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Sumraary: Localization and ultrastructure of proteoglycans during endochondral calcification or mineralization in
the rat epiphyseal growth plate cartilage were investigated histochemically and by immunoelectron microscopy,
using ruthenium hexammine trichloride and/or mouse monoclonal antibody (2-B-6) which recognizes chondroitin-
4-sulphated glycosaminoglycans. The gold pärticles of the second antibodies were distributed solitarily, lineally or
in small clusters in calcified cartilage äs well äs in the surrounding non-calcified matrix. The labelled matrix
glycosaminoglycans in the longitudinal septa increased firom the proliferative to the upper hypertrophic zones and
remained constant in calcified cartilage. After fixation with ruthenium hexammine trichloride, matrix proteoglycans
precipitated and were observed äs a reticular network of Strands. Immunogold-labelled antibodies for the demon-
stration of the glycosaminoglycans were localized on these Strands. Proteoglycans in calcified cartilage were ob-
served äs a netwofk of fine-filamentous structures after ruthenium hexammine trichloride, showing their non-
precipitated native state. Immunostaining for chondroitin-4-sulphate indicated that there was no change in the
concentration of glycosaminoglycans on the small calcified nodules in the areas where calcification was just begin-
ning.

Introduction pertropMc zone, the longitudinal septae begin to min-
« -e * i - - - j n- TT 4.1. *. eralize and this calcified cartilage is utilized äs a scaffoldSpecific proteoglycans and Collagen type II are the two 0 , ' . ^ , , , . „„.,• . - . " r*i. * · i *1· " "rt i- for the formation of the metaphyseal spongiosa. Whilemajor components of theextracellular matnx of hyalijne , ^ t ., :, f ._.· , - , _ . . , . 4. i i i proteoglycans were formerly considered to be decreasedcartilage. Cartilage proteoglycans are macromolecules * &v j
,. , · 4. 4? · * - · * - - u · - u *" u orremovedat sites ofcälcification (5—9), recent immu-which consist of a core protem to which numerous chon- v '.

droitm sulphate and a lesser number of keratan sulphate oomorphological studies revealed the pers.stence of pro-
chains and a smaüer number of CMnked and N-linked **>&™™ dunng endochondral calcification on the hght
oligosaccharides are covalently attached (1^3). The car- ™croscopic level. Poole et al. (10) demonstrated with
tilage proteoglycan monomers exist mostly in the form it*nunofluorescence microscopy that proteoglycan core
of aggregates througb binding to hyaluronic acid. This Proteins and link Proteins "» P^served without signifi-
attachment is stabüized by a link protein. cant loss durinß mineralization of the longitudinal septa

of cartilage matrix.
The growth plate cartilage is generally divided into the
resting zone, the proliferative zone, the zone of matu- Üsing the immunoperoxidase method with specific
ration, and the hypertrophic zone (4). In the lower hy- monoclonal antibodies that recognize glycosaminogly-
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can epitopes, Byers et al. (l 1) found more recently that
chondroitin-4-sulphate, chondroitin-6-sulphate and kera-
tan sulphate persist in the calcified cartilage trabeculae.

On the ultrastructural level, however, the demonstration
and observation of proteoglycans in calcified cartilage
seem to be difficult. Employing the slam freezing and
freeze Substitution method, Arsenault et al. (12) revealed
the proteoglycan network to be composed of thin and
thick filaments in the cartilage matrix. However, these
authors did not succeed in demonstrating such a network
in calcified cartilage. Proteoglycans become detectable
in the mineralized area after EGTA-chelation and pre-
cipitation with cationic dyes (13, 14). Shepard & Mitch-
ell (14) demonstrated rosette-like structures of proteo-
glycans at sites of mineralization in demineralized sec-
tions fixed in acridine-orange glutaraldehyde. As proteo-
glycans are considered to be structurally modified during
demineralization, tissue preparations without demin-
eralization are required in order to reveal the native state
of proteoglycans in cartilage calcification.

The aim of our study was to examine the localizatiori
and ultrastructure of proteoglycans in calcified cartilage
by histochemical and immunoelectron microscopic tech-
niques. Ruthenium hexammine trichloride, which is a
highly purified cationic dye of low molecülaf weight,
high positive Charge density and satisfactory diffüsion
properties (15), was utilized to precipitate and thüs sta-
bilize matrix proteoglycans. In order to avoid the loss
and structural modifications of proteoglycans, cartilage
tissues were not demineralized. As the predominant gly-
cosaminoglycan in cartilage is chondroitin-4-sulphate
(16), mouse monoclonal antibody 2-B-6, which specifi-
cally recognizes chondroitin-4-sulphate after digestion
with chondroitinase ABC (17), was used. In order to
analyse changes in the amount of glycosaminoglycans
associated with endochondral ossification, the number
of gold particles in the different parts of longitudinal
septa was further statistically investigated.

Materials and Methods
Female Wistar rats aged 4 to 6 weeks were used for this study. The
animals were anaesthetized and killed with an overdose of ether.
The proximal epiphyseal cartilage of femures was removed.

Tissue processing for immunoelectron microscopy

Epiphyseal cartilage tissues were cut into 0.5 to 1.0 mm slices and
fixed in 30 g/l paraformaldehyde / l g/l glutaraldehyde in 0.1 mol/1
Phosphate buffer (pH 7.4) for 3 h at 4 °C. After a 30 min rinse in
0.1 mol/1 phosphate buffer containing 0.02 mol/1 glycine to block
cell-bound free aldehyde groups, specimens were washed over-
night in the same buffer. They were then dehydrated in a series of
graded ethanols and finally embedded in LR-White (London Resin,
Basingstoke, UK) at 50 °C for 24 h. Ultrathin sections were cut
with an Ultracut E (Reichert) and picked up on nickel grids coated
with Formvar.

Tissue processing with rutheniurn hexammine
tr ichloride for immunoelectron microscopy

Tissue preparation with rutheniurn hexammine trichloride (Aldrich,
Steinheim, Germany) was performed accordirig to Hunziker et al.
(15) with some modifications. Cartilage slices were fixed in 25 g/l
paraformaldehyde / 7 g/l ruthenium hexammine trichloride in 0.05
mol/1 sodium cacodylate buffer for 2 h. Following rinses in 0.05
mol/1 sodium cacodylate buffer 'iontaining 7 g/l ruthenium
hexammine trichloride and 0.2 mol/1 sucrose, the specimens were
dehydrated in a series of graded ethanols and finally embedded in
LR-White or Epon.

Immunoelectron microscopy for proteoglycan

The mouse monoclonal antibody 2-B-6 (ICN Biochemicals, Mek-
kenheim, Germany) was used in this study. As this antibody reacts
with -unsaturated disaccharides which are generated after chond-
roitinase ABC digestion of chondroitin-4-sulphated glycosaminog-
lycans, immunostaining with this antibody requires treatment with
the enzyme to pröduce the specific antigen.

The sections were initially digested with 1000 U/l chondroitinase
ABC (Sigma, St. Louis, USA) in 0.1 mol/1 Tris acetate buffer (pH
7.6) for l h. Phosphate-buffered saline eontaining 5 g/l bpvine
serum albumin (Boehringer, Mannheim, Germany), l g/l gelatin
(Merck, Darmstadt, Germany), and 0.02 mol/1 NaN3 were utilized
äs incubation buffer for immunostaining. The grids were pretreated
with incubation buffer supplemented with normal goat serum (vol-
ume fraction 0.05) for 20 min, then incubated with mouse mono-
clonal antibody 2-B-6 diluted at l : 50 with incubation buffer at
room temperature for 90 min. They were washed 6 times with
incubation buffer and incubated in 10 nm gold-labelled goat anti-
mouse IgG (Fc) (Amersham Buchler, Braunschweig, Germany) di-
luted at l : 50 with incubation buffer at room temperature for 50
min. The sections were washed 6 times with phosphate-buffered
saline, fixed with 10 g/l glutaraldehyde in phosphate-buffered sa-
line, and washed with distilled water. After staining with uranyl
acetate/lead citrate with an Ultrastainer (LKB), the sections were
examined under an electron rnicroscope (Zeiss EM109, EM10).
Grids for the control were incubated in normal mouse serum in-
stead of the anti-glycosaminoglycan antibody. Before staining with
uranyl acetate/lead citrate, some sections were contrasted with tan-
nic acid and osmium gas. They were first stained with l g/l tannic
acid (Merck, Darmstadt, Germany) in 0.1 mol/l sodium cacodylate
buffer for 5 min. After washirig with distilled water, the grids were
put in a Falcon 35 mm tissue cülture plastic dish and treated with
osmium tetroxide gas for 5 min.

Quanti tat ive analysis of immunolabelling

The intensity of immunogold läbelling in the three different areas,
(1) longitudinal septa of the proliferative zone, (2) longitudinal
septa of the upper hypertrophic zone, and (3) calcified cartilage of
the lower hypertrophic zone, was quantitatively compared. Nine to
ten micrographs were taken per area at a magnification of 20 000
and then magnified at 80000. The number of gold particles per
l 2 was calculated in each photograph and the density of gold
particles was statistically analysed.

Results

Figure l shows a toluidiüe blue section of rat proximal
epiphyseal growth pläte cartilage of the femur. We could
distinguish between the resting zone, proliferative zone,
zone of matüration, and hypertrophic zone. Mineralizing
matrix was observed in the lower hypertrophic zone.
Due to fixation, i. e. precipitation of proteoglycans in the
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Fig. l Ruthenium hexammine trichloride-fixed, Epon-embedded
material. One thick longitudinal section through the proximal
epiphyseal growth plate of the femur. r = resting zone; p = pro-
liferative zone; m = zone of maturation; h = hypertrophic zone
with zone of onset of mineralization (arrow). Direct contacl be-
tween cells and raatrix. Magnification: 132

! presence of ruthenium hexammine trichloride, chondro-
? cytes were in direct contact with the matrix, i. e. leaching

out of proteoglycans in the pericellular zone did not oc-
cur.

Immunoelectron microscopy revealed localization of
chondroitin-4-sulphated glycosaminoglycans in calcified

j cartilage of the lower hypertrophic zone (fig. 2). Gold
particles were arranged solitarily, lineally or in small
clusters, äs in the surrpunding non-calcified matrix.
After contrasting with Ta/Os, matrix components were
intensively stained (fig. 3). Collagen fibres and needle-
shaped apatite crystals were visible in the area of cal-
cified cartilage.

Fixation in the presence of ruthenium hexammine tri-
chloride ied to precipitation and thus immobilization of
the matrix proteoglycans (fig. 4). Proteoglycans in the
non-calcified matrix appeared äs a reticuiar structure
cömposed of electron^dense Strands. These proteoglycan
Strands became thinner near the calcified cartilage and
continued to a fine filamentous network of proteogly-
cans in the calcified areas. After iniinunostaiiiiiig of the
cartilage fixed with ruthenium hexammine trichloride,
gold particles were clearly located on these Strands (fig.
5). Gold particles were also seen in calcified cartilage,
but the fine filamentous network häd almost completely
disappeared due to digestion by chondroitinase ABC.
Where mineralization was just beginning in the longi-
tudinal septa of the hypertrophic zone, small nodules
cömposed of a fine-filamentous network were observed
after fixatiön with ruthenium hexammine trichloride (fig.
6). Focal concentrations of gold particles were not ob-
served on these nodules after immunostaining (fig. 7).

The results of the quantitative analysis of iinmunpgold
labelling for chondroitin-4-sulphated glycosaminogly-

· . . . - ··· · ·

Fig. 2 Immunoelectron microscopic demonstration of chondro-
itin-4-sulphated glycosaminoglycans in a mineralized area (C) and
in an area without apatite deposits (*) from the epiphyseal growth
plate. LR-White embedding, with the usual uranyl acetate/lead ci-
trate contrasting. Even distribution of gold-labelled second anti-
body. Magnification: 30600

Fig. 3 Immunoelectron microscopic demonstration of chondro-
itin-4-sulphated glycosaminoglycans in a mineralized area (C) and
in an area without apatite deposits (*) from the epiphyseal growth
plate. LR-White embedding, contrasting with tannic acid/OsO4.
Even distribution of gold-labelled second antibody. Magnifi-
cation: 30600

can in the longitudinal septa of different zones are pre-
sented in table 1. The data represent the numbers of gold
particles per 2. On both tissue preparations in the ab-
sence and presence of ruthenium hexammine trichloride,
gold particles significantly increased from the proliferat-
ive zone to the upper hypertrophic zone, and they re-
mained constant in calcified cartilage.

Discussion

In the present study, we demonstrated the localization of
glycosaminoglycans in calcified cartilage with histo-
chemical and immunomorphological techniques. Anti-
genicity of chondroitin-4-sulphated glycosaminoglycans
was detected on the thick Strands of proteoglycans after
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Tab. l Iimnunogold labelling intcnsitics of chondroitin-4-sul-
phate following prcparation in the absence and presence of ruthe-
nium hexainmine trichloride (gold particles per 2 ± SD)

Zone

Prolifer-
ative

Unner hv-
pertrophic

Calcified
cartilage

N Preparation N
without ruthe-
nium hexammine
(ri Chloride

in ss H- 8 0

**in 71 ·+· 17 1

in (q -H n

9

9

Preparation
with ruthenium
hexammine tri-
chloride

70 -+- 14

SS -H 11

01 -i- 14

* p < 0.05; ** p < 0.01

Fig. 4 Ruthenium hexammine trichloride-fixed, Epon-embedded
material. Matrix from the area of hypertrophic cartilage with min-
eralized (C) and unmineralized (*) areas. Distinct demonstration
of bizarre-shaped, electron-dense proteoglycans in the unmin-
eralized areas. The proteoglycans in the mineralized areas are
smaller and fme-filamentous. Magnification: 30600

Fig. 5 Ruthenium hexammine trichloride-fixed, Epoh-embedded
material. Immunogold labelling of chondroitin-4-sulphated glycos-
aminoglycans in mineralized (c) and unmineralized (*) areäs. Min-
eralized areas do not show any proteoglycans, probably due to the
action of the ABC^chondroitinase. Translucence is obviously inten-
sified by leaching out of mineral after enzyme treatment. Even
distribution of gold-labelled second antibody. Magnification·
30600

fixation in the presence of ruthenium hexammine tri-
chloride.

Cationic dyes, such äs ruthenium red (7, 18), lanthanum
nitrate (19), alcian blue (20), toluidine blue 0 (21), saf-
ranin 0 (22), ruthenimin hexammine trichloride (15, 23),
and acridine orange (14) preoipitate matrix proteogly-
cans thus improviiig their electron microscopic demon-
stration. The ultrastructure of proteoglycans after fix-
ation with catiönic dyes is not homögeneous. They ap-
pear äs round or polygonal granules, slender Strands, in
a ribbon-like configuration, or äs multibranching struc^
tures, depending on the proteoglycan-precipitating ca-
pacity of the dyes used (24). Using cryotechnical tissue,
the native state of matrix proteoglycans häs fecently
been revealed to form a fine^filamentous network (12,
23, 25, 26). Although proteoglycans in the riori-cälcified
matrix were seen äs a reticular structure of Condensed
Strands after ruthenium hexammine trichloride, proteog-
lycans in calcified cartilage were observed äs a network
of fine-filämentous structureSj shpwing their non-pre-
cipitated state. Cartilage was not demineralized during
tissue preparation. Proteoglycans in calcified cartilage
are considered to be preserved in the intact state by ru-
thenium hexammine trichloride.

Irfimunoelectron microscopic demonstrations of proteo-
glycans in cartilage have been reported by several au-
thors, using immunogold or imniiinoperoxidase methods
(24, 27—29). These reports have successfully shown the
localization of proteoglycans in the non-calcified carti-
lage matrix. They were, however, not concerned with
calcified cartilage. We, however, investigated the immü-
nolocalization of proteoglycans (chondroitin-4-suU
phated glycosaminoglycans) in calcified cartilage at the
ultrastructural level.

Cartilage calcification is a complex structural System in
which, in addition to Collagen type II and specific
proteoglycans, various factors such äs alkaline phospha-
tase (30), matrix vesicles (31, 36), the C-propeptide of
collagen type II (32) (previously called chondrocalcin
(33)), collagen type X (34) and phospholipids (35) are
involved. As isolated proteoglycans inhibit mineral crys-
tal forrriation in vitro (37, 38), proteoglycans are con-
sidered to regulate the calcification process of cartilage.
The changes iii the arhount and structure of proteogly-
cans during endochondral ossification have been inten·^
sively investigated. Previoüs biochemicäl studies nöted
that proteoglycans are lost from the matrix at the time
of calcification (8, 9). As the volume occupied by matrix
decreases in the hypertrophie zone (3), it is assumed that
the Content of proteoglycans is decreased when meas-
ured per weight of tissue. Using corribmed immuno-
chemical/chemical-histömoiphometric änalyses, Mini et
al. (40) reveäled that the con£entration of aggregating
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l Fig. 6 Ruthenium hexammine trichloride-fixed, Epon-embedded Fig. 7 Ruthenium hexammine trichloride-fixed, LR-White-em-
•1 material. Demonstration of large, bizarre-shaped proteoglycan bedded material. Even distribution of gold-labelled second anti-

structure (arrow) between mineralized plaques (*) of fine-fila- body against chondroitin-4-sulphated glycosaminoglycans. Magni-
mentous material and apatite deposits in the zone of onset of min- fication: 30000
eralization in hypertrophic cartilage. Magnification: 42000

cartilage proteoglycans per unit matrix volume is high-
est in the lower hypertrophic zone of the growth plate
of fetal bovine tibiae. On the light microscopic level the
localization of proteoglycans in calcified cartilage has
been successfully demonstrated, but it seems difficult to
analyse the concentration of proteoglycans in the selec-
ted area with this raethod. As proteoglycans contain sul-
phur, elemental analysis has been introduced to measure
the proteoglycan concentration in the matrix. On el-
emental analysis, the amount of proteoglycans increased
from the proliferative to the calcifying zone (41), but
considerably decreased with the onset of calcification
(41, 42). Our statistical analysis of the number of gold
particles against chondroitin-4^sulphate revealed that the
in vitro concentration of matrix glycosaminoglycans in-
creased from the proliferative to the upper hypertrophic
zone and remained constant in calcified cartilage. These
results support the immunochemical/chemical-histomorr-
phometric analyses of proteoglycans by Alini et al. (40).
The biochemical method might analyse the amount of
proteoglycans more accurately than immunoelectron mi-
croscopy, but electron microscppic analysis can select
the distinct area arid investigate more locally the concen-
tration of proteoglycans in the tissüe. Our investigations
are based on the assumption that the effects of enzyme
treatment are identical in mineralized and unmin-
eralized areas.
Shepard & Mitchell (14) considered the rosette-like
structure of proteoglycans, which were observed during
mineralization äfter fixation with acridine prange, äs in-
dicating the selective increase of proteoglycan concen-
tration. Poole et al. (4) estiinated that a focal concen-
tration of proteoglycan monomers occurs during the nu-
cleation of calcification. Disaggregation and degrädation

Eur. J. Clin. Chem. Clin. Biochem. / Vol. 32,1994 / No. 4

of cartilage proteoglycans during cartilage mineraliz-
ation have also been observed in biochemical (43) and
electron microscopic (44) investigations. As proteogly-
can aggregates are more effective inhibitors of in vitro
hydroxyapatite growth than proteoglycan monomers
(38), the loss of aggregated proteoglycans with the calci-
fication of cartilage seems to be reasonable. Proteogly-
cans in the calcified cartilage are observed äs a network
of fine filaments after ruthenium hexammine trichloride,
rather resembling the pattern of native matrix proteogly-
cans demonstrated by cryotechniques. It is assumed that
apatites are tightly embedded in the proteoglycans and
fixed in the intact state without precipitation. The pos-
sibility exists that aggregated proteoglycans are broken
during the development of the mineral, and that loss of
aggregates is not a cause but a result of mineralization.
Although it is evident that the density of glycosamino-
glycans increased before mineralization, immuno-
staining revealed that there was no focal concentration
of glycosaminoglycans in the small calcified nodules.
Calcification occurs in the matrix where the concen-
tration of proteoglycans is highest, but it is doubtful
whether further concentration of glycosaminoglycans in-
duces mineralization.
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