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Abstract

Objective: The purpose of this case-study was to perform morphological and
molecular analysis of articular cartilage biopsies from the femoral condyle of
a 33 year old woman with intra-articular calcification in the right knee joint
and compare the findings with those of normal cartilage. Methods: Femural
condyle cartilage biopsies were used for Light Microscopy (LM), Transmis-
sion Electron Microscopy (TEM), explant culturing and DNA mutation
analysis of the COL2 A1 gene. Results: X-ray of the affected knee joint showed
intra-articular calcifications on the femur condyle, tibia and meniscus. Patho-
logical LM and TEM examination of cartilage biopsies revealed calcified is-
lands morphologically identical to calcium pyro-phosphate dehydrate (CPPD)
and hydroxyapatite (HA)-like crystals. In addition, chondrocytes showed ac-
cumulation of pro-collagen molecules. With explant culturing and immuno-
chemistry, it was confirmed that matrix calcification correlated with high
intracellular matrix accumulation and expression of type X collagen. The in-
duction of hypertrophy in chondrocytes was further associated with matrix
vesicle (MV) release and a prominent calcification zone. Surprisingly, TEM
showed crystal development on thick abnormal type II collagen fibrils sug-
gesting that these ECM components might nucleate and contribute to calcifi-
cation. Conclusions: We suggest that intra-articular calcification may be as-
sociated with type II pro-collagen accumulation in chondrocytes. In particu-
lar, we hypothesize that matrix accumulation may induce hypertrophy and
type X collagen expression in cartilage cells and release of MV’s into the
ECM, which together with thick abnormal type II collagen hetero-fibrils, are
responsible for crystal deposition in the ECM.
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1. Introduction

In tissues such as articular cartilage in which calcification is abnormal, previous
studies [1] [2] [3] have confirmed that pathological Chondrocalcinosis is associ-
ated with deposition of non-urate crystals such as calcium pyrophosphate dehy-
drate (CPPD) and basic calcium phosphate (BCP) including hydroxyapatite
(HA), in the knee joints.

This is particularly so in osteoarthritis (OA), where crystals of calcium salts
are found in the knee joint fluid of up to 65% of OA patients [4] [5] and predict
an increased severity of arthritis and a worsening progression of OA. In particu-
lar, studies have found both insoluble rhomboid CPPD crystals (Ca,P,0,-2H,0)
and ultramicroscopic crystalline substances like BCP crystals including hydroxyapa-
tite (Ca,,(PO,)s(OH),), octa-calcium phosphate (Cay,(HPO,),(PO,),)-5H,0, tri-calcium
phosphate (Ca,;(PO,),) and magnesium whitlockite (Ca,(Mg, Fe)(PO,),PO,OH)
[6] in articular cartilage, meniscus tissue, and synovial fluid from patients with OA
[7] [8] [9]. It was shown in one study that about 95% of cartilage calcification in-
volving hyaline cartilage in the knee was related to CPPD and BCP crystals [10].

Despite the evidence for a contribution of calcification to the pathogenesis of
OA and the fact that there are differences in their clinical patterns [11] [12] [13],
the mechanisms underlying development of these crystalline deposits are still
not known. However, recent work has highlighted some important findings in
this field, namely that abnormal hypertrophic chondrocytes in OA cartilage play
a critical role in the development of both CPPD and BCP deposition by releasing
matrix vesicles (MV) from the plasma membrane, providing a sheltered envi-
ronment for the initiation of calcification [14] [15]. How the MV perform this
function remains unknown although stable phenotype MV which are unable to
calcify have also been found in normal articular cartilage, whereas they calcify
primarily in cartilage from the joints of OA patients where they are responsible
for both the initial formation of HA [15] [16] [17], and CPPD deposition [18]
[19] [20]. In addition, CPPD crystals are rarely found in areas of normal articu-
lar cartilage matrix [21] but MV isolated from articular cartilage of OA patients
do not have a greater capacity for crystal formation than MV isolated from nor-
mal cartilage [18] [19]. These findings suggest that alterations in matrix compo-
sition of the ECM may also have a role in the formation of crystalline deposits.

There are reports describing a link between type II collagen disease and in-
tra-articular calcification in 4 families in Chiloe Islands [22] [23] [24], United
States [25] and Finland [26]. Family members express a clinical phenotype of
OA due to an Arg”-Cys mutation within the COL2A1 gene coding for type II
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pro-collagen. This genetic disease was associated with childhood-onset OA and
linked to intra- and extra-articular calcific deposits in the hip and knee joints
[22] [23] [25] [26]. Currently, it is not clear how the abnormal type II collagen
hetero-fibrils contribute to calcification in the joints as the cartilage was not
analysed microscopically.

In the context of these reports, we provide here a case study describing how
abnormal matrix proteins could be linked to calcification in hyaline cartilage via
type II pro-collagen accumulation in chondrocytes and abnormal type II colla-
gen hetero-fibrils in the ECM. Moreover, in relation to what has been described
for intra-articular calcification in patients with OA, we provide additional back-
ground for an Endoplasmic Reticulum Storage Disease (ERSD) chondrocyte
phenotype. This phenotype transforms into type X collagen-positive hypertro-
phic chondrocytes with MV release and a compromised ECM consisting of ab-
normal thick collagen fibrils and collagen bundles, which may in turn contribute
to the calcification.

Finally, we discuss development of crystalline deposits in relation to collagen
bundles and hole zones in thick abnormal type II collagen hetero-fibrils, to at-

tempt to define the molecular mechanisms underlying this patient’s condition.

2. Patient’s History

The patient was a 27 years old woman of normal stature (height 173 cm, weight
80 kg) when referred to our clinic. She had, since early teenage years, partici-
pated in low level competition sport (handball), and over the years had had a few
minor injuries to the knees. She could participate and perform as well as her
team mates without problems until her late teenage years when she began to
have pain in the right knee. She did not experience problems in other joints. No
family members reported joint pain, orthopedic disorders or arthritis.

Arthroscopy with minor surgery was performed 3 times when she was 18 - 23
years with relief of symptoms. The surgical descriptions are not available.

At twenty-seven (27) years of age, she again had pain in the right knee and
clinical signs of a meniscal lesion. She went to a private clinic for immediate
treatment but no report of her treatment is available. In 2001, at age thirty (30)
years, she fell and hurt her right knee. She had pain for 3 months and a further
arthroscopy was performed. The cartilage on the patella and on the medial and
lateral tibia plateau was grossly fibrillated. The menisci and ligaments were nor-
mal. Postoperatively the patient was not allowed to put weight on the right leg.

One month after the right knee was re-arthroscoped in the hope that a Stead-
mann procedure could be performed, the patella was found lateralized, and the
cartilage on the lateral tibia plateau was degenerated to a degree that made it
impossible to micro fracture the chondral lesions. Intra-articular crystals were
seen. The patient was referred to the rheumatologic department where clinical
examination showed no signs of arthritis of any kind.

Two months postoperatively the patient again experienced pain in the right
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knee. After another 6 months, a MR-scan showed tendinitis of the intra-patellar
ligament, and exercises for this were initiated which relieved some symptoms.

Two (2) years later, arthroscopy was again performed because of pronounced
retro-patellar pain. Lateral release was performed. The cartilage had only slight
fibrillation on the tibia plateau.

During the following year the patient continued to experience pain in the
right knee. MR-scans showed a lesion of the medial meniscus. When she was 33,
arthroscopy was performed. The menisci were normal, but again the tibia carti-
lage showed degeneration (Outerbridge 3). Crystals were noted in the cartilage
on the tibia and femur, and 2 biopsies were taken with a curette from the hyaline
cartilage on the medial femoral condyle; one from an area with crystals and one
from a macroscopically unaffected cartilage surface. Analysis of these biopsies
included histology and TEM, cell explant culturing and DNA analysis.

A synovial biopsy (data not shown) was obtained from the suprapatellar bursa
and microscopic examination by a pathologist confirmed only unspecific in-
flammation.

When she was 36 years old arthroscopy was again performed. The findings
were largely as previously noted. A medial plica was seen and resected, and a
small (< 5 mm) lesion (Outerbridge 4) on the medial femoral condyle was micro
fractured. There is no report of the postoperative progress.

When she was 40 years old she had a distortion of the right knee and was seen
in an outpatient clinic. There was no sign of any serious lesion, and the surgeon
found no indication for arthroscopy. The patient requested a second opinion
and went to a private clinic for an arthroscopy. The report is unavailable, but the
procedure did not have a lasting effect. The symptoms from the right knee ex-
acerbated in subsequent years, and she had a total knee prosthesis inserted in the

right knee when she was 44 years old.

3. Material and Methods
3.1. Tissue and Blood Analysis

Cartilage biopsies obtained from tissue adjacent to lesions in the tibia were sup-
plied by Glostrup University Hospital (Denmark), following protocols reviewed
and approved by an Ethical Committee (KA-05017-GM). Written, informed
consent was obtained from the patient.

Tissue samples in calcium-free Dulbecco’s Modified Eagle Medium (DMEM;
InVitrogen) with added antibiotic (Gentamycin 49 ug/mL, Fungizone 1.2 ug/mL)
and 87 ug/ml ascorbic acid 2-phosphate (Sigma Aldrich) were transferred to a
cell laboratory in separate transport containers.

All tissue samples were rinsed in Tris/NaCl (Tris, NaCl Sigma Aldrich) under
sterile conditions. The tissue samples were examined under an inverted light
microscope (Nikon TMS-F, Japan) and 2 - 4 mm thick cartilage slices were cut
from the cartilage biopsies by cutting perpendicularly towards the articular sur-

face. These tissue slices represented all cartilage zones including calcified regions
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in the upper to lower zone.

Cartilage slices were then immediately frozen in liquid nitrogen and stored for
subsequent cryo-sectioning for light microscopy (LM) and immunochemistry.
Other cartilage slices (not frozen) were used for explant culturing of chondro-
cytes (see below). Specimens for TEM were cut into 1 mm’ pieces and imme-
diately fixed in 2.5% Glutaraldehyde solution for 24 hours (see below).

3.2. Control Cartilage Biopsies

Biopsies from a male patient (age 39, height 180 cm) who received Autologous
Chondrocyte Implantation (ACI) at the hospital, were used as control material.
After trauma, he had developed a single chondral lesion (2 cm in diameter) on
the medial femoral condyle. Several cartilage biopsies were obtained from a
non-weight bearing area of the medial femoral condyle with healthy articular
cartilage. The biopsies were obtained with a curette and divided between 2
transport containers with DMEM medium as described above. Container 1 was
used for cell culturing in a GMP cell laboratory and later (3 - 4 weeks) used for
the ACI procedure. Container 2 was treated essentially as described above ( 77s-
sue and blood analysis section) and cartilage pieces were analyzed by LM, TEM,

Immunohistochemistry and explant culturing.

3.3. Pathological Studies Using Light Microscopy (LM)

The cartilage slices were removed from liquid nitrogen and mechanically fixed
to a custom-built specimen holder. Sections 5 pm thick were cut on a cryostat
(Leica CM 1850 Cryostat, Nussloch, Germany) and transferred to glass slides.
The sections were fixed in 4% formalin buffered with Phosphate Buffered Saline
(PBS) without calcium (InVitrogen) for 5 min and rinsed twice in PBS and dis-
tilled water, before staining with 1) 0.1% Toluidine Blue, (Sigma Aldrich); 2)
0.1% Hematoxylin and Eosin (H&E; Sigma Aldrich), and 3) 0.3% AgNO, for
calcium (Von Kossa staining/Sigma Aldrich) and Safranin 0.1% (Sigma Aldrich).
After de-staining in PBS (calcium free) or distilled water, the sections were
mounted on glass slides with mounting media (Pertex art.no.00801, Histolab,
Goteborg, Sweden). Both unstained and stained sections were examined under
compensated polarized light and phase contrast microscopy (Leitz LaborLuxS
and Nikon Eclipse TE2000-U microscopes, magnification; x10, x20). Images were

obtained with a Nikon Coolpix 955 digital camera attached to the microscopes.

3.4. Immunohistochemistry

Immuno-histochemical studies of 5 pm cryo-sections were performed with a
panel of mouse monoclonal antibodies against human 1) type I collagen (M1A340M,
Bigdesign Int, USA, diluted 1/400); 2) type II collagen (II-4CII, MP Biomedicals,
USA, diluted 1/200); 3) collagen VI (VI-26, ICN Biomedicals Inc, USA, diluted
1/200); 4) collagen X (COL-10, Sigma Aldrich, USA, diluted 1/400), and 5) ag-
grecan/keratin sulfates (1R11 14A6, BioSource, Belgium, diluted 1/200).
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Cryo-sections were fixed 5 min in 4% formalin/PBS. Endogenous peroxidase
activity was blocked with 0.3% hydrogen peroxide as per the vendor’s protocol
(ChemMate, DakoCytomation, Denmark). Before incubation with primary an-
tibodies, sections were incubated in 10% normal goat serum/PBS (DakoCytoma-
tion) for 3 hours to block non-specific binding. Labeling was visualized with pe-
roxidase using diaminobenzidine (DAB) as substrate. Avidin-biotin was used to
enhance labeling of the monoclonal antibodies as per the manufacturer’s in-
structions.

Negative control staining was performed by omitting primary antibody for
both patient and control cartilage. Images of stained sections were recorded with
a digital camera (see above). Following immunostaining for collagen type X,

some sections were also co-stained with Von Kossa.

3.5. Explant Culturing.

Briefly, before explant culturing, cartilage biopsies were sorted into 2 groups and
thereafter cut into smaller pieces; 1) explants with calcified islands, 2) explant
without calcified islands (white-yellowish cartilage). Explants were transferred to
separate 25 cm’ cell culture flasks (InVitrogen) containing 10 ml growth me-
dium. The growth medium comprised Dulbecco’s Modified Eagle’s Medium
DMEM/NUT.MIX.F-12 medium with Glutamax-1 (InVitrogene), 15% Fetal Calf
Serum (FCS) (InVitrogen), Gentamycin (49 ug/ml) and Fungizone (1.2 ug/ml)
(all reagents, Sigma Aldrich). Explants were cultured for 3 weeks with fresh me-
dium added every third day. During the culture period, images of chondrocyte
outgrowth from explants were obtained with a Nicon Coolpix 955 digital camera
attached to an inverted light microscope (Nikon TMS, 10x, 20x).

Explant cultured chondrocytes for further analysis were harvested from the
culture flasks by physical removal of cells with a cell strainer.

Control cartilage explants were treated essentially as described above, sorted

into a single group.

3.6. Transmission Electron Microscopy (TEM)

Cartilage biopsy samples including control samples, and approx. 1.0 x 10° ex-
plant cultured chondrocytes/culture flask were processed for TEM.

Briefly, glutaraldehyde-fixed cartilage sections and explant cultured chondro-
cytes were first fixed in 2% osmium tetroxide for 1 hour and samples were the-
reafter embedded in Epon resin. One-micron (1 um) sections were stained with
0.1% Toluidine Blue (Sigma Aldrich) for orientation.

Subsequently, ultra-thin sections cut on a microtome, were mounted on 150-mesh
copper grids and stained with uranyl acetate/lead citrate before TEM examination
(Phillips EM208, Philips; Eindhoven, The Netherlands). Upper-lower cartilage
zones and cell aggregates from explant culturing were analyzed. Condensed colla-
gen bundles, calcified bodies/islands, matrix vesicles (MV) and hypertrophic

chondrocytes in the patient’s cartilage were particularly investigated.
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Measurements of collagen fibril diameters in cartilage and within calcified
islands were carried out with Mega view III soft imaging system (Miinster, Ger-
many). Both collagen fibrils in longitudinal sections and fibrils in a cross-sec-
tional view were measured. Mean diameters of fibrils and Standard Deviation

(SD) of the mean were indicated.

3.7. Molecular Studies

Genomic DNA was isolated from explant cultured chondrocytes. Approximately
1.0 x 10° chondrocytes were used for genomic DNA isolation as per a protocol
developed by the manufacturer (Wizard Genomic, Promega, Madison WI,
USA).

Primers were synthesized by TAGC-Copenhagen (Copenhagen, Denmark)
and designed based on published sequences for the entire human COL2A1 gene
sequence (accession number L10347; GenBank/EMBL database), for subsequent
analysis by Polymerase Chain Reaction (PCR). Primer pairs were designed to
conform to conventional rules for primer selection. Approximately 100 ng of
DNA/25ul reaction mixture was used for PCR amplication.

All 54 exons including flanking intronic sequences (approx. 10 - 20 base pairs)
and some intronic sequences between adjacent exons of the COL2A1 (27) gene
were amplified by PCR and 20% of the PCR product was analyzed by electro-
phoresis in 1% agarose. The remaining PCR products were purified on a mini
spin column according to the manufacturers’ instructions (Wizard PCR clean up
system, Promega, Madison WI, USA). The purified DNA fragments, together
with both sense and anti-sense sequencing primers were sent to GATC-Biotech
AG (Konstanz, Germany), for bi-directionally sequencing.

Molecular analysis was not performed on the control cartilage.

4. Results
4.1. X-Ray

Radiographs of the patient’s right knee joint (Figure 1) demonstrated calcifica-
tions in both menisci and in the cartilage of the lateral compartment. On the lat-
eral margin of the medial femoral condyle a small osteophyte was visible and
there was a slight flattening of the medial femoral condyle indicating a very early
degenerative condition (Figure 1, radiograph of the patient’s knee joint at age
35).

Radiography of the control patients’ knee joint was normal and demonstrated

no sign of calcification in menisci and cartilage (data not shown).

4.2. LM of Cartilage

Macroscopically, the articular cartilage biopsy samples were distinctly colored with
white-yellowish tissue containing darker, intra-articular poly-amorphous bodies
(Figure 2). This pattern was present in the upper to lower zones and areas of calci-
fication could be seen as regions within these bodies (Figures 2(A)-(D)). The
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Figure 1. An X-ray of the patient’s right knee joint (age 35). On the lateral side of the
medial condyle, small osteophytes are visible. Note calcification in both menisci and on
the articular cartilage (lateral compartment, white arrows) which is typical of chondrocal-
cinosis.

10 pm

Figure 2. (A) Shows a section (mag 4x) of cartilage biopsy stained with Safranin O. Cal-
cified islands (arrows) are evident. (B) Calcified matrix was lost (*) during sectioning,
creating holes in the cartilage. Fibrocartilage is present adjacent to the calcified matrix in
the Toluidine Blue stained section (mag 10x). Higher magnification of the matrix marked
in the square is shown in (C) (mag 20x) where rod and rhomboid-shaped CPPD crystals
in lacunae (*) are visible. Collagen bundles (long arrow) are also seen adjacent to chon-
drocytes (short arrow; see also TEM Figure 8(A) & Figure 8(B)). The inserted micro-
graph in (C) shows rhomboid CPPD crystals under compensated polarized light (un-
stained section). (D) shows a calcified matrix zone (short arrows) progressing in close
proximity to cartilage cells (long thin arrow) suggesting that chondrocytes are directly
involved in calcification (mag 20x).
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amorphous bodies will hereafter be named calcified islands.

Under compensated polarized light, weakly birefringent and rhomboid or rod-
shaped calcium pyrophosphate dehydrate (CPPD) crystals with diameters of 5 - 10
pum were observed (Figure 2(C), see smaller inserted picture). These crystals were
identified in the chondrocyte’s peri-cellular compartments, adjacent to collagen
bundles (Figure 2(D)). In addition, deposition of amorphous non-birefringent
clumps of crystal structures (radial clusters of needle-like crystals) resembling
Hydroxyapatite-like crystals was also identified within the calcified islands. Fur-
ther identification and characterization of these amorphous clumps/crystal ro-
settes, was performed with TEM as described below (see section for TEM—ultra-
structural characterization).

Poorly differentiated and occasionally bizarre spindle-shaped chondrocytes
were identified in a mixture of fibro- and hyaline-cartilage. In addition, the ma-
trix showed weak staining with Toluidine Blue indicative of a reduction of ma-
trix components (Figure 2(B)).

4.3. Immunohistochemistry

Strong staining for collagen type II collagen (Figure 3(A)) and aggrecan (data
not shown) was especially observed within the calcified islands and particularly
within the chondrocytes (Figure 3(B)). Staining of chondrocytes was more in-
tense in comparison to the ECM suggesting intracellular deposition of type II
pro-collagen components. It was noteworthy that where the ECM showed calcifica-
tion, there was intense staining for collagen type X (Figure 3(C), Figure 3(D)), a
marker for chondrocyte hypertrophy. Non-calcified cartilage (white-yellowish) areas
remained unstained for this marker. Some staining for collagen type I were also
noticed within the calcified islands and fibrocartilage while type VI collagen was
closely associated with the chondrocytes surface. Some staining was also noticed
in the territorial cartilage matrix (data not shown).

Tissues which were positive for collagen type X also stained positive with von
Kossa stain, confirming that type X collagen was associated with calcification
(Figure 3(D)).

4.4. LM of Explant Cultured Chondrocytes

To attempt to answer the questions of whether matrix accumulation was an in-
trinsic function of chondrocytes from both tissue areas and whether matrix ac-
cumulation in chondrocytes was linked to calcification, LM was performed on
isolated explants with (Figure 4(A)) or without calcified islands (small inserted
micrograph in Figure 4(B)).

Observation of outgrowths of chondrocytes derived from explants [28] with
numerous calcified islands (Figure 4(A)) showed they contained large intracellu-
lar inclusion bodies (Figure 4(B)). This was interpreted as matrix accumulation, a
suggestion supported by TEM (see below under TEM section) which definitively
demonstrated that matrix accumulation was indeed present in dilated rER (Figure
4(C), Figure 4(D)). During further culturing of chondrocytes with inclusion
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Figure 3. Shows immuno-stained cartilage sections. (A) shows a section with calcified is-
lands (short arrow), stained with anti-collagen II antibodies. Strong staining of Collagen
II is especially seen within the calcified islands (short arrows) but staining is also present
throughout the non-calcified matrix. Note again, that loss of calcified matrix during sec-
tioning leave artificial holes in the cartilage (mag 4x). (B) shows a section stained with
anti-collagen II antibodies. Strong intracellular staining in chondrocytes (arrows) is evi-
dent indicating that pro-collagen type II is accumulated within the organelles (mag 20x).
(C) shows a section stained with anti-collagen X antibodies (brown precipitate), and
co-stained with von Kossa (black precipitate indicated with an arrow). Strong staining
within the calcified islands is evident. Figure 4(D) shows a higher magnification (mag
x40) of the calcified areas in (C) (square). Co-staining with anti-collagen X antibodies
and Von Kossa (indicated with an arrow) staining demonstrates that calcification is
linked to expression of type X collagen by hypertrophic chondrocytes.

bodies, several cells turned into floating dead “ghost cells” (data not shown). In
comparison, chondrocytes derived from non-calcified explants did not express
inclusion bodies. These results suggest that chronic ER stress and matrix accu-
mulation in chondrocytes could somehow be linked to the calcified islands in the
cartilage. In addition, it was also speculated that a threshold level (probably
high) of matrix accumulation is needed for the transformation of chondrocytes
into hypertrophic cells and subsequent calcification (see discussion).
Chondrocyte outgrowth from control explants showed no evidence of inclu-
sion bodies/matrix accumulation within the cells’ cytoplasm. This finding was
confirmed early in the culture period (1 - 2 weeks, Figure 4(B) + inserted mi-

crograph) and after 3 - 4 weeks of culturing (data not shown).

4.5. TEM-Ultrastructural Characterization

The upper-middle cartilage zones were selected for ultra-structural studies.
Chondrocytes within the calcified islands appeared highly atypical and showed a
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Figure 4. (A) is a light micrograph (mag 4x) of a cartilage explant cultured for 1 - 2
weeks. Chondrocyte outgrowth (white arrow) from calcified islands (black arrow) is evi-
dent. (B) shows chondrocyte outgrowth at higher magnification (mag 20x) from calcified
areas of an explant. Intracellular matrix accumulation indicates that matrix accumulation
is linked to calcification. The inserted micrograph shows explant derived chondrocytes
isolated from normal cartilage (mag 10x). (C) is a TEM of explant derived chondrocytes
from calcified islands (mag x5.2K), revealing intracellular matrix accumulation of colla-
gen fibrils (arrows). (D) is a higher magnification (mag x20K) TEM of matrix accumula-
tion in rER (*) with pro-collagen filaments stacked in parallel (arrow).

highly disorganized cytoplasm containing numerous secretory vesicles dispersed
throughout the cytoplasm. In addition, chondrocytes showed a remarkably en-
larged and distended rER formation (Figure 5(A), Figure 5(B)) which was in
close association with distended Golgi cisterna. It was evident that there was ac-
cumulation of matrix proteins in rER, showing filamentous ultra-structures with
diameters of 1 - 2 nm (Figure 5(B)) which were also seen in explant cultured
chondrocytes (Figure 4(C), Figure 4(D)). In comparison, chondrocytes in the
non-calcified cartilage (white-yellowish) also showed matrix accumulation but
the cell morphology and cytoskeleton were less affected (compare Figure 5(A)
and Figure 5(C)). Apoptotic chondrocytes with intracellular accumulation of
collagen like filaments and fibrils were also detected in the calcified islands
(Figure 5(D)) as well as “outside” these bodies.

The ECM was dominated with abnormally thick collagen hetero-fibrils of ab-
normal appearance, with diameters in excess of 100 nm. The matrix also showed
electron-dense amorphous material including proteoglycans and debris of cellu-
lar components, and there was a reduction in the formation of type II collagen
hetero-fibrils (Figure 5(A), Figure 5(B) and Figure 6(C), Figure 6(D)).

In addition, large bundles of parallel-oriented thick type II collagen hetero-
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Figure 5. Shows TEMs of hypertrophic chondrocytes in the calcified matrix. (A) shows a
highly atypical chondrocyte with matrix accumulation in distended rER as well as within
other organelles (mag x4K). (B) shows a chondrocyte containing intracellular collagen
fibrils (long arrow) and accumulation of matrix proteins in vesicles (short arrows). N in-
dicates the nucleolus. The thick arrow shows areas where matrix was lost during section-
ing (mag x4K) (C) shows another hypertrophic chondrocyte with matrix vesicles (ar-
rows) in the pericellular compartment (mag x1.6K). (D) shows an apoptotic chondrocyte
with intracellular accumulation of collagen-like filaments and fibrils (indicated with 2 ar-
rows) (mag x1.6K).

fibrils were identified in the ECM (Figure 6(A), Figure 6(B)). Numerous colla-
gen fibrils in the bundles had diameters larger than 100 nm which is unusual in
mature articular cartilage: the diameters of collagen fibrils in control cartilage
were 52 nm * 19 nm SD. Further, electron-dense materials were seen within the
collagen bundles indicating protein aggregates and some calcification of matrix
proteins. Short (truncated) and abnormal forms of collagen fibrils were also seen
in the calcified ECM (Figure 6(C)) as well as “outside” the calcified islands
(Figure 6(D)) indicating that all chondrocytes synthesize abnormal protein.
Matrix Vesicles (MV) with a double layer membrane and with diameters of
100 - 200 nm, (mean 169 + 57 nm) were identified (Figure 7(A), Figure 7(C),
Figure 7(D)) in the (hypertrophic) chondrocytes’ peri-cellular matrix compart-
ment, consistent with MV's reported in humans [29]. Matrix vesicles were often
seen associated with individual needle-like hydroxyapatite crystals in the pe-
ri-vesicular area (Figure 8(B)). Both intact MV (Figure 7(C), Figure 7(D)) and
MVs in which crystals had outgrown the vesicles (Figure 8(B)) were observed.
Numerous MVs also showed association with type II collagen fibrils of various
diameters (100 - 200 nm) (Figure 7(C), Figure 7(D)). In particular, HA like
crystals in the form of clumps/rosettes were seen adjacent to collagen fibrils or

inside these fibrils suggesting that abnormal collagen fibrils might be involved in
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Figure 6. (A) and (B) are TEMs showing unusual compartments within the calcified islands, which contain giant bundles of thick
collagen hetero-fibrils. Neither MV nor calcified areas were not identified within the bundles suggesting that bundles do not con-
tribute to calcification (mag x5K and 10K). (C) shows highly abnormal truncated (arrow) collagen fibrils seen at the periphery of
the collagen bundles (mag x30K). (D) shows these abnormal truncated collagen fibrils (small arrows) are also observed outside the
calcified islands. Some fibrils have diameters of nearly 100 nm (long arrow) (mag x30K).

58

Figure 7. Shows TEM:s of hypertrophic chondrocyte. (A) shows a hypertrophic chondrocyte with numerous matrix vesicles in the
pericellular compartment (thin arrows). Calcified matrix is also evident (thick arrows, mag x1.6K). (B) is a higher magnification
(mag x20K) TEM of the interterritorial compartment in (A). Abnormal thick truncated collagen fibrils (arrows) are very prevalent
in the ECM. (C) further highlights matrix vesicles (arrows) identified in (A). Numerous vesicles (arrows) are seen adjacent to type
II collagen heterofibrils (mag x30K). (D) shows needle-like electron dense crystalline apatite mineral precipitate (arrows) within

matrix vesicles (mag x96K).
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Figure 8. Shows TEMs of calcifying areas in the cartilage matrix. (A) shows crystalline
apatite mineral within thick collagen fibrils, with diameters up to 100nm (mag x16K). (B)
shows putative ruptured matrix vesicles with apatite crystals in clumps or globules, again
adjacent to collagen fibrils (mag x16K). (C) and (D) are higher magnifications (mag
x40K) of the highlighted area from (A). These micrographs demonstrate that hydroxya-
patite like crystals can develop on the surface and within (arrow) the collagen fibrils. Both
thin and thick collagen fibrils seem to mediate crystal growth.

the initial phases (nucleation) of calcification. These crystalline clumps/rosettes
had similar diameters to the diameters of the collagen fibrils (100 - 200 nm) with
which they were associated (Figures 8(A)-(D)).

4.6. Control Cartilage Examined by TEM and LM

TEM of control cartilage (Figure 9(C), Figure 9(D)) showed normal chondro-
cytes in an organized ECM with normal type II collagen hetero-fibrils (diameter
52 nm * 19 nm SD, n = 42, measured within the inter-territorial compartment).
Secretory vesicles in the chondrocytes had normal sizes and rER showed no evi-
dence of matrix accumulation (Figure 9(C)). Absence of apoptotic chondrocytes
was also confirmed.

Some matrix like-vesicles were detected in the control biopsies (Figure 9(C),
arrow) but they were few in number compared to the patient with calcification in
the cartilage (compare Figure 5 with Figure 9(C)). Further, there was no evidence
of crystals or calcification within the ECM or close to matrix like-vesicles.

LM of control cartilage (before staining) showed macroscopically white-yellowish
tissue (data not shown) with absence of darker, intra-articular bodies as shown
in Figure 2.

Staining with Toluidine Blue (Figure 9(A)) confirmed a homogenous stained

ECM in which the upper to lower cartilage zones were without calcification. No
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Figure 9. Control cartilage; (A) Toluidine Blue stained cartilage, (B) Cartilage explant cul-
tured chondrocytes (inserted micrograph shows cell out-growth from explant) unstained,
(C)-(D) TEM of control cartilage. Arrows in (C) and (D) point to matrix like-vesicles and
type II collagen hetero-fibrils, respectively.

collagen bundles were present (Figure 9(A)).

Control cartilage examined by LM and immunochemistry (Figure 10) showed
negative staining for collagen type I (A) and collagen type X (D), strong positive
staining for aggrecan (C) and medium positive staining for collagen type II (B).
Collagen type II showed strong peri-cellular staining (B, arrow) together with
Type VI collagen (data not shown).

4.7. Explant Cultured Chondrocytes

There was no evidence that chondrocytes derived from explants with calcified
islands exhibited intracellular calcification. In contrast, these atypical chondro-
cytes showed a remarkable accumulation of matrix proteins within distended
rER and Golgi cisternae as well as numerous irregularly shaped secretory vesicles
contained in large cytoplasmic vacuoles, which influenced the overall chondro-
cyte morphology (Figure 4(C), Figure 4(D)).

Chondrocytes isolated from the non-calcified white-yellowish cartilage ex-
plants also showed accumulation of matrix proteins in rER and Golgi cisternae.
“Tread like” ultra-structures resembling filaments within distended rER were
also identified in these organelles (data not shown).

Extracellular matrix proteins synthesized by cultured chondrocytes also
showed collagen fibrils of poor quality indicating that chondrocytes in vitro also
synthesised abnormal protein.

Chondrocytes derived from control explants showed normal cell morphology
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Figure 10. Immunohistochemistry of control cartilage with; (A) anti-collagen type I Abs,
(B) anti-collagen type II Abs, (C) anti-aggrecan Abs, and (D) anti-collagen X Abs. Arrow in
picture B indicate a strong peri-cellular staining.

with some evidence of a fibroblastic phenotype. There was no formation of in-
tra-cellular crystals or matrix accumulation (data not shown).

4.8. Molecular Analysis

All 54 exons and some introns of the COL2A1 gene were sequenced to deter-
mine if anomalies in type II collagen hetero-fibrils were caused by DNA muta-
tion. However, no mutations were found in the COIL2A1 gene. Only single nu-
cleotide polymorphisms (SNP) were found: T9S (A > T) in exon 1, G612G (T >
TC) in exon 28 and V13311 (G > GA) in exon 52.

5. Discussion

In this case report, we observe that, in contrast to control cartilage, articular car-
tilage biopsies from a patient with calcification in one knee joint, display a com-
plex pattern of 1) chondrocytes with accumulation of type II pro-collagen in di-
lated rER, and 2) calcified ECM containing collagen bundles and abnormally
wide type II collagen-fibrils. In addition, a current paradigm for this chondro-
dysplasia-like phenotype with intra-articular calcification suggests that the phe-
notype might be a result of matrix accumulation which transforms cartilage cells
into active type X collagen secreting hypertrophic chondrocytes, which release
MYV into the ECM, and initiate crystal formation and deposition together with
thick abnormal collagen fibrils leading to a highly compromised ECM.

Several phenotypic changes described for this patient’s chondrocytes and
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ECM, also demonstrated with explant cultured chondrocytes from the patient,
are similar to findings in certain human type II collagenopathies [30] [31] such
as Stickler syndrome, Kniest dysplasia and spondyloepiphyseal dysplasia (SED)
[30]. These include matrix accumulation in rER in chondrocytes [32], abnormal
type II collagen hetero-fibrils composed of fibrils with increased fibril diameters,
collagen bundles in the ECM of the cartilage [30] and cell death [33]. These fea-
tures have also been shown to be present in cartilage from patients with juvenile
Osteo Chondritis Dissecans (OCD) [27] and in patients with patellofemoral dys-
plasia involving patella alta and trochlea dysplasia [28].

The ultra-structural characterization of filaments with a lamellar appearance
and a diameter of 1 - 2 nm accumulated in rER, has to our knowledge not been
reported before. Since fibrillar collagen molecules are derived from pro-collagen
triple-helix formation in the rER with a length of 300 nm and diameters of 1.5
nm [34], and immuno-staining confirmed that type II collagen had accumulated
in chondrocytes, this suggests that accumulated filaments (Figure 4(C), Figure
4(D)) might be identical to retained self-assembled triple-helical type II
pro-collagen chains. These findings may indicate that pro-peptides do not pre-
vent intracellular fibril formation in rER, since released triple-helical collagen
monomers have an intrinsic property for self-assembly into fibrils. This in turn
suggests that pro-peptides are either removed before secretion or contain a dys-
function in the globular extensions at the N- or C-terminal ends.

Neither filaments nor accumulation of other matrix proteins in rER were
identified in chondrocytes derived from control cartilage.

In relation to dysfunctional type II pro-collagen molecules in osteochondro-
dysplasia including Stickler and Kniest syndromes, a mutation in the COL2A1
gene has been associated with calcium deposition diseases. A point mutation
(A75C) in the COL2A1 gene has been identified in 4 families in 4 different
countries (Chiloe Island, France, United States and Finland), associated with tall
stature, hearing loss and early-onset OA. In 3 out of the 4 families the mutation
was also associated with cartilage calcifications which include CPPD and HA
crystalline deposits [22] [23] [25] [26]. In comparison with the more than 100
different COL2 A1 mutations which have been assigned and listed in the Human
Gene Mutation Database (HGMD) at http://www.hgmd.org, the A75C mutation
is the only mutation in the COL2A1 gene which has so far been associated with

CPPD and HA deposition. However, these studies did not report any morpho-
logical examinations of chondrocytes or calcified cartilage and a comparison
with our findings is therefore not possible. Also at a molecular level, since DNA
sequencing of the COL2A1 gene for this patient only revealed single nucleotide
polymorphisms (SNP) within the 54 exons examined, no disease-causing muta-
tion could be linked to this patient’s phenotype, although it cannot be ruled out
that the absence of identifying a disease-causing mutation(s) in the COL2A1
gene could be the result of a technical shortfall. In addition, other possibilities
for the presence of abnormal type II collagen hetero-fibrils might relate to se-

quence alterations that exist in different genes in different loci. For instance,
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screening for mutations in the COL9Al, COL9A2, COL9A3, COL11Al, and
COL11A2 genes, which code for type IX and type XI collagens, might be reveal-
ing as these collagens form hetero-fibrils with type II collagen. Mutations in any
of these genes could theoretically give rise to abnormalities in type II collagen
hetero-fibrils which could lead to fibril accumulation in rER and abnormal type
IT collagen hetero-fibrils.

Abnormal pro-collagen synthesis and intracellular pro-collagen accumulation
could have an impact on cell differentiation, but how is difficult to address as the
highly abnormal ER-stressed compartments might exert direct effects on the
cells’ behaviour. For instance, type II collagen has been reported to be required
for chondrocyte survival [35] and synthesis of collagen type II is down-regulated
with chondrocyte hypertrophy, the stage where synthesis of the non-fibrillar
collagen type X is initiated [36]. This suggests that “blocking” of type II collagen
synthesis because of accumulation in rER could lead to chondrocyte hypertro-
phy or cell death [28], or both. The proposed pathways might be controlled by
the extent of matrix accumulation.

There is still some controversy about where nucleation occurs for calcification
and the exact molecular nature of the initiator(s) of nucleation. Some groups
propose that MVs are the sites of initial nucleation [37] [38] but the exact
mechanisms through which MVs orchestrate the calcification process remain
unclear. Common proteins identified in relation to MVs and calcification (re-
cently reviewed by Cui L et al, [39]) are; phosphate transporters, calcium bind-
ing proteins (Annexins), cell surface proteins (Integrins), extra cellular proteins
(collagen type I, IV, proteoglycans), phospholipids and chaperons (Calreticulin)
[40] [41] [42] [43] [44].

Matrix Vesicles which arise from hypertrophic chondrocytes by a budding
process [45] [46] [47] were clearly present in areas of calcification in this pa-
tient’s biopsies. In addition, as shown by immunostaining for type X collagen
which is a collagen marker for chondrocyte hypertrophy and calcification [1],
there was a strong anti-type X collagen staining within the calcified islands
without any histological evidence of staining within non-calcified cartilage (plain
white-yellowish cartilage), suggesting that hypertrophic chondrocytes them-
selves may play an active role in crystal formation by producing and releasing
MVs into the ECM. This further suggests that type X positive hypertrophic
chondrocytes could induce and control the degree of earliest calcification in the
territorial matrix compartments while maintaining the peri-cellular compart-
ments mineral free. This tissue distribution posits a hypothesis that a unique
combination of certain ECM components may be necessary for crystal formation
and that hypertrophic chondrocytes may initiate the formation of these crystals.
In the same context, chondrocytes derived from the cartilage explants with nu-
merous calcified islands exhibited severe matrix accumulation with large inclu-
sion bodies in the cultured cells (Figure 4(B)). In comparison, chondrocytes de-
rived from explants with absence of calcified islands, showed a lower level of

matrix accumulation (compare Figure 4(B) with inserted micrograph in the
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same picture) with inclusion bodies not visible by LM even though matrix ac-
cumulation was evident by TEM. These findings suggest that collagen type II
positive chondrocytes in plain cartilage might be in transition, before they un-
dergo hypertrophy and express collagen type X, as a result of high protein ac-
cumulation.

The occurrence of thick abnormal type II collagen fibrils (average diameter >
100 nm) associated with MVs (Figure 7(C), Figure 7(D)), compared to control
cartilage with thinner, normal fibrils with an average diameter of 52 nm, might
somehow be a factor which can induce and facilitate crystal growth after putative
rupture of the MV membrane as shown in Figure 8(B); for this, we hypothesize
2 mechanisms of how crystal development could propagate in the ECM.

One possible mechanism derives from the observation that intact MVs con-
tained hydroxyapatite-like crystals suggesting that vesicles may be the site of
primary nucleation. A second possible mechanism derives from the observation
that the hydroxyapatite-like crystals were highly associated with thick abnormal
type II collagen fibrils (Figure 7 and Figure 8). Indeed, there was some evidence
that crystals were formed on the inside of the collagen fibrils (Figure 8(C)) in-
dicating that abnormal collagen fibrils themselves could direct nucleation and
that a specific matrix environment is required for calcification to occur. In this
context, both normal type I and type II collagen fibrils have been shown to act as
scaffolding along which the hydroxyapatite crystals can grow [27] [37] [48].
Further, study models by Tong ef al. [49] have shown that small hydroxyapatite
platelets (with sizes of approximately 9 nm x 6 nm x 2 nm) can fit into aligned
hole zones in the fibrillar collagen structure as postulated by Tong et al [49].
They suggested from their studies that small hydroxyapatite crystals can enter
the fibrils, probably via the hole-zones and fibrillar pores/intra-fibrillar collagen
space, and that they can further propagate in the fibrils to fill all space. In com-
parison to the thick abnormal type II collagen hetero-fibrils described in this pa-
tient’s samples, hole-zones with a changed (larger?) diameter might indeed be
present in these fibrils and could therefore act as a scaffold where hydroxyapatite
can grow.

For this case study dealing with prominent pathological calcification in the ar-
ticular cartilage and meniscus, in contrast to the absence of crystals and calcifi-
cation in control cartilage, the differentiation of BCP (e.g., hydroxyapatite) and
CPDD crystals is an important consideration as there are differences between
these crystals with respect to their clinical patterns and their aetiologies [50].
However, for differentiation of hydroxyapatite crystals, chemical analysis for
molecular identification was not employed but TEM was used and demonstrated
that hydroxyapatite-like crystals were formed adjacent to type X collagen posi-
tive hypertrophic chondrocytes and especially in the areas where MVs and thick
abnormal type II collagen hetero-fibrils were concentrated. With regard to
CPPD crystals (which were identified based on a rhomboidal/rod shaped bire-
fringent crystal morphology with a diameter of 1 - 20 pum), relatively little is
known about the role of the ECM composition and how individual proteins play
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a role in CPPD crystal formation and growth. For instance, CPPD crystals are
relatively unique to hyaline and fibro-cartilage but have also been found in OA
[1] and within sites of chondroid metaplasia [51]. It has been reported [52] that
the earliest CPPD crystals occur in the peri-cellular matrix/space surrounding
articular chondrocytes. This is different from this case report where CPPD crys-
tals were found in both the territorial as well as the inter-territorial matrix com-
partments suggesting that chondrocytes were not directly associated with the site
of crystal formation. This suggests that CPPD crystal formation is not initiated
at the same sites as M Vs are released by hypertrophic chondrocytes. The finding
could indicate that CPPD crystals are formed after hydroxyapatite like crystal
development.

A final comment worthy of note in a discussion of crystal nucleation, relates
to Chondrocalcin, a calcium-binding protein with strong affinity for hydroxya-
patite. C-propeptide, once cleaved from type II collagen molecule (known as
Chondrocalcin), has been reported to be associated with cartilage calcification in
both healthy and diseased tissue [53]. It is relevant to speculate about the possi-
bility that this peptide could also play a role in crystal assembly and calcifica-
tion, even when still attached to the collagen molecule (e.g., cleavage of the
C-propeptide could be blocked because of changes in secondary and tertiary
collagen structure). For instance, where high local concentrations of abnormal
collagen molecules/collagen aggregates are present, the C-propeptide could act
as a nucleating agent for apatite formation. This is of course speculation but the
hypothesis could be tested on calcified cartilage from OA patients and patients
with collagen diseases [22] [23] [25] [26].

Further studies are needed to establish the complete chemical identification of
the 2 different crystal forms reported in the cartilage, the origin and mechanism
of CPPD crystal development and to determine whether they originate in the
cartilage itself, or from hypertrophic chondrocytes, or from lymphatic drainage,
or by some other mechanism (metabolic disease, familial, post-traumatic injury).
In addition, studies investigating abnormal heterofibrils and ER procollagen ac-
cumulation in OA cartilage of older individuals, with or without calcium depo-

sit, are needed as the current literature in this field is very limited.

6. Conclusions

In summary, the changes in articular cartilage reported for this patient were
primarily related to accumulation of dysfunctional pro-collagen in chondrocytes
and abnormal collagen fibrils in the ECM, and a femoral condyle with a chon-
drodysplasia like cartilage phenotype with intra-articular calcification. Further, it
was suggested that type II pro-collagen accumulation starting in rER and later
affecting other cell organelles induced chondrocytes, undergo hypertrophy and
initiate calcification, in which MVs and thick abnormal collagen fibrils are po-
tential nucleators in this process. Although this study documents changes in

chondrocytes including apparent matrix accumulation of collagen, it was not
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shown that it was causal for changes in chondrocyte differentiation and calcifi-
cation.

Further, the clinical details suggest that this patient has a local rather than a
systemic process and therefore it could be argued that it would be less likely that
calcification is related to a genetic collagen abnormality. However, this being
said, it is also noteworthy again to mention that abnormal type II collagen hete-
ro-fibrils and pro-collagen accumulation were described for this patient’s phe-
notype which are similar to findings in certain human type II collagenopathies
[30] [31] [32], OCD [27] and patella alta/trochlea dysplasia [28].

This case report including control cartilage further supports the fact that
chondrocyte hypertrophy is a key factor in articular cartilage calcification and
the reported ERSD phenotype might contribute new reference points which
could be important in understanding calcification in OA and other cartilage

disease.
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