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Abstract

Articular cartilage and subchondral bone act together, forming a unit as a weight-bearing loading-transmitting
surface. A close interaction between both structures has been implicated during joint cartilage degeneration,
but their coupling during normal growth and development is insufficiently understood. The purpose of the
present study was to examine growth-related changes of cartilage mechanical properties and to relate these
changes to alterations in cartilage biochemical composition and subchondral bone structure. Tibiae and femora
of both hindlimbs from 7- and 13-week-old (each n = 12) female Sprague-Dawley rats were harvested. Samples
were processed for structural, biochemical and mechanical analyses. Immunohistochemical staining and protein
expression analyses of collagen II, collagen IX, COMP and matrilin-3, histomorphometry of cartilage thickness
and COMP staining height were performed. Furthermore, mechanical testing of articular cartilage and micro-CT
analysis of subchondral bone was conducted. Growth decreased cartilage thickness, paralleled by a functional
condensation of the underlying subchondral bone due to enchondral ossification. Cartilage mechanical
properties seem to be rather influenced by growth-related changes in the assembly of major ECM proteins such
as collagen I, collagen IX and matrilin-3 than by growth-related alterations in its underlying subchondral bone
structure. Importantly, the present study provides a first insight into the growth-related structural, biochemical
and mechanical interaction of articular cartilage and subchondral bone. Finally, these data contribute to the
general knowledge about the cooperation between the articular cartilage and subchondral bone.
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Introduction

The cartilage extracellular matrix (ECM) is mainly composed
of collagens, proteoglycans, and non-collagenous glycopro-
teins, which interact with each other and are organized in a
complex molecular network. Mechanical loading during
growth and development influences ECM composition and
structure and lays the basis for tissue quality and function
at later age, thereby shaping a rather homogeneous ECM
to a very loading-optimized and loading-specialized tissue
(Brama et al. 2000; Brommer et al. 2005). One of the main
components of the cartilage ECM are the collagens, which
provide the tensile strength of the tissue through their
highly organized fibrillar structure. During growth and mat-
uration, changes within the collagen network architecture
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take place, altering its orientation and organization, finally
forming the arcade-like ‘Benninghoff network’ (Rieppo
et al. 2009; Julkunen et al. 2010). Proteoglycans form the
other major group of macromolecules in the ECM. Their
interspersed position between the collagen fibrils and their
hydrophilic character creates a swelling pressure within the
cartilage, which mainly provides the compressive stiffness of
the articular cartilage. It was shown that growth-related
changes of the proteoglycans in articular cartilage are of
minor importance compared with changes in collagen con-
tent and orientation (Simunek & Muir, 1972; Thonar &
Sweet, 1981). On the other hand, several glycoproteins and
non-glycoproteins such as cartilage oligomeric matrix pro-
tein (COMP) and matrilin-3 are known for their adaptor
function within the ECM network. COMP is suggested to
have a structural role in enchondral ossification as well as in
the assembly and stabilization of the ECM by its interaction
with collagens, matrilins and aggrecan (Thur et al. 2001;
Mann et al. 2004; Chen et al. 2007). COMP has been shown
to influence the formation of collagen | and Il fibrils by
encouraging early association of collagen molecules and
thereby accelerating fibrillogenesis, with a distinct organi-
zation of the fibrils (Halasz et al. 2007). Matrilin-3 expres-
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sion was found during development and gradually ceased
in healthy cartilage after birth (Klatt et al. 2000). This may
indicate its less important role in the functional mainte-
nance of fully differentiated cartilage. Moreover, the reacti-
vation of both COMP and matrilin-3 synthesis described in
osteoarthritis supposes a function during attempted repair
(Pullig et al. 2002; Koelling et al. 2006). Collagen IX, in com-
bination with collagen Il and collagen XI, is a key compo-
nent in the cartilage collagen fibril (Eyre et al. 2004) that
interconnects fibrillar collagens via other ECM components
such as matrilin-3 and COMP (Budde et al. 2005; Zaucke &
Grassel, 2009). The fact that mice lacking collagen IX or
matrilin-3 show osteoarthritis-like alterations (Fassler et al.
1994; van der Weyden et al. 2006) suggests that both pro-
teins are involved in cartilage formation during growth and
emphasizes their important role in fibrillar network stabil-
ization and organization. However, at present we do not
fully understand how growth influences the composition of
the major ECM stabilizing proteins and how these changes
affect the mechanical behaviour of articular cartilage.

The mechanical integrity of cartilage and its resistance to
injury does not depend solely on the biochemical composi-
tion of its ECM, but also on its interaction with the underly-
ing subchondral bone (Burr, 1998). Both structures act in
concert with complementary mechanical functions, the for-
mer as a bearer and the latter as a structural girder and
shock absorber (Layton et al. 1988). According to Radin &
Rose (1986) the subchondral bone absorbs most of the
mechanical load transmitted by diarthodial joints. Due to
the relatively greater stiffness and strength of the subchon-
dral bone in comparison with the overlying articular carti-
lage (Choi et al. 1990), it is generally accepted that the
subchondral bone plays an important role in intraarticular
load transmission. There is evidence that the initiation and
progression of cartilage degeneration involves a disruption
of the normal mechanical equilibrium between both of
these structures. It has been suggested that increased sub-
chondral bone stiffness reduces the ability to dissipate the
load within the joint. This is related to higher peak dynamic
forces in the overlying articular cartilage, which can acceler-
ate cartilage degeneration (Radin & Rose, 1986). However,
at present it remains unexplained whether cartilage degen-
eration is initiated in the cartilage layer, in the bone layer
or in both layers simultaneously (Burr & Schaffler, 1997).
Many studies have focused on trauma- and osteoarthritis-
induced subchondral bone alterations (Boyd et al. 2005;
Botter et al. 2006; Sniekers et al. 2008), but its general
adaptation behaviour during growth and development is
insufficiently investigated. Whereas subchondral bone loss
in mild degenerated cartilage and bone sclerosis in late-
stage osteoarthritis has been reported (Dedrick et al. 1993),
subchondral plate volume fraction was shown to either
increase or decrease in response to training in young racing
horses (Boyde & Firth, 2005; Muir et al. 2006). Due to the
irrevocable connection of the subchondral bone to the
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overlying articular cartilage, both structures are thought to
interact directly with each other and have to be considered
therefore as a functional bone-cartilage unit. However, to
the best of our knowledge, there is a lack of studies investi-
gating growth-related changes in articular cartilage and
subchondral bone simultaneously, considering both struc-
tures as a functional unit.

Taken together, integrative studies connecting growth-
related changes in cartilage mechanical properties with
alterations in cartilage biochemical composition and sub-
chondral bone structure are rare. Therefore, one objective
of our study was to assess biochemical and mechanical
changes of rat knee articular cartilage in relation to growth,
specifically by focusing on collagens and major ECM net-
work stabilizing proteins, which are crucial for the unique
mechanical properties of the tissue. Another aim was to
relate the changes observed in the mechanical properties of
the cartilage to changes in the morphological/structural
properties of subchondral bone, which is of fundamental
importance for understanding the functional cooperation
of the bone—cartilage unit during growth.

Materials and methods

Samples

Tibiae and femora of both hindlimbs from 7- and 13-week-old (each
n = 12) female Sprague-Dawley rats were harvested. Right tibiae
were frozen in liquid nitrogen and stored at —80° C until protein
expression analyses. Right femora were fixed in 4% paraformalde-
hyde (PFA) for 24 h and prepared for immunohistochemical analy-
ses. Left tibiae were wrapped in saline-soaked gauze and stored at
—20° C until mechanical testing. Left femora were used for struc-
tural and mechanical bone properties analyses (Hamann et al.
2012a). Further, the 13-week-old animals were used as an unloaded
age-matched control group in a previously performed independent
cartilage adaptation experiment (Hamann et al. 2012b). The study
protocol and all animal procedures were in compliance with the
principles of laboratory animal care and the German Laws on the
Protection of Animals. The study has been approved by an ethical
committee and has been authorized by the North Rhine-Westpha-
lian State Office for Environment, Health and Consumer Protection.

Immunohistochemistry

Immunohistochemical staining of collagen I, collagen IX, COMP
and matrilin-3 was carried out as described earlier (Hamann et al.
2012b). Briefly, right femora were decalcified in 20% ethylenedi-
aminetetraacetic acid (EDTA) for 4 weeks, embedded in paraffin,
and cut in 8-um-thick sections in the sagittal plane. Sections of the
mid-medial femoral condyle were incubated with the following
primary antibodies: mouse monoclonal antibody against human
collagen I1 (1 : 100 dilution; Calbiochem, La Jolla, CA, USA), affinity-
purified rabbit polyclonal antibody against the NC4 domain of
mouse collagen IX (1: 1000 dilution) (Budde et al. 2005), rabbit
polyclonal antibody against bovine COMP (1: 1000 dilution)
(Schmitz et al. 2008) and affinity-purified rabbit polyclonal anti-
body against mouse matrilin-3 (1 : 1000 dilution) (Klatt et al. 2000).
As secondary antibodies, horse radish-peroxidase (HRP)-conjugated
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swine anti-rabbit I9G and HRP-conjugated rabbit anti-mouse 1gG
(both Dako, Copenhagen, Denmark) were used. Sections were
stained using 3-amino-9-ethylcarbazole (AEC; Sigma, Germany).

Histomorphometry

Staining for collagen Il and COMP revealed a restricted localization
and there was a clear demarcation between stained and unstained
tissue. The area of the stained tissue was analyzed quantitatively.
Staining patterns of collagen Il were used to measure the mean car-
tilage thickness. Intense COMP staining is referred to as the mean
COMP staining height. Three sections of each mid-medial femoral
condyle were analyzed. In each section, eight images were captured
at a 200-fold magnification, starting posteriorly and moving in an
anterior direction. For histomorphometric analysis, five measure-
ments in each image were conducted using the image analysis soft-
ware Nis ELeMenTs D 3.0 (Nikon GmbH, Dusseldorf, Germany). The
total values of 120 individual measurements were averaged to
obtain the mean femoral cartilage thickness and mean femoral
COMP staining height. As staining for collagen 1X and matrilin-3 did
not display clearly defined positively stained areas, the expression
of these proteins was not evaluated quantitatively.

Protein extraction and immunoblotting

To quantify total protein levels, collagen I, collagen IX, COMP and
matrilin-3 were extracted from tibial cartilage. After detachment
from the underlying bone, each proximal part of the frozen right
tibiae was weighed and pulverized in liquid nitrogen using mortar
and pestle. Non-collagenous proteins were sequentially extracted in
three fractions by adding 10 volumes (mL g~ of wet tissue) of buffer
| [Tris-buffered saline (TBS), buffer Il (TBS containing 10 mm EDTA],
and buffer Il (4 m GuHCI) as previously described (Nicolae et al.
2007). For the detection of COMP and matrilin-3 by immunoblotting,
identical volumes of fraction |, Il and Ill were electrophoresed for
both groups on 3-12% sodium dodecyl sulphate (SDS) polyacryl-
amide gels under non-reducing conditions (Laemmli, 1970). Collage-
nous proteins were extracted by pepsin digestion at 4° C for 48 h at
pH ~ 2.4 using the previously described procedure (Hamann et al.
2012b). For the detection of collagen II, in both groups identical vol-
umes of pepsin extracts were reduced with 5% B-mercaptoethanol
and run on 3-12% SDS polyacrylamide gels. For the detection of col-
lagen IX, samples were run under non-reducing conditions on a 15%
SDS polyacrylamide gel. Detection of collagen Il, COMP and matrilin-
3 was performed with the same primary antibodies used for the
immunohistochemistry. In the case of collagen IX, a mouse monoclo-
nal antibody against the low molecular weight fragment of collagen
IX (1 : 200 dilution) (Hybridoma Bank, lowa City, IA, USA) (Ye et al.
1991) was used. The same secondary antibodies as for immunohisto-
chemistry were used. Antibody detection was conducted using
2.5 mm luminol, 0.4 mm p-coumaric acid, 0.01% H,0, as luminescent
agent (Fluka, Buchs, Switzerland) visualized by exposure on x-ray
films. To evaluate the amounts of the proteins extracted quantita-
tively, samples from two independent animals of each group were
evaluated using the image processing program ivaces 1.45s (National
Institutes of Health, Bethesda, MD, USA).

Mechanical testing

The compressive mechanical properties of tibial cartilage in the
weight-bearing area of the medial plateau were tested under

stress-relaxation as described previously (Hamann et al. 2012b).
Prior to mechanical testing, thickness of the samples was measured
by the needle technique as described by Hoch et al. (1983). Three
measurements were performed and always conducted in the same
chronological order. The mean value acted as initial cartilage thick-
ness for the stress-relaxation test. For the step-wise stress-relaxa-
tion tests, a porous plane-ended indenter with a diameter of
0.5 mm (Wang et al. 2006) was utilized, placed between the three
thicknesses. A mechanical testing device (Zwick Z2.5/TN1S, Zwick
GmbH & Co. KG, Ulm, Germany) equipped with a 10 N load-cell
was used to induce a constant strain. Before the experiments, the
samples were equilibrated under 0.002 N for 5 min. Total step
length was 400 s. Three steps of strain (10, 15 and 20%) were
applied (Fig. 1A). The (compression) aggregate modulus Ha was
calculated from the linear slope of the 10-20% equilibrium stress—
strain curves (Fig. 1B) using the equation of Korhonen et al.
(2002):

1—V5

Ha= (1 +vs)(1 = 2vs)

Es,

where vs is the Poisson ratio [value of 0.3 (Wang et al. 2006)] and Es
the Young's modulus described by the equation according to Hayes
et al. (1972):

(1-v3)na
Es=> '),
s 2xh ’

where a is the radius of the indenter, h the cartilage thickness, k
the theoretical scaling factor (Hayes et al. 1972), and E the slope of
the equilibrium stress—strain curve.

Micro-CT analysis

After mechanical testing, each tibia was sawed off the sample
holder, placed perpendicularly in a specimen tube, and sub-
merged with 70% EtOH. A high-resolution micro-CT scanner
(uCT 35, Scanco Medical AG, Bassersdorf, Switzerland) was used
to determine structural parameters of the subchondral bone of
the medial tibial plateau. All scans were performed with an iso-
tropic voxel size of 6 um, 55 kVp tube voltage, 145 mA tube
current, and 400 ms integration time. Grey-scale CT images
were filtered using a constrained Gaussian filter (support = 2,
sigma = 1.2) to remove noise in the original volume data. For
analysis, individual volumes of interest (VOI) were created within
the subchondral bone of each medial plateau. The VOIs were
positioned in the weight-bearing area of each tibial plateau
(100 slices) using anatomical landmarks, underneath the region
where the stress-relaxation test of the cartilage was performed
before. The VOIs were segmented in a cortical (subchondral
plate) and a trabecular region using a fully automatic image
analysis algorithm (Scanco Medical) based on the dual threshold
technique by Buie et al. (2007) with a value corresponding to
25% for the 7-week-old and 34% for the 13-week-old animals
of the maximal grey-scale value. Due to obvious variations in
the degree of bone mineralization between the two age
groups, thresholds were adjusted and optimized per group by
visual inspection of the quality of segmentation. For the trabec-
ular analysis, bone volume fraction (BV/TV,%), which describes
the ratio of bone volume over tissue volume, trabecular thick-
ness (Tb.Th, um) (Hildebrand & Ruegsegger, 1997a; Hildebrand

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society



A 0.101

—— 7 weeks
13 weeks

0.08
g 0.06
o
g
S 0.04

0.02

0.00

0 200 400 600 800 1000 1200 1400
Time (s)
0t —8— 7 weeks
O 13 weeks

0.16 1 .
g
E 0.12 .
w
w
L 008
n

n
0.04
0.00 T T T
0.10 0.15 0.20
Strain

Fig. 1 Mechanical testing of tibial articular cartilage by stress—
relaxation using indentation. (A) Representative stepwise stress—
relaxation curve. (B) Equilibrium stress—strain curve at 10, 15 and 20%
strain with an indenter 0.5 mm in diameter.

et al. 1999), trabecular number (Tb.N, 1 mm), trabecular sepa-
ration (Tb.Sp, um), connectivity density (Conn.D, 1 mm=), which
provides a measure of the number of the connections per vol-
ume (Odgaard & Gundersen, 1993), and the structure model
index (SMI), a quantification of the trabecular bone with a rod-
like or plate-like structure (Hildebrand & Ruegsegger, 1997b),
were determined. For the subchondral plate, plate thickness (PI.
Th, um) (Hildebrand & Ruegsegger, 1997a), and plate porosity
(Pl.Por, %), describing the ratio of the volume of the pores over
the total volume, were calculated.

Statistical analysis

The statistical evaluations were performed with sess for Windows
(IBM SPSS Statistics 19.0, IBM Deutschland GmbH, Ehningen,
Germany). Results are presented as mean values + SD. Normal
distributions and homogeneity of variances were checked by the
Kolmogorov-Smirnov test and Levene's test, respectively. An
unpaired Student's t-test was used to test for significant differ-
ences between the two groups. Interrelations between the sub-
chondral bone parameters, cartilage thickness, and aggregate
modulus of tibial cartilage were analyzed using Pearson’s bivari-
ate correlation analysis. Data were considered to be significant
at o < 0.05.
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Results

Body mass, femur length and wet mass

The body mass was significantly different (P < 0.001) between
the two age groups, with a mean body mass of 181 + 12 g for
the 7-week-old and 277 + 20 g for the 13-week-old animals.
Moreover, both the femur length and the femur wet mass
were significantly greater (both P < 0.001) in the 13-week-old
group. The femur length was 30.0 + 0.7 mm for the 7-week-
old and 35.0 + 0.7 mm for the 13-week-old animals. The
femur wet mass was 0.67 + 0.05 g for the 7-week-old and
0.95 + 0.05 g for the 13-week-old animals.

Immunohistochemistry

Due to technical problems, one femur of the 7-week-old ani-
mals could not be evaluated. Collagen Il was present
throughout all zones of articular cartilage in the 7- and 13-
week-old animals (Fig. 2A). In both groups, strong staining
was seen around all chondrocytes. In addition, in the youn-
ger animals a strong pericellular and interterritorial staining
in the superficial and transitional zone could be observed.
Collagen IX was present throughout the articular cartilage
in the 7-week-old animals (Fig. 2B). Both the ECM and peri-
cellular matrix were stained in all zones. In the 13-week-old
animals, collagen IX was confined to the ECM of the deep
zone and calcified cartilage. In the superficial and transi-
tional zone, collagen IX was slightly expressed in the pericel-
lular matrix. Moderate superficial and a strong pericellular
staining of COMP within the lower transitional and deep
zone was shown in the 7-week-old animals. In the 13-week-
old animals, COMP could be detected in the superficial,
upper transitional, and deep zone, whereas the lower transi-
tional zone remained unstained. In the superficial and upper
transitional zone, the staining was mainly pericellular. Matri-
lin-3 was detected in the ECM of the whole articular carti-
lage of the younger animals. In contrast, only the ECM of
the deep zone and calcified cartilage was stained in the 13-
week-old animals.

Histomorphometry

Mean femoral cartilage thickness and mean femoral COMP
staining height were significantly reduced in the 13-week-
old compared with the 7-week-old animals (thickness:
—24.5%, P < 0.001; COMP: —67.2%, P < 0.001) (Fig. 3A,B).
Additionally, the COMP height/cartilage thickness ratio was
significantly (—41.7%, P < 0.001) reduced in the 13-week-old
compared with the younger animals (Fig. 3C).

Immunoblotting

Proteins were sequentially extracted with neutral salt
buffer (fraction 1), high salt buffer with 10 mm EDTA
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Fig. 2 Representative immunohistochemical
staining of collagen I, collagen IX, COMP and
matrilin-3 in the distal mid-medial femoral
articular cartilage from 7- and 13-week-old
animals. (A) Cartilage surface stained with
collagen II. Magnification x20, inserts x200.
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(fraction Il), and 4 m GuHCI (fraction Ill). The amounts and
extractability of COMP were similar in both age groups,
with the largest amount of COMP being detected in frac-
tion Il (Fig. 4A). Matrilin-3 showed only good extractability
in fraction Ill and gave an obviously weaker (—19.4%) signal
in the 13-week-old compared with the 7-week-old animals
(Fig. 3A). Collagens were extracted by pepsin digestion of
the remaining pellets after GUHCI extraction. The total
amounts of the extracted collagen Il and collagen IX were
reduced (—23.4 and —24.0%) in the older compared with
the younger animals (Fig. 4B).

Magnification x200, inserts x400.

Mechanical testing

The mean tibial cartilage thickness of the 13-week-old animals
was significantly (—35.3%, P < 0.001) reduced compared with
the 7-week-old animals (Fig. 5A). The (compression) aggre-
gate modulus Hu obtained from the equilibrium stress—strain
curves at 10-20% strain was significantly (—31.6%, P = 0.041)
reduced in the 13-week-old animals compared with the youn-
ger animals (Fig. 5B). One tibia of the 7-week-old animals
showed abnormal structural defects and was therefore
excluded from the mechanical testing. The mean tibial carti-
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Fig. 3 Histomorphometry of cartilage thickness and COMP staining height in the distal mid-medial femoral articular cartilage. (A) Mean cartilage
thickness of 7-week-old (n = 11) and 13-week-old (n = 12) animals. Values are means = SD. (B) Mean COMP staining height of the 7-week-old
(n = 11) and 13-week-old (n = 12) animals. Values are means =+ SD. (C) COMP height/cartilage thickness ratio of the 7-week-old (n = 11) and
13-week-old (n = 12) animals. Values are means + SD. Significant differences are indicated: *P < 0.001.
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Fig. 4 Representative immunoblot of tibial articular cartilage extracts.

Proteins were sequentially extracted in Tris-buffered saline (TBS) (fraction 1),

TBS containing 10 mm EDTA (fraction Il) and 4 m GuHCI (fraction Ill). (A) Western blot analysis of fractions I, Il and Il were performed for COMP
and matrilin-3 of the 7- and 13-week-old animals. Bands of both COMP (fraction |, II, Ill separately) and matrilin-3 (fraction Ill) were used for quan-
tification. While COMP showed similar amounts in both age groups, a higher total amount of matrilin-3 was detected in the younger animals. (B)
Collagens were extracted by pepsin digestion. Specific bands of collagen Il (total) and collagen IX were evaluated quantitatively. Higher total
amounts were found for both collagen Il and IX in the younger animals. Values in (A) and (B) are means + SD (n = 2 samples each).
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Fig. 5 Mean cartilage thickness (A) and aggregate modulus (B) of
proximal tibial articular cartilage in the weight-bearing area from the
7-week-old (n = 11) and 13-week-old (n = 12) animals. Values are
means =+ SD. Significant differences are indicated: *P < 0.05.

lage thickness did not correlate with the aggregate modulus
(= 0.12, P = 0.10) (Fig. 7A).

Micro-CT analysis

The subchondral trabecular BV/TV and Tb.Th was signifi-
cantly (+23.5 and +28.1%, both P < 0.001) increased in the
13-week-old animals compared with the younger animals
(Fig. 6B). In addition, in Tb.N and Conn.D, significant
changes (P < 0.001-0.01) between the two age groups
could be detected, whereas no changes were found in Th.
Sp (Table 1). The subchondral Pl.Por was significantly
(—72.1%, P < 0.001) decreased and the PL.Th was signifi-
cantly (+81.1%, P < 0.001) increased in the 13-week-old ani-
mals compared with the younger animals (Fig. 6C). The
subchondral PL.Th and PI.Por were correlated with the mean
tibial cartilage thickness (Fig. 7B,C) and aggregate modulus
(Fig. 7D,E). PL.Th showed a negative correlation with the
cartilage thickness at 10-20% strain (r>= 0.68, P < 0.0001),
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whereas Pl.Por correlated positively with the cartilage thick-
ness at 10-20% strain (r>= 0.60, P < 0.0001). In contrast,
neither PL.Th nor Pl.Por showed any correlation with the
aggregate modulus.

Discussion

In the present study, we examined the effect of growth of
the cartilage-bone unit. To relate growth-related changes
in cartilage mechanical properties to changes in biochemical
composition and the subchondral bone structure, we per-
formed multiple analyses at different levels. Our results indi-
cate a high modelling activity during growth based on
changes in cartilage mechanical properties and biochemical
composition as well as subchondral bone structure. In artic-
ular cartilage a decrease in thickness as well as both changes
in localization and amounts of major ECM stabilizing pro-
teins such as collagen II, collagen IX and matrilin-3 were
detected accompanied by reduced mechanical properties.
The subchondral trabecular bone and subchondral plate
were found to condense with increasing age. Our
correlation analyses led us to speculate that cartilage
mechanical properties might not be influenced by these
growth-related alterations in subchondral bone structure.
As demonstrated by the significant increase in body mass,
femur length and wet mass, and according to Ellender et al.
(1988) the rats used in the present study were in a rapid
growth phase, reaching skeletal maturity at the age of
13 weeks. Our results confirmed the notion that articular
cartilage thickness decreases during growth (Brommer et al.
2005; Turnhout et al. 2010). It has been suggested that this
reduction in cartilage thickness is caused by an advance-
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Fig. 6 Micro-CT analysis of the subchondral bone in the weight-bearing area of the tibia. (A) Structural differences of the subchondral plate and
subchondral trabecular bone between the two age groups. (B) Bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) of the subchondral
trabecular bone of the 7-week-old (n = 12) and 13-week-old (n = 12) animals. Values are means + SD. (C) Plate porosity (Pl.Por) and plate thick-
ness (PI.Th) of the subchondral plate of the 7-week-old (n = 12) and 13-week-old (n = 12) animals. Values are means + SD. Significant differences

are indicated: *P < 0.001.

Table 1 Subchondral bone parameters from the 7- and 13-week-old
animals determined by micro-CT analysis in the weight-bearing area
of the medial tibial plateau.

7 weeks 13 weeks

(n=12) (n=12) Arel. (%)
BV/TV (%) 41.2 +£3.2 50.9 + 3.0** +23.5
Tb.Th (um) 72.0 £ 3.6 92.2 + 4.3** +28.1
Tb.N (1 mm™) 6.19 + 0.45 6.90 + 0.59* +11.5
Th.Sp (um) 142 + 14 133 + 14 -6.3
Conn.D (1 mm3) 347 + 47 263 £+ 47** —24.2
SMI —0.46 + 0.28 —-0.63 £ 0.33 +37.0
PLTh (um) 58.2 + 11.5 105.4 £ 10.1** +81.1
Pl.Por (%) 16.94 + 6.12 473 £ 1.21** —-72.1

BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.N,
trabecular number; Tb.Sp, trabecular separation; Conn.D, con-
nectivity density; SMI, structure model index; Pl.Th, plate thick-
ness; Pl.Por,%, plate porosity. Values are means =+ SD.
Significant at: *P < 0.01,**P < 0.001.

ment of the enchondral ossification front and the subse-
quent development of the subchondral bone (Marks & Her-
mey, 1996). This conclusion is corroborated by our
correlation analyses showing that cartilage thickness corre-
lates negatively with subchondral bone plate thickness
(r’ = 0.68, P < 0.0001) and positively with subchondral bone
plate porosity (r* = 0.60, P < 0.0001). It is interesting to note
that the percentage reduction of the mean cartilage thick-

nesses measured by histomorphometry (—24.5%) and nee-
dle indentation testing (—35.3%) were similar in relation to
the amounts of collagen Il evaluated by immunoblots
(—23.4%). This is likely due to the fact that collagen Il is the
major cartilage constituent that exists in all zones, as dem-
onstrated in our immunohistochemical stainings indepen-
dent of the age of the animals analyzed. Due to the
uniform staining pattern of collagen Il in cartilage of both
age groups, it is difficult to estimate the amount in the
respective cartilage zone. We cannot say whether collagen Ii
is substantially redistributed within the cartilage during
growth and speculate that the reduction in collagen I
determined by our immunoblots is mainly due to the reduc-
tion in cartilage thickness.

Further analyses of tibial cartilage extracts by immuno-
blots revealed that the expression of other structural matrix
proteins such as matrilin-3 and collagen IX also decreased
with age. Absence of matrilin-3 was shown to reduce chon-
drocyte differentiation during embryonic development and
accounts for a higher incidence of osteoarthritis during age-
ing (van der Weyden et al. 2006). Moreover, a certain
amount of matrilin-3 seems to be essential for an optimal
activation of chondrocytes by mechanical signals, illustrat-
ing its significance especially with regard to mechanical
adaptation (Kanbe et al. 2007). In our study, the amount of
matrilin-3 decreased (—19.4%) during growth as demon-
strated by both immunoblots and immunohistochemistry.
Due to the reduction in cartilage thickness and the loss of
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staining of matrilin-3 in the superficial and transitional zone
in the older animals, a more pronounced reduction in the
immunoblots was expected. This apparent contradiction
could be explained by a concomitant redistribution of ma-
trilin-3 to the deeper zones and calcified cartilage. Never-
theless, our results confirm that matrilin-3 has a less
important role in the functional maintenance of differenti-
ated cartilage, as speculated by Klatt et al. (2000). Similar to
our observations Klatt et al. (2002) reported in a follow-up
study that deposition of matrilin-3 at the articular surface is
not as pronounced as in the deeper cartilage layers in late
development.

The total amount of COMP determined by immunoblots
remained largely unaffected from the developmental stage.
In contrast to this, immunohistochemical analyses of femo-
ral cartilage showed a massive reduction in COMP staining
height (—67.2%) during growth. In rapidly growing rats, a
moderate superficial and a pericellular staining of the lower
transitional and deep zone could be observed, whereas
with ageing the presence of COMP is restricted mainly to a
pericellular staining in the superficial and upper transitional
zone and a slight staining in the deep zone. The profound
redistribution and perhaps re-expression of COMP in dis-
tinct zones might compensate for the expected reduction
due to decreased cartilage thickness during ageing. As a
consequence, the total extractable amount of COMP re-
mains rather unchanged. Our findings are in accordance
with earlier studies showing that COMP expression is
decreased in early developing rat femoral head cartilage
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(Shen et al. 1995). Shen et al. (1995) proposed that COMP
may be involved in regulating cell growth and proliferation,
important events in the growing cartilage. Further, one can
speculate that COMP plays a specific role during rat carti-
lage development, as it has been reported to regulate colla-
gen fibrillogenesis (Halasz et al. 2007). This does not solely
underline its importance and high occurrence during
growth but may explain its reactivation during degenera-
tive cartilage diseases suggesting an important function in
tissue repair (Koelling et al. 2006).

Collagen IX is thought to be involved in maintaining the
structural integrity of the ECM (Cremer et al. 1998; Blaschke
et al. 2000) due to its bridging function between fibrillar
collagens and other ECM components. Lack of collagen IX
resulted in age-related OA-like changes in mice knee joint
articular cartilage (Fassler et al. 1994; Hu et al. 2006) sug-
gesting an important role in fibrillar network stabilization
and organization (Eikenberry & Bruckner, 1999). In our
study, in healthy growing rats collagen IX expression and
amount decreased (—24.0%) with increasing age, with
minor changes and/or degradation in collagen IX localiza-
tion as visualized in our immunohistochemical stainings.
Besides the reduction in cartilage thickness, the fact that
collagen IX has been shown to form covalent cross-links
with collagen Il (Eyre et al. 2004) could explain its lower lev-
els. Interestingly, collagen IX has been associated with the
regulation of the collagen fibril diameter (Hagg et al. 1998)
and it is known that the fibril diameter in mouse cartilage
changes with age (Hagg et al. 1997). This could explain a



256 Growth-related properties of the bone—cartilage unit, N. Hamann et al.

differential expression and/or localization also in cartilage
of growing rats. Moreover, collagen IX is suggested to be
one of the most important binding partners of matrilin-3
(Budde et al. 2005) and COMP (Thur et al. 2001) for connec-
ting with fibrillar collagens. Therefore, the marked decrease
in expression and the strong redistribution of matrilin-3 as
well as of COMP could be related to the reduction in colla-
gen IX. One can speculate that, similar to matrilin-3 and
COMP, the existence and localization of collagen IX is
strongly related to the developmental stage of articular
cartilage. The distribution of collagen IX expression showed
less obvious alterations between the two age groups,
confirming its important role as a fibril-stabilizing and
-organizing component (Eikenberry & Bruckner, 1999), not
only in the rapid-growth phase. However, the cartilage
ECM is a complex alloy of a considerable number of pro-
teins that are organized in a dense and highly organized
network and subjected to enormous alterations during
development. The role and function of the different pro-
teins analyzed in our study seem to be very complex but
highly interconnected. Some of the investigated proteins
seem to undergo redistribution, some degradation.

The mechanical properties of articular cartilage depend
on its biochemical composition, ultrastructural organization
(Armstrong & Mow, 1982; Jurvelin et al. 1988) and are
related to its experienced mechanical loading (Brama et al.
1999; Helminen et al. 2000). The aggregate modulus of
adult cartilage has been positively correlated with proteo-
glycan content (Mow et al. 2005) but also with collagen
content (Sah et al. 1996). Interestingly, growth decreased
the aggregate modulus (compressive modulus) in our study.
This is contrary to previous studies in which bovine cartilage
aggregate modulus was found to increase with increasing
stage of development (fetal, calf, adult) (Williamson et al.
2001). This finding was explained by the higher collagen
content found in older cartilage and is in agreement with
other studies analyzing the collagen content in bovine carti-
lage explants (Pal et al. 1981; Sah et al. 1994). In accordance
with earlier studies (Williamson et al. 2001; Kiviranta et al.
2006), we speculate that collagen does not solely determine
cartilage tensile properties and strength, but also essentially
influences the compressive properties of articular cartilage.
In our study, increasing age decreased the collagen content,
which would explain the reduced compressive properties. In
accordance with this, Julkunen et al. (2009) further demon-
strated that the mechanical properties of articular cartilage
do not follow a linear increase during development, indi-
cating that they are highly dependent on the developmen-
tal stage and the time at which they are investigated.
Moreover, it should be taken into account that the regions
analyzed in the study of Williamson et al. (2001) are differ-
ent from the regions analyzed in our study. Articular carti-
lage has been shown to vary in its composition and
mechanical properties between anatomical sites (Froimson
et al. 1997) depending on the local mechanical loads.

Whereas Williamson et al. (2001) used patellofemoral
groove and femoral condyle cartilage, we analyzed tibial
cartilage, which is likely to differ in its composition and
therefore mechanical properties.

The characterization of growth-related variations in
articular cartilage compressive properties and biochemical
composition provides a first insight into the complexity
of cartilage development. Our results revealed no strong
correlation between the aggregate modulus and carti-
lage thickness (r*=0.12, P =0.10), suggesting that carti-
lage quality determined by its organization and
composition influences the mechanical performance
rather than thickness itself. Moreover, the degradation
or redistribution of several other important matrix pro-
teins, such as matrilin-3, COMP and collagen IX, supports
the assumption that alterations in the matrix composi-
tion cause changes in and determine mechanical proper-
ties. Unfortunately, there is no study available that has
systemically assessed the relationship between cartilage com-
position and mechanical properties of rat articular cartilage
during development. Nevertheless, our calculated aggregate
moduli are in good agreement with the values for rat femo-
ral cartilage during ageing ranging from 0.35 to 0.53 MPa
(Wang et al. 2006). It should be noted that besides the pro-
teins analyzed in our study, a variety of other ECM compo-
nents might contribute to the cartilage mechanical integrity
and function.

It has been speculated that the mechanical competence
of articular cartilage is also modulated by the underlying
subchondral bone. Several studies investigated how sub-
chondral bone alterations are related to osteoarthritic carti-
lage. Thereby, loss of thickness and increased porosity in
the subchondral plate in early stages of osteoarthritis, fol-
lowed by a plate thickening at later phase, could be dem-
onstrated (Dedrick et al. 1993; Botter et al. 2006; Sniekers
et al. 2008). This might be related to increased stiffness,
making the bone less deformable to vulnerable loads
(Radin & Rose, 1986). Thus, it can be assumed that health
and integrity of the overlying articular cartilage depends on
the mechanical properties of its bony bed. Early training
was shown to induce conflicting results regarding subchon-
dral bone changes in horses (Boyde & Firth, 2005; Muir
et al. 2006). However, growth-related habitual subchondral
bone changes are insufficiently described and understood.
In our study, both subchondral trabecular and plate param-
eters increased. This indicates that condensation of the sub-
chondral bone does not solely occur during degenerative
cartilage diseases, but also reflects a physiological process
during development. In other studies, it was found that
increasing bone volume fraction in association with mild
cartilage damage was not accompanied by an increase in
stiffness (Day et al. 2001). This indicates that the relation-
ship between stiffness and volume fraction can be dis-
rupted and is not clearly correlated, making changes in
subchondral bone structure and microarchitecture difficult
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to interpret. Unfortunately, mechanical testing of the sub-
chondral bone could not be performed in our study.

Although it appears that growth decreased cartilage
aggregate modulus with condensing of the underlying sub-
chondral bone in our study, correlation analyses revealed
no association between these parameters. This could indi-
cate that growth-related condensation of subchondral plate
structure did not influence cartilage compressive properties,
but this needs to be elucidated further. Future studies
should therefore focus on quantifying and connecting sub-
chondral mechanical properties with cartilage mechanical
properties to understand the synergistic effects of the bone
—cartilage unit during growth.

We provide one of the most profound studies available
to date investigating the influence of growth on subchon-
dral bone and its overlying articular cartilage simulta-
neously; however, there are a few limitations. Due to
differences in cartilage morphology, biochemical composi-
tion and mechanical properties between different articulat-
ing surfaces, tibial cartilage may develop differently from
femoral cartilage, making a direct comparison of them diffi-
cult. However, tibial cartilage was chosen for mechanical
testing and immunoblot analyses due to its less curved sur-
face in contrast to femoral cartilage, which allows a more
precise positioning of the indenter as well as a more accu-
rate separation of the cartilage from the underlying bone,
respectively. Moreover, in a sample as small as the rat tibial
plateau, the determination of the cartilage thickness of
the entire tibial plateau as well as of the cartilage tissue vol-
ume is methodologically challenging. Therefore, the sample
loading for the immunoblots performed in the present
study was not normalized and complete extracts from
two independent samples per treatment were quantified.
Although clear differences in extractable amounts were
detected for three out of four proteins, conclusions that
can be drawn are limited unless additional data using inde-
pendent methods confirm these changes. However, to the
best of our knowledge, our study is the first to investigate
the influence of growth on cartilage morphology, biochem-
ical composition and mechanical properties, as well as on
the structure of subchondral bone in such a systematic and
integrative manner.

In conclusion, the present study relates for the first time
growth-related changes in cartilage mechanical properties
to changes in cartilage major network proteins as well as
to changes in subchondral bone structure. A high model-
ling activity of both structures comprising the bone-
cartilage unit could be demonstrated. Growth decreased
cartilage thickness by a subsequent functional condensa-
tion of the underlying subchondral bone due to enchon-
dral ossification. Cartilage mechanical properties seem to
be influenced by growth-related changes in the assembly
of major ECM stabilizing proteins such as collagen I, colla-
gen IX and matrilin-3 rather than by the growth-related
alterations in subchondral bone structure. The present
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study provides a first insight into the growth-related struc-
tural, biochemical and mechanical interaction of articular
cartilage with subchondral bone. Finally, these data con-
tribute to the general knowledge about the cooperation
between the articular cartilage and subchondral bone.
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