM) by the
addition of calcium chloride (2 M stock in ultrapure water,
Sigma-Aldrich) to the bGP containing media.

To study the inhibitory effect of the top cartilage layer on cartilage
calcification, full-thickness cartilage explants were cut in half, creating
two layers (referred to as top and bottom layer). Experiments for direct
co-culture of top layers with a bottom layer were performed using a
transwell system (PET membrane; 8 um pore size, Life Sciences, Arizona,
USA) in bGP containing media. Cartilage top and bottom layers were
also used to investigate the effect of PTHrP (0-100 nM, Phoenix Phar-
maceuticals, Burlingame, United States). Matrix associated cartilage
calcification was studied on devitalized (4 % formalin treated for 3 h,
Roth, Karlsruhe, Germany) cartilage explants (full thickness, top layer
and bottom layer) cultured in bGP supplemented media in 24-well
plates. After 3 weeks ex vivo culture, osteochondral and cartilage ex-
plants were formalin fixed (4 % formalin, 3 days) for histological
analysis.

2.2. Calcium assay of the medium

Calcium concentration was measured in the medium harvested at
every medium change and the cumulative calcium uptake was calcu-
lated. Calcium concentration in synovial fluid (n = 4, 6-8 months old
calves) was measured as reference sample. 100 pl fresh reagent (0.5 M
Ethanolamine, 0.175 mM o-cresolphthalein complexone, 9.9 mM 8-
hydroxyquinoline, 0.3 M hydrochloric acid, Sigma-Aldrich) was added
to 10 pl collected medium. Calcium chloride was used as standard to
calculate the calcium concentration (absorbance measured at 570 nm,
Versamax). Control medium without explants was measured to calculate
the in calcium concentration, representing the amount of calcium taken
up by the explants.

2.3. Micro-computed tomography (uCT) and quantification

Explants were scanned in a pCT scanner (Quantum GX, PerkinElmer,
Akron, OH, USA) in medium (energy 90 KV, intensity 88-90 pA, FOV
172 mm (cartilage) and 36 mm (osteochondral), 86 pm isotropic voxel
size, scan time 4 min). All scans were done under an X-ray filter of Cu
(thickness = 0.06 mm) and Al (thickness = 0.5 mm). To quantify the
volume of calcified tissue in cartilage explants, a single threshold was
set. In each 3D reconstructed explant, the volume of interest was
selected manually, and the calcification volumes were measured.

2.4. Gene expression analysis

The gene expression levels of fibroblast growth factor 18 (FGF18),
parathyroid hormone-like hormone (PTHLH), matrix Gla protein (MGP),
ALPL, collagen type X alpha 1 (COL10A1) and Indian hedgehog (IHH) of
cartilage explants were assessed with Real-Time semiquantitative PCR
(qPCR, primer details Supplementary Table 1.). Total RNA was extracted
from cartilage explants harvested at day O following the RNA STAT-60
(Gentaur, Eersel, Belgium)/chloroform method until the harvesting of
the aqueous phase, and reverse transcribed (RevertAid First Strand
c¢DNA Synthesis Kit, Thermo Fisher Scientific, Massachusetts, US)
following the manufacturer's instructions. SYBR green PCR kit (Euro-
gentec, Liege, Belgium) was used for qPCR. The protocol included a
denaturation cycle at 95 °C for 10 min, 40 cycles of amplification (95 °C
for 15 s, 60 °C for 60 s), and a melting curve analysis to check for
amplified specificity. Relative expression was calculated using the Livak
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Fig. 1. A distinct layer of calcified cartilage was formed in articular cartilage in immature osteochondral explants ex vivo. Histological staining of osteo-
chondral explants derived from the metacarpophalangeal joints of (A) mature cows (2-3 years old), and (B) immature (6-8 months old) cows. The latter were either
left uncultured (day 0) or cultured for 3 weeks with bGP (10 mM) and standard (1.8 mM) or high (10 mM) calcium. Giemsa-stained explants show the transition from
articular cartilage (blue/purple) towards the zone of calcified cartilage (less intense staining) and the subchondral bone (pink). Von Kossa stain calcified tissue is
stained black and glycosaminoglycans are stained purple (thionine). The scale bars indicate 1 mm. (C) Cumulative calcium uptake by the explants from the medium
at each time point of medium refreshing during culture in media with high and standard calcium concentration (n = 6). Cummulative calcium uptake after 17 days of
culture was higher in medium with high calcium concentration (10 mM) compared to standard concentration (1.8 mM). (D) Representative pCT images taken on day
1 and day 17 of the same explant that were cultured in standard and high calcium media confirm the formation of a zone of calcified cartilage ex vivo, with more
evident calcifications in the high calcium condition. Unpaired t-test, n = 6 samples per condition. E) Raman spectra of representative samples harvested from the
immature cow, mature cow and ex vivo cultured immature cow at high and low calcium concentration. The calcification associated basic calcium phosphate peak at
960 cm™! was present in all samples, except for the immature cow, confirming the formation of calcium-phosphate deposits in the ECM of the cartilage at the
cartilage-bone interface.
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method (2722, with Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) as the reference gene.

2.5. Histological stainings

The formalin fixed cartilage explants were embedded in paraffin and
sectioned (6 pm). For the histological characterization of the cartilage-
bone interface in skeletal immature (6-8 months old cows) and skel-
etal mature (2-3 year old cows) tissue we embedded formalin fixed
osteochondral tissue from MCP joints and osteochondral explants in
methyl methacrylate (MMA) and sectioned (10 pm). Following dewax-
ing or MMA-removal, von Kossa/thionine staining was performed with
5 % silver nitrate solution (Sigma-Aldrich) and 0.4 % thionine (Sigma-
Aldrich) to visualize calcium deposition in the extracellular matrix and
cell/tissue morphology. To visualize the transition of the ex vivo stim-
ulated calcified cartilage to the non-calcified cartilage, a Giemsa stain-
ing was performed. MMA sections were deplasticized and brought to
water before immersion in Giemsa solution (Sigma-Aldrich) for 5 h.
Sections were then dehydrated and mounted in Depex.

2.6. Raman spectroscopy

Confocal Raman spectroscopy (Bruker Senterra II under OPUS 7.8,
Bruker, Karlsruhe, Germany) was performed on MMA tissue sections to
characterize the calcium-phosphate type in the zone of calcified carti-
lage. Slides were deplastified, air dried and Raman spectra were recor-
ded (785 nm laser, 100 mW, 10 coadditions, 5 s exposure, 20x
objective). Raman spectra were recorded at the cartilage-bone interface.
All spectra were cut (380 - 1090 c¢m ™) and baseline corrected (9 iter-
ations) to correct for autofluorescence.

2.7. Statistical analysis

Statistical tests were performed using SPSS software 28.0 (SPSS
Inc., Chicago, IL, USA). Normality was tested by a Shapiro-Wilk test.
The homogeneity of variances was tested using Levene's test. Statis-
tically significant differences between two groups were determined by
a Student's T test or a Mann-Whitney U test. A one-way ANOVA or the
Kruskal-Wallis H test with Bonferroni-correction were used to deter-
mine the statistically significant differences among three groups. A p-
value <0.05 was considered statistically significant. The calcium
concentration and volume were expressed as mean + standard devi-
ation (SD).

3. Results

3.1. Inherent zone-specific calcification and the formation of the ZCC in
bovine osteochondral explants cultured in standard medium

Inherent zone-specific cartilage calcification was found in both
standard (1.8 mM) and high calcium (10.0 mM) media conditions
and limited to the lower part of the articular cartilage facing to-
wards bone as shown by Giemsa staining and von Kossa-thionine
staining (Fig. 1A and B and Supplementary Fig. 4). In the high
calcium media, explants took up more calcium at each media
change compared to the standard media with 1.8 mM calcium
(Fig. 1C). pCT imaging (Fig. 1D) and von Kossa-thionine staining
showed more calcified tissue formed in the high calcium compared
to the standard calcium group. In both conditions, a region of non-
calcified cartilage with mineral deposits was visible between this
calcified area and the subchondral bone. Interestingly, a tidemark
seemed to be formed at the upper end of the calcifying area in the
osteochondral explants. The morphology of this upper interface of
the ZCC formed in the ex vivo explants (10.0 mM) appeared similar
to the tidemark in mature cows (Fig. 1A and B). Although the in-
crease in calcium concentration in the media resulted in an increase
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in cartilage calcification, this condition is non-physiological and
might lead to unphysiological calcifications. The standard calcium
concentration in media (1.8 mM) mimics the calcium concentration
in synovial fluid of 6-8 months old calves (1.46 + 0.43 mM).
Therefore, further experiments with cartilage explants were per-
formed with the standard calcium concentration (1.8 mM) and
medium exchanges every 2 days.

Hydroxyapatite is the most common form of basic calcium phosphate
(BCP) crystals with a characteristic Raman peak at 960 em! (Fig. 1E).
The ZCC of the mature cows showed the BCP peak. The cartilage-bone
interface of the immature calves did not show the BCP characteristic
peak, thus confirming no calcified cartilage yet being formed. The
Raman spectra of the ZCC that was formed ex vivo in the immature
osteochondral samples showed the BCP peak associated with the depo-
sition of hydroxyapatite indicating the formation of calcium-phosphate
deposits in the ECM of the cartilage at the cartilage-bone interface. The
sample specific location where the spectra were recorded are shown in
Supplementary Fig. 3.

3.2. Cartilage calcification in bovine articular cartilage explants is
restricted to the bottom layer transitioning towards the subchondral bone

To study whether cartilage calcification is also possible in cartilage
explants without the underlying subchondral bone in place, full thick-
ness cartilage explants were cultured for 3 weeks in bGP containing
media (Fig. 2A). Similar to the osteochondral explants, cartilage calci-
fication in full thickness cartilage explants was limited to the deep layer
(Fig. 2B). Interestingly, when explants were divided into top and bottom
layers (Fig. 2C) and co-cultured, cumulative calcium uptake (Fig. 2D)
and pCT derived calcification volume (Fig. 2E-G) were higher in bottom
layers compared to full thickness and top layer only explants. This
finding correlated with the von Kossa staining showing more calcifica-
tion in the bottom only layer explants (Fig. 2F-H). Calcification was
exclusively present in the bottom layer of full thickness and bottom layer
explants. No calcification was observed in the top layers of any
condition.

3.3. Viable chondrocytes in articular cartilage explants modulate
cartilage calcification zone-dependently

Devitalization of chondrocytes in explants was confirmed in live-
dead staining (Supplementary Fig. 1). In full thickness cartilage ex-
plants, more calcification was observed in devitalized explants
compared to viable explants with an increased cumulative calcium up-
take and calcification volume (Fig. 3A). Von Kossa/thionine staining
showed calcification in both groups in the deep zone (Fig. 3B). Inter-
estingly, devitalized top layer explants showed cartilage calcification
while in viable top layers no signs of calcification were observed (Fig. 3C
and D). In contrast, devitalized bottom layers showed less calcification
than viable bottom layers based on calcium uptake and von Kossa/thi-
onine staining (Fig. 3E and F). This suggests that the chondrocytes in the
explants actively contribute to cartilage calcification in our model.

3.4. Cartilage calcification can be modulated by the top layer cartilage
explants

With the knowledge that there was no calcification present in viable
top cartilage layers, we hypothesised that the presence of bioactive
factors originating from the top layer potentially inhibit cartilage
calcification. Therefore, we co-cultured bottom layers with four top
layers in a transwell system (Fig. 4A). Cartilage calcification was
reduced in bottom layers co-cultured with top layers based on cumula-
tive calcium uptake, calcification volume (Fig. 4B and C). Von Kossa/
thionine staining showed a similar trend (Fig. 4D). The calcification in
the devitalized bottom layers compared to viable bottom layers was
even further reduced when co-cultured with viable top layers
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Fig. 2. Cartilage calcification in bovine articular cartilage explants occurs in the deep layer. (A) Schematic for full-thickness cartilage explant harvest and
culture set-up. (B) Representative von Kossa/thionine staining of full-thickness cartilage at day 0 and after 3 weeks in culture. The arrow indicates calcification
indicated by von Kossa positive staining after 21 days (black). The scale bars are100 pm and 20 pm (magnified images), respectively. (C) Preparation of the top layer
and the bottom layer explants from full thickness cartilage tissue. (D) The cumulative calcium (Ca®") taken up from the medium by top layers (n = 8) or bottom
layers (n = 16) of cartilage at each time point of medium refreshing during culture. The bar graph expresses the cumulative Ca%* uptake at 3 weeks. Calcium uptake
was higher in bottom layers. (E) Representative 3D reconstructed pCT images and volume of calcified tissue (mm°®) after 3 weeks shows that calcification is almost
exclusively found in bottom layers. Scale bar indicates 2 mm. (F) Representative von Kossa/thionine staining of a separately cultured top layer and a bottom layer
after 3 weeks. While bottom layers show clear evidence of calcifications, top layers did not calcify. Scale bars indicate 100 pm and 20 pm (magnified images),
respectively. (G) Cumulative Ca®* taken up from the medium by different cartilage explants (bottom layer-only, n = 12; top + bottom layer with separated top layer
and bottom layer co-cultured in the same well, n = 12; full-thickness cartilage, n = 32) and 3D reconstructed uCT images after 3 weeks stimulation with bGP. The
scale bar indicates 2 mm. (H) Volume of calcified tissue (mm®) on pCT and representative von Kossa/thionine staining of cartilage explants cultured for 3 weeks. The
scale bars indicate 100 pm. The Kruskal-Wallis H test was used to test statistical significance.
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(Supplementary Fig. 2A-B), but also with devitalized top layers (Sup-
plementary Fig. 2C-D). To investigate the zonal differences between
bottom and top cartilage layer in more detail, gene expression analysis
of non-cultured explants was performed. Chondrocytes in top layers
expressed higher levels of the calcification-inhibiting factors FGF18,
PTHLH and MGP. Conversely, chondrocytes in the bottom layers
exhibited elevated expression of ALPL, COL10A1 and IHH, which were
hardly expressed in top layers and are associated with cartilage calcifi-
cation and chondrocyte hypertrophy (Fig. 4E).

PTHLH was the most differently expressed gene comparing the top
and bottom cartilage layers. Therefore, we selected this peptide (PTHrP)
to screen its calcification inhibitory effect on bottom layer explants at
concentrations ranging between 0 and 100 nM. A dose-dependent
reduction in calcium uptake, calcification volume and von Kossa/thio-
nine staining was observed with 100 nM PTHrP showing the strongest
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inhibitory effect (Fig. 4F and G). Additionally, the addition of PTHrP
(100 nM) inhibited calcification in viable bottom layers but not in
devitalized explants (Fig. 4H-J).

4. Discussion

In this study, we developed an ex vivo culture model to investigate
the formation of the ZCC in articular cartilage. Cartilage calcification at
the cartilage-bone interface is a physiological process taking place
during skeletal maturation and results in the formation of the ZCC [3-6].
In experimental set ups ranging from osteochondral explants to cartilage
explant top and bottom layers we showed a zone-specific calcification
restricted to the bottom layer of viable articular cartilage. We showed
that the cartilage top layer can undergo calcification once it is devi-
talized, highlighting the active inhibition of calcification in this layer by
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Fig. 3. Viable chondrocytes in full-thickness cartilage modulate cartilage calcification zone dependently. Cartilage explants were cultured for 3 weeks in bGP
media. (A) Cumulative calcium (Ca®") uptake (n = 10) by viable and devitalized full-thickness cartilage explants, the volume of calcified tissue (mm®) and (B)
Representative von Kossa/thionine staining of cartilage explants. Calcium uptake was higher in devitalized explants. The scale bars indicate 100 pm and 20 pm
(magnified images), respectively. (C) Cumulative Ca®* uptake by viable top layers (n = 23) and devitalized top layers (n = 24), volume of calcified tissue (mm®) and
(D) representative von Kossa/thionine staining of cartilage explants. Top layers showed calcification after devitalization. The scale bars indicate 100 pm and 20 pm
(magnified). (E) Cumulative Ca®! uptake by viable bottom layers (n = 20) and devitalized bottom layers (n = 24) and the volume of calcified tissue (mm?®) and (F)
representative von Kossa/thionine staining of cartilage explants. Viable bottom layers showed more calcification than devitalized explants. The scale bars indicate
100 pm and 20 pm (magnified images), respectively. The Mann-Whitney U test was used to test statistical significance.
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chondrocytes in the top layer. Moreover, the top layer demonstrated the
capacity to regulate the calcification in the bottom layer by secreted
factors. In contrast, the bottom layer calcifies irrespective of cell
viability, albeit viable cells actively increase calcification. To the best of
our knowledge, this is the first ex vivo model investigating the formation
of the ZCC and how cartilage calcification can be modulated.

Ex vivo explant culture models represent powerful tools in cartilage
research, bridging the gap between in vitro models and pre-clinical
studies and reducing the need for animal experiments in our research
endeavours [26-28]. Our bovine explant culture model includes the
different layers of articular cartilage that contain chondrocytes of
different phenotypes and ECM of different composition [29]. The pres-
ence of an ECM prevents the de-differentiation that often occurs in
chondrocyte monolayer cultures. By retaining the zonal organisation
and 3D structure, the specific biochemical gradients and chondrocyte
phenotypes present within each cartilage zone can be preserved.
Osteochondral and cartilage explants from skeletally immature
metacarpophalangeal joints formed a distinct calcified layer in the
articular cartilage at the cartilage-bone interface ex vivo. This layer re-
sembles the ZCC in skeletally mature bovine
metacarpophalangeal joints. We propose that the calcified cartilage
formed in the ex vivo model is linked to the formation of the ZCC. This
assumption is supported by first indications of the formation of the
tidemark at the upper end of the non-calcified cartilage together with
the cement line at the interface to the bone based on histological
stainings (Supplementary Fig. 4). Since there are no markers known on
cell phenotype or tissue matrix level that allow the differentiation of
chondrocytes in the ZCC from the non-calcified cartilage, we are limited
to histo-morphometric comparison. Comparing the histological stain-
ings, the morphology, the low amplitude of the tidemark and the
waviness and amplitude of the cement line in mature cows, we believe
that the ZCC in the bovine ex vivo osteochondral explants indeed is the
pre-mature ZCC [30,31]. One characteristic of the ZCC is to distribute
loads between the soft non-calcified cartilage and the stiff subchondral
bone. The biomechanical differences between calcified and
non-calcified articular cartilage are up to 6-fold for the elastic modulus
and up to 10-fold for stiffness for human articular cartilage [32,33].
However, little is known on bovine cartilage. In future studies, biome-
chanical studies should be implemented on the ex vivo cultured explants
to further characterize the mechanical properties of the interface.

Depending on the research question the cartilage explants, osteo-
chondral explants or top vs bottom cartilage cultures can be used to
study in more detail mechanisms associated with cartilage calcification
and potential treatments to improve cartilage and osteochondral unit
regeneration in future studies. While osteochondral explants are
necessary to study the interaction of cartilage with bone, cartilage ex-
plants are suitable to study specific inhibitors and/or promotors in
cartilage calcification and to identify calcification-associated pathways.

Physiological calcium concentrations of 1.8 mM (standard concen-
tration in DMEM media) together with 10 mM bGP were sufficient to
stimulate cartilage calcification in the novel ex vivo model. This standard
calcium concentration of DMEM is comparable to the calcium concen-
tration in synovial fluid of 6-8 months old calves. Higher calcium con-
centrations were previously suggested to potentially stimulate cartilage
maturation [34,35]. However, little is known about the interaction of
the tissue and the surrounding medium in terms of calcium concentra-
tions and the response on chondrocytes. As high calcium concentrations
(10 mM) led to intense calcifications that might have been pathophys-
iological, standard calcium concentrations were preferred in our model
in all following experiments. Faure et al. studied cartilage calcification in
human tissues derived from osteoarthritis patients [36]. Comparing our
bovine calcification model of immature cartilage to this mature human
ex vivo cartilage calcification model, the bovine explant model resulted
in a stronger response to bGP with a calcification volume in the range of
mm? compared to the very limited and locally appearing calcification on
the superficial layer of less than 20 pg in the human model [36]. This
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implies a very different location and potentially different mechanism of
calcification mainly explained by the maturity of the bovine (immature)
and human (mature and diseased) cartilage explants. In this study, we
also showed that there are calcification inhibitors present in the top
layers of cartilage of developing and skeletally mature animals.

The difference in the expression of pro-calcifying factors and calci-
fication inhibitors contribute to the control of cartilage calcification and
the zonal calcification limited to the bottom area of immature bovine
cartilage. When the top and bottom layer of the articular cartilage ex-
plants were separated, the bottom layer but not the top layer calcified ex
vivo. To our surprise, in this set-up the calcification volume in the bottom
layer explants was higher compared to the volume in full thickness ex-
plants. This does not only indicate that the cartilage tissue in the bottom
layer is predestined to calcify, but importantly also that the presence of
the top layer inhibits the calcification process in the bottom layer. We
hypothesised that bioactive factors released by chondrocytes in the top
layer inhibit calcification, while factors released by chondrocytes in the
bottom layer stimulate calcification. To test this hypothesis, we co-
cultured four top layers with one bottom layer, resulting in the reduc-
tion of cartilage calcification in the bottom layer. Our data suggest that
chondrocytes residing in the top layers actively contribute to control
cartilage calcification. These findings are in line with co-culture exper-
iments of neonatal bovine chondrocytes isolated from the different
zones showing an inhibitory effect of top layer chondrocytes on the
calcification propensity of bottom layer derived chondrocytes in a direct
co-culture set up [37]. Interestingly, top layer explants showed signs of
calcification in devitalized top layer highlighting that the inhibitory
effect on the cartilage top layer is dependent on viable chondrocytes in
this layer. In contrast, devitalized explants of the cartilage top layer even
inhibited cartilage calcification in explants of viable cartilage bottom
layer. In summary, these data show that the top layer has an important
role in regulating the formation of the ZCC in the deep layer of articular
cartilage.

Tissue calcification is a result of an active cell-driven and a passive
matrix-dependent process. In this study, we showed that viable chon-
drocytes in bottom layers actively contribute to cartilage calcification,
while viable chondrocytes in the top layers are more prone to inhibit
calcification. Interestingly, calcification in the cartilage top layer was
only present in devitalized top layer explants. In contrast, bottom layer
explants underwent calcification in explants with viable and in devi-
talized chondrocytes. One explanation for the zonal difference in carti-
lage calcification are the zonal differences in the gene expression of
chondrocyte subpopulation. While cells in the top layers showed more
dominant expression of chondrogenesis genes (FGF18) and genes asso-
ciated with calcification inhibition (PTHLH and MGP), chondrocytes in
the bottom layer expressed more genes related to cartilage calcification
or hypertrophy (ALPL, COL10A1 and IHH) [21,22,38,39]. Notably, the
calcium sensitive PTHrP pathway has been shown to be involved in
chondrocyte maturation and matrix production as well, which was not
investigated in this study [35,40]. Besides PTHLH, MGP has also been
described to play a role in cartilage calcification acting as calcification
inhibitor. Chondrocytes in the top layer expressed higher levels of MGP
compared to cells in the bottom layer. MGP forms complexes with fetuin
A that inhibit the crystallization of calcium phosphate and crystal
growth and thus acting as calcification inhibitor [41]. In an in vivo study,
mgp-deficient mice showed spontaneous calcification of growth plate
cartilage and arteries [38]. In line with the explant co-culture experi-
ment, the addition of exogenous PTHrP indeed inhibited calcifications in
a dose-dependent manner. This suggests PTHrP as a candidate to inhibit
cartilage calcification in immature cartilage explants. Other candidates
are MGP and fetuin A that form complexes that inhibit the crystallization
of calcium phosphate and crystal growth and thus acting as calcification
inhibitor [41]. These genes have previously been found to be involved in
cartilage and chondrocyte maturation, in particular in the growth plate
and in osteoarthritis and our data indicate they play a role in formation
of the ZCC as well.
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This bovine ex vivo model can be used and modified to study
mechanisms of the physiological calcification during the formation of
the ZCC and thus to provide useful insights into treatments to improve
the regeneration of cartilage or osteochondral unit. Cartilage calcifica-
tion is orchestrated by the interplay of calcification inhibiting and
stimulating factors produced by chondrocytes in different zones. We also
demonstrated that the ability of cartilage to calcify depends on zonal
differences. Additionally, the ex vivo model(s) offer a platform for testing
novel compounds targeting calcification inhibitors as a potential ther-
apeutic approach in calcification disorders during skeletal development
as well as for testing novel approaches to improve osteochondral tissue
regeneration. In future studies, our models could be advanced to study
pathological calcification such as tidemark duplication and the
advancement of the ZCC during osteoarthritis.
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