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Effects of growth and exercise on composition,
structural maturation and appearance of osteoarthritis
in articular cartilage of hamsters
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Abstract

Articular cartilage composition and structure are maintained and remodeled by chondrocytes under the influ-
ence of loading. Exercise-induced changes in the composition, structure, mechanical properties and tissue integ-
rity of growing and aging hamster articular cartilage were investigated. Articular cartilage samples (n = 191)
were harvested from the proximal tibiae of hamsters aged 1, 3, 6, 12 and 15 months. The hamsters were
divided into runners and controls. The runners had free access to a running wheel between 1 and 3 months
(runner groups 3-, 12- and 15-month-old hamsters) or 1 and 6 months (runner group 6-month-old hamsters) of
age. Control animals were subjected to a sedentary lifestyle. Mechanical indentation tests and depth-wise com-
positional and structural analyses were performed for the cartilage samples. Furthermore, the integrity of artic-
ular cartilage was assessed using histological osteoarthritis grading. Exercise affected the collagen network
organization after a 5-month exercise period, especially in the middle and deep zones. However, no effect on
the mechanical properties was detected after exercise. Before the age of 12 months, the runners showed less
osteoarthritis than the controls, whereas at 15 months of age the situation was reversed. It is concluded that,
in hamsters, physical exercise at a young age enhances cartilage maturation and alters the depth-wise cartilage
structure and composition. This may be considered beneficial. However, exercise at a young age demonstrated
adverse effects on cartilage at a later age with a significant increase in the incidence of osteoarthritis.
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and function of articular cartilage are seriously jeopardized
by the degenerative joint disease, osteoarthritis (OA)

Introduction

The mechanical function of articular cartilage is determined
by the organization and distribution of the collagen fibril
network, proteoglycans (PGs) and interstitial water (Parsons
& Black, 1987; Soltz & Ateshian, 1998; Wayne et al. 2003).
Articular cartilage is repeatedly subjected to high impact
forces during daily locomotion. The articulating joint sur-
faces are protected from potentially harmful excessive stres-
ses by their exceptional mechanical properties. The integrity
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(Buckwalter & Martin, 1995). Minor changes in tissue integ-
rity have been reported to alter tissue mechanical proper-
ties (Saarakkala et al. 2003). The mechanical properties of
cartilage become inferior and the tissue may not be capable
of bearing normal weights, transmitting forces and absorb-
ing shocks over the articular surfaces as the OA progresses.
This makes the tissue susceptible to further damage and
may result in the advancement of OA. As a consequence,
joint function deteriorates and mobility decreases (Buckw-
alter & Martin, 1995).

The composition of articular cartilage is heterogeneous
over tissue depth with a high fraction of water and low
concentration of PGs in the superficial zone; the water
fraction decreases, whereas the PG content increases
towards the deep cartilage zone (Linn & Sokoloff, 1965;
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Jones etal. 1977; Shapiro etal. 2001). The PGs are
entrapped within the collagen fibril network that exhibits a
characteristic depth-dependent architecture. The postnatal
collagen network lacks the organized collagen structure,
and the characteristic collagen network develops over a
long period of time during skeletal maturation (Grunder,
2006; Hunziker et al. 2007; Julkunen et al. 2009; Rieppo
et al. 2009). It has been proposed that the maturation of
the articular cartilage collagen network is guided by the
external loading conditions or results of physical exercise
(Helminen et al. 2000; Grunder, 2006; Hunziker et al. 2007;
Brama et al. 2009a). Several recent studies have supported
these speculations in different animal models (Grunder,
2006; Hunziker et al. 2007; Brama et al. 2009a; Hyttinen
et al. 2009; Julkunen et al. 2009; Rieppo et al. 2009). The
postnatal collagen network is gradually reassembled from
an unorganized structure into a highly organized collagen
network. The maturation process takes a long time and
multiple phenotypes of cartilage can be seen (e.g. unorga-
nized cartilage, preferential collagen fibril direction parallel
to the cartilage surface, multiple laminar structures and
finally a classical Benninghoff-type trilaminar cartilage)
(Benninghoff, 1925; Helminen et al. 2000; Hyttinen et al.
2001; Grunder, 2006; Hunziker et al. 2007; Brama et al.
2009a; Julkunen et al. 2009; Rieppo et al. 2009). The articu-
lar cartilage composition changes in parallel with the struc-
tural changes, and it has been shown that the biochemical
composition changes during tissue maturation (Williamson
et al. 2001; Klein et al. 2007; Julkunen et al. 2009). The col-
lagen content increases especially in the deep tissue and
the amount of PGs increases simultaneously (Klein et al.
2007; Julkunen et al. 2009; Rieppo et al. 2009). At an early
age the articular cartilage demonstrates a rather homoge-
neous composition and structure, indicating that fibril net-
work adaptation to loading and growth has not yet taken
place (Grunder, 2006; Julkunen et al. 2009). The mature
structure of articular cartilage may result from the division
and activity of the superficial zone stem cells with the
concomitant production of extracellular matrix molecules,
PGs and collagen, with simultaneous tissue resorption and
structural neoformation deeper in the tissue (Grunder,
2006; Hunziker et al. 2007). At this stage, the cartilage
matrix turnover is still high. In adult articular cartilage, the
biomechanical properties, together with the tissue composi-
tion and structure of the collagen network, vary topo-
graphically over different joint surfaces (Grunder, 2006;
Brama et al. 2009b; Julkunen et al. 2009). It is known that,
in mature cartilage, the matrix turnover is low, collagen
turnover being much slower than the turnover of PGs
(Maroudas, 1980; Bank et al. 1998; Helminen et al. 2000).

It has been shown that joint loading induces specific
changes in the collagen network architecture by increasing
the parallelism of collagen fibrils and affecting the depth-
wise fibril orientation (Brama et al. 2009a). In particular,
changes in the superficial collagen network have been
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reported (Hyttinen et al. 2001). The modification of carti-
lage composition on account of exercise could protect the
joint from OA during later periods of life (Otterness et al.
1998; Helminen et al. 2000). Furthermore, it has been sug-
gested that early exercise would advance the maturation of
the PGs and collagen (Sédmanen et al. 1987; van Weeren
et al. 2008). Life-long moderate, although enforced, run-
ning of mice has been shown to increase the incidence and
severity of OA (Lapvetelainen et al. 1995).

The aim of the present study was to assess the mechani-
cal, compositional and structural changes that would be
induced by physical exercise in hamster articular cartilage,
and to distinguish them from changes resulting from
growth and maturation. Furthermore, we assessed whether
the observed exercise-induced changes are long-lasting or
transient. In addition, we aimed to evaluate whether the
exercise is beneficial for articular cartilage integrity in older
age. We hypothesized that voluntary physical exercise in
the running wheel at a young age improves tissue proper-
ties, and strengthens the collagen network, improving the
tissue resistance against osteoarthritic degeneration later in
life (Helminen et al. 2000).

Materials and methods

Samples

Female Syrian golden hamsters (purchased from Harlan, The
Netherlands) were used (n = 191). The animals were kept in indi-
vidual cages (365 mm length x 207 mm width x 140 mm height).
Half of the cages had running wheels. The development of artic-
ular cartilage was examined in specimens of the tibial medial pla-
teaus, at the ages of 1, 3, 6, 12 and 15 months, from sedentary
hamsters and from hamsters that had access to running wheels
from 1 to 3 months or from 1 to 6 months of age (Fig. 1). The
activity of the runner animals on the running wheel was recorded
with infrared sensors connected to a computer (Lapveteldinen
et al. 1997). The daily and total running distances of the runners
from 1 to 3 months were 13.2 + 2.3 km day‘1 and 832 + 160 km,
respectively, whereas the distances of the animals running from 1
to 6 months of age were 12.2 + 1.0 km day~' and 1886 + 155 km,
respectively. Sedentary control animals had no access to running
wheels and were not subjected to any high-speed or high-force
work; however, they were allowed to move freely in their cages.
The animals were weighed at 1 month of age, then monthly, and
at killing. The hamster were made to sleep with carbon dioxide
inhalation and then killed by cervical dislocation. Permission to
conduct the experiments was obtained from the Animal Care and
Use Committee of the University of Eastern Finland, Kuopio,
Finland. The samples from the right tibial medial plateaus were
prepared for microscopic and spectroscopic analyses, and those
from the left tibial medial plateaus were prepared for mechanical
testing.

Mechanical moduli

The intact left medial tibial condyles, also including the underly-
ing bone, were prepared by cleaning the surface and adjusting
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Fig. 1 Duration of physical exercise of the hamsters in different age-
groups. Control hamster groups are indicated with fully gray bars,
whereas the black bars indicate the time and duration of the access
of hamsters to running wheels. The number of animals in each group
is presented next to the bars.

the articular surface perpendicular to the indenter at the con-
tact site on the medial plateau. The samples underwent
mechanical indentation under stress relaxation in four steps
(step-wise strain of 7% from the prevailing sample thickness).
An impermeable, plane-ended indenter with a diameter of
0.210 mm was used. A mechanical testing device equipped with
a precision motion controller (PM500-C, Newport, Irvine, CA,
USA) and a 50-g load-cell (resolution 0.01 g, Sensotec, Colum-
bus, OH, USA) was used to perform the mechanical testing.
Before the experiments, the samples were equilibrated under
0.15 g preload. Instantaneous loading was conducted with a
ramp compression rate of 10 mm s™' and the relaxation time
after each compression was 300 s. The thickness of the uncalci-
fied cartilage of the samples was measured by using the needle
technique (Morpho Insect Pins, 000/0.25 mm) (Hoch et al. 1983;
Jurvelin et al. 1995).

From the mechanical test, the isotropic equilibrium modulus
was determined using the equilibrium points of each step-relax-
ation, whereas the instantaneous modulus was determined
using the ramp response at the second step-compression. The
modulus values were calculated using Hayes’' solution (Hayes
et al. 1972), which accounts for the indenter diameter and
shape, as well as the sample thickness and Poisson’s ratio. Pois-
son’s ratios of 0.15 and 0.5 were assumed when calculating the
equilibrium and instantaneous modulus, respectively (Mak et al.
1987; Jurvelin et al. 1997).

Proteoglycan content distribution

Digital densitometry was used for the semiquantitative determi-
nation of spatial PG content (assessed by optical density) (Kivi-
ranta et al. 1985). Microscopic sections (3 um thick) were cut, at
right angles with the cartilage surface, from formalin-fixed and
paraffin-embedded cartilage specimens and stained with Safra-
nin O. Paraffin was dissolved with xylene from the sections prior
to staining. Five parallel sections for each cartilage sample were

analyzed, averaged and normalized with the pixel area. In the
depth-wise analysis, samples were investigated in 100 layers.
Detailed descriptions of the densitometry technique and Safra-
nin O staining were published previously (Kiviranta et al. 1985;
Kiraly et al. 1996).

Collagen orientation and parallelism index

The depth-wise collagen fibril orientation and parallelism index
(P1) from the samples described above were analyzed with the
enhanced polarized light microscopy system (Ortholux Il POL,
Leitz Wetzlar, Wetzlar, Germany) using 7-um-thick unstained
sections. The enhanced polarized light microscopy data were
measured by capturing a series of eight background corrected
images (0°, 15°, 30°, 45°, 60°, 75°, 90° and 90° + phase shifter).
Crossed polarizers were rotated between images and the light
intensity was measured with a charged coupled device camera
for each pixel separately. Images were used for the calculation
of collagen network parallelism and orientation as described
earlier (Rieppo et al. 2008). Multiple sections were measured for
each specimen and the measurements were averaged before
the final calculations. Subsequently, image pixels were horizon-
tally averaged to obtain depth-wise collagen orientation pro-
files. The PI characterizes the degree of collagen fibril
parallelism. A high Pl at a specific pixel indicates that a majority
of the collagen fibrils in the pixel run in the same direction.
Correspondingly, a low PI represents tissue with more randomly
arranged collagen fibrils. The orientation angle of collagen
fibrils was defined as the angle between the joint surface and
the measured average length-wise orientation of collagen
fibrils. In the depth-wise analysis, the samples were investigated
in 100 equally thick layers. A detailed description of the tech-
nique for the image analysis of the collagen Pl and orientation
in cartilage was published previously (Rieppo et al. 2008).

Collagen content distribution

For the evaluation of collagen content, microscopic unstained
5-um-thick sections were prepared for Fourier transform infra-
red (FTIR) imaging spectroscopy measurements. Sections were
placed on BaF, windows for the measurements. Measurements
were conducted using the Spectrum Spotlight 300 imaging sys-
tem (Perkin Elmer, Shelton, CO, USA). The spatial pixel resolu-
tion was 6.25 um, spectral resolution was set to 8 cm™', and a
spectral region of 670-2000 cm™' was investigated. The depth-
wise collagen content of the samples was evaluated in 100
layers by measuring the integrated absorbance of the amide |
peak (1585-1720 cm™") from the infrared absorption spectrum
(Camacho etal. 2001; Boskey & Pleshko Camacho, 2007;
Saarakkala et al. 2010).

Tissue integrity

Histological grading was used to determine the tissue integrity
and OA. Grading was performed in a blind manner by two
authors. The five grades (Grades 0-4) were as follows (Lap-
veteldinen et al. 1995). Grade 0: the cartilage was intact and
articular surfaces were smooth. Grade 1: superficial fibrillation
was detected. Grade 2: lesion extending into the deep zone was
detected. Grade 3: lesion surpassing the tidemark and affecting
the calcified cartilage was detected. Further, the loss of cells in
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the superficial zone and formation of clones in the deep zone
were observed. Grade 4: no cartilage tissue was left between
the two adjacent bone ends. Therefore, no mechanical or com-
positional analyses were performed on samples with Grade 4
OA.

Statistical analyses

Age-dependent changes in the depth-wise composition and
structure as well as mechanical parameters, tissue thickness and
animal weight gain were analyzed using one-way anova with
least significant difference adjustment between the consecutive
age-groups. This was performed separately for the runner and
control groups, with the exception that the 3-month age-group
was compared with both the 6-month and 12-month age-
groups. However, due to differences in the exercise duration,
the 6-month age-group was not compared with the 12-month
age-group (Fig. 1). Exercise- and maturation-induced changes in
tissue integrity (OA grade) were tested using a Mann-Whitney
U-test. Statistical analyses for mechanical tests, tissue thickness
and animal weights were performed with SPSS (version 16, SPSS
Inc., Chicago, IL, USA). The mechanical properties, tissue thick-
ness and animal weight-gain were presented as mean + SD. The
threshold level for statistical significance was set to P < 0.05.
The structural and compositional profiles were analyzed
depth-wise, and the profiles were resampled to 100 depth-wise
points over the tissue thickness. The absolute tissue depth used
in the comparisons was dependent on the individual thickness
of the sample in question. The statistical significance of the dif-
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ferences in the depth-wise profiles between the groups was
interpreted and presented using the 95% confidence intervals
for the differences. The difference between the groups was
interpreted as significant (P < 0.05) if the confidence interval
did not cross zero difference. The depth-wise comparisons were
conducted with Matlab (version 2007b, MathWorks Inc., Natick,
MA, USA).

Results

Thickness, weight gain and mechanical properties

No significant changes were observed in the mechanical
properties between the controls and runners at any
time-point. The instantaneous modulus displayed the high-
est values (P < 0.05) at the age of 3 months, whereas the
equilibrium modulus reached the values of the more
mature animals at this time-point (Fig. 2A,B). The instanta-
neous modulus reached the value of adult animals at
6 months of age (Fig. 2B). With growth and maturation,
the tissue thickness decreased significantly (P < 0.05) and
continued to become thinner up to the age of 12 months
(Fig. 20). Overall, the tissue thickness was only slightly
affected by the physical exercise. However, at 15 months of
age, the cartilage thickness of the runners was significantly
greater (P < 0.05) than that of the controls. The weight gain
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Fig. 2 Mechanical (equilibrium and instant) moduli (A,B), cartilage thickness (C) and weight gain (D) as a function of age. Group-wise mean + SD
values are presented. White and black stars denote significant (P < 0.05) differences between the controls (O) and runners (e) of consecutive
groups, respectively. Gray stars indicate a significant (P < 0.05) difference between the controls and runners within a certain age-group. Note that

the age-scale is not linear.
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of the animals during growth and maturation was signifi-
cantly (P < 0.05) higher in the runners than in the controls
(Fig. 2D). However, the weight difference disappeared after
the exercise training had ended, and no significant differ-
ence was observed at the age of 15 months between the
runners and controls. A significant decrease in weight
(P < 0.05) was recorded at the age of 15 months in the
runners.

Proteoglycan content

Between the ages of 1 and 3 months, the PG content of
articular cartilage increased significantly (P < 0.01) over
almost the entire depth of the tissue in both the runner
and control groups (Figs 3A and 4A). The PG content was
observed to decrease significantly (P < 0.05) in the deep
zone between the ages of 3 and 6 months in both groups
(Fig. 4B). In the control group, a significant (P < 0.05)
decrease was observed in the PG content in the deep zone
between the ages of 3 and 12 months (Fig. 4C), whereas a
clear decrease (P < 0.05) was observed in the PG content
between the ages of 12 and 15 months over the entire tis-
sue depth (Fig. 4D). Only a slight, but significant (P < 0.05),
decrease in the PG content was observed above the deep
zone of the control group between the ages of 12 and
15 months. Within the age-groups, only minor differences
were observed between the runners and controls. Signifi-
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cant (P < 0.05) differences between these groups were
observed in the superficial zone at the age of 3 and
6 months, and in the deep zone at the age of 12 months
(Fig. 4E-H).

Collagen fibril orientation and parallelism index

The PI of both runners and controls increased significantly
(P <0.05) in the deep zone and decreased significantly
(P < 0.05) in the middle zone between the ages of 1 and
3 months (Figs 3B and 5A). Between 3 and 12 months, the
Pl decreased (P < 0.05) at and below the middle zone of the
runners and controls (Fig. 5C). Between the ages of 12 and
15 months, the Pl decreased (P < 0.05) in the superficial and
middle zones of both the controls and runners, whereas in
the upper deep zone an increase (P < 0.05) in the Pl was
observed in the controls (Fig. 5D).

Significant effects of physical exercise were observed in
the PI from the age of 6 to 15 months (Fig. 5F-H). No signif-
icant exercise-induced differences were observed at the age
of 3 months (Fig. 5E). At the age of 6 months, when the
runners had run for 5 months, i.e. 3 months more than in
the other runner groups, the Pl was significantly (P < 0.05)
higher in the upper deep zone of the runners and signifi-
cantly (P < 0.05) lower in the middle zone (Fig. 5F). How-
ever, in the 12-month-old runners, the Pl was significantly
(P < 0.05) higher in the middle zone only (Fig. 5G).

(degrees)

Collagen fibril orientation

Distance from articular surface 8> HM

70
60 o
50 :
40
30
20

Amide | content (A.U.)

10
0 um

Distance from articular surface 8> MM

Fig. 3 Depth-wise profiles for proteoglycan content (A), quantified as optical density, parallelism index (B), collagen fibril orientation angle (C) and
amide | content (D), are presented as group-wise mean profiles for different age-groups, and separately for the sedentary controls and runners.
Statistical comparison of the depth-wise profiles between the groups is presented in Figs 4-7. A.U., absorption unit.
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12-month age-group is not compared with the 6-month age-group, but with the 3-month age-group with similar exercise mode. A.U., absorption
unit. The differences in each panel should be interpreted according to the title of the panel, e.g. the content at 1 month of age minus the

content at 3 months of age (A).

Between the ages of 1 and 3 months, in both the controls
and runners, the collagen fibrils oriented more perpendicu-
larly to the surface in the middle zone (P < 0.05, Figs 3C
and 6A). Between the ages of 3 and 6 months, no signifi-
cant differences were observed in the collagen orientation
angle of the runners (Fig. 6B), whereas a significant
(P < 0.05) reorientation towards a more parallel-to-surface
orientation was observed in the superficial and middle
zones of the controls. Between the ages of 3 and
12 months, the fibril orientation became more perpendicu-
lar to the surface below the superficial zone of the controls

© 2010 The Authors

(P < 0.05) and no significant changes were observed in the
runners (Fig. 6C). From 12 to 15 months of age, the colla-
gen fibril orientation became significantly (P < 0.05) more
perpendicular to the surface in the superficial zone
(Fig. 6D).

Although running exercise had a negligible effect on the
collagen fibril orientation at 3 months of age (Fig. 6E), at
6 months of age the fibril orientation was more perpendic-
ular to the surface in the middle zone of the runners
(P < 0.05, Fig. 6F). Furthermore, the collagen fibril orienta-
tion of the running hamsters was significantly (P < 0.05)
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the title of the panel, e.g. the Pl at 1 month of age minus the Pl at 3 months of age (A).

more perpendicular to the surface in the superficial zone at
the age of 15 months compared with the sedentary ham-
sters (Fig. 6H).

Collagen content

Between the ages of 1 and 3 months, the collagen content
in the control animals increased over the entire tissue depth
(P < 0.05), whereas, in the runners, a significant (P < 0.05)
increase in collagen content was observed only in the mid-
dle zone (Figs 3D and 7A). Between the ages of 3 and

12 months, a clear increase (P < 0.05) in collagen content
was observed in both groups (Fig. 7B). The controls had a
significantly (P < 0.05) higher collagen content in the super-
ficial and deep zones (Fig. 7C) compared with the runners
in the 3-month-old age-group.

Tissue degradation

When comparing the OA grading of the different age-
groups, as well as the effect of physical exercise on the OA
grade, it was observed that the OA grades overall became
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Fig. 6 Maturation-dependent changes in the collagen fibril orientation are presented as 95% confidence intervals (Cls) of the difference between
consecutive age-groups for both the control and runner groups (A-D). Similarly, the exercise-dependent differences between the controls and
runners are presented between ages (E-H). The Cls are presented as a function of tissue depth. The maximum distance from the articular surface
depends on the thickness of the specimen within the compared groups. A difference below the value of 0 indicates that the older age-group
(A-D) or runner group (E-H) has more collagen fibrils with a perpendicular-to-surface orientation. Due to differences in the exercise modes, the
12-month age-group is not compared with the 6-month age-group, but with the 3-month age-group with similar exercise mode. The differences
in each panel should be interpreted according to the title of the panel, e.g. the orientation angle at 1 month of age minus the orientation angle

at 3 months of age (A).

higher with age (Fig. 8). In the 15-month-old hamsters, the
runners exhibited significantly higher (P < 0.05) OA grades
(Fig. 8), even though in the younger groups runners
showed a trend to less OA.

Discussion

Growth, maturation and aging of the hamsters, as well as
physical exercise, were able to bring about significant
alterations in the structure and properties of articular
cartilage. For example, an effect of physical exercise on

© 2010 The Authors

the weight gain and cartilage thickness at the age of
15 months was demonstrated up until 12 months after the
exercise had ended. The mechanical properties of the
full-thickness articular cartilage specimens did not seem to
be affected by the voluntary physical exercise. However,
when the samples were analysed spatially throughout the
cartilage depth, significant changes in the cartilage
structure and composition were observed to have been
induced by the physical exercise. Some of these changes
were immediate, whereas some appeared gradually
with time.
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Fig. 7 Maturation-dependent changes in the collagen content, as
quantified by FTIR-derived amide | content, are presented as 95%
confidence intervals (Cls) of the difference between consecutive age-
groups [1 month and 3 months (A), and 3 months and 12 months (B)]
for both the control and runner groups. Similarly, the exercise-
dependent differences between the controls and runners are
presented at the age of 3 months (C). The Cls are presented as a
function of tissue depth. A difference below the value of 0 indicates
that the older age-group (A,B) or runner group (C) has the higher
collagen content. Due to differences in the exercise modes, the 12-
month age-group is not compared with the 6-month age-group, but
with the 3-month age-group with similar exercise mode. A.U.,
absorption unit. The differences in each panel should be interpreted
according to the title of the panel, e.g. the content at 1 month of age
minus the content at 3 months of age (A).

In particular, the properties of the superficial zone, mid-
dle zone and the upper part of the deep zone displayed
major alterations during growth, aging and physical exer-
cise (Fig. 3). We found that the surface PG content was sig-
nificantly (P < 0.05) lower in the runners than in the
controls after the 5-month exercise period at the age of
6 months (Fig. 4F). A similar, but non-significant, trend was
observed at the age of 3 months after a 2-month exercise
period (Fig. 4E). Similar findings have been reported at the
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Fig. 8 Osteoarthritis (OA) grading in different age-groups and
separately in running and control groups. Percentage of each OA
grade (0-4) of all samples within each group is presented.
Furthermore, significant differences between the overall OA grades
within the groups are indicated above the bar-plot.

same joint site in beagle dogs after strenuous running exer-
cise (Kiviranta et al. 1992; Arokoski et al. 1993). A decrease
in the surface PG content has commonly been associated
with a deterioration of tissue characteristics in OA. How-
ever, the decrease could actually be the result of the adap-
tation of tissue properties to altered functional demands
and this may explain some of the findings of the present
study. Physical exercise was previously demonstrated to
enhance the maturation and aging of the PG matrix of rab-
bit articular cartilage (Sddmanen et al. 1987). In the present
study, the hamsters were active runners, covering a distance
of on average more than 12 km day™' on the running
wheel.

Importantly, the collagen architecture was modified sig-
nificantly by the long-term exercise, as was observed in the
6-month age-group (Figs 5F and 6F), and supported by an
earlier study (Arokoski et al. 1996). However, such differ-
ences were not observed in the 3-month-old runner group.
Remodeling of the collagen architecture could reflect an
attempt of the tissue to reach optimal functional proper-
ties, concomitant with altered cellular biosynthesis, and
occurring slowly over a longer period of time. This could
explain why the changes in the Pl due to exercise or weight
gain were observed in the 12-month-old group but not in
the 3-month-old animals (Fig. 5E,G).

One limitation in our testing protocol is that the amount
of running activity was not controlled within the runner
groups but instead the exercise was voluntary. However,
the coefficient of variation of the actual workload per ani-
mal in the runner groups was < 20%. Nevertheless, this vari-
ation may have left potential compositional and structural
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changes out of reach with the present methods. Also, there
was a significant difference (P < 0.01) in the daily running
activity between the animals running between the ages of
1 and 3 months (13.2 + 2.3 km day™") compared with those
running between the ages of 1 and 6 months
(12.2 £ 1.0 km day™"). Therefore, the rate of running activ-
ity seemed to decrease with age, as has been observed pre-
viously (Gattermann et al. 2004). However, the difference in
the running activity of the 6-month animals exerted no
major influence on the results on the effects of exercise.

The voluntary running wheel exercise performed by the
runner group hamsters was considered to be equal to the
amount of activity that they would have encountered in their
natural environment. This assumption was supported by the
similar activity levels shown in laboratory and wild-type ham-
sters of similar age during circadian rhythm activity studies
(Weinert et al. 2001; Gattermann et al. 2002). We observed
that the hamsters were most active during the night. How-
ever, in a previous study, it was shown that the hamsters are
nocturnal only in captivity (laboratory environment), being
crepuscular (most active at dawn and dusk) in their natural
environment (Gattermann et al. 2008). It is understandable
that the hamsters are exposed to different types of stresses in
the laboratory environment compared with their natural
environment. In this study, the living arrangements were sim-
ilar for both the sedentary and runner animals, with the
exception of the running wheels. Therefore, the possible lab-
oratory stress factors similarly affected both the sedentary
and runner animals. However, the potential stress caused by
limiting the ability to undertake voluntary exercise cannot
be excluded in the present study.

The development of the mechanical properties, such as
instantaneous modulus, until musculoskeletal maturity of
hamster articular cartilage (Fig. 2) was found to be similar
to that of rabbit articular cartilage (Julkunen et al. 2009).
The instantaneous modulus apparently increased as a result
of the remodeling of the collagen network structure simul-
taneously with the advancement of the endochondral ossi-
fication front from the secondary ossification center of the
epiphysis (Figs 2B, 3, 5-7). Such a change was not observed
in the equilibrium modulus (Fig. 2A), possibly because the
equilibrium modulus depends more strongly on the PGs of
the tissue (Fig. 4). However, the determination of the
mechanical properties in small animals is rather challenging
due to the low forces and small deformations in the low-
thickness cartilage. Hence, in the present study the lack of
observed exercise-induced changes in the mechanical tissue
properties may be explained by the high variance in the
data among the groups within which the changes disap-
pear. In the present study, we investigated cartilage of the
medial tibial plateau. Therefore, we may not have been
able to observe clear extra laminae in the deep zone, as has
been visualized in, e.g. the femoral cartilage of the sheep
or rabbit (Grunder, 2006; Julkunen et al. 2009). During mat-
uration, the collagen and PG contents increase (Hyttinen
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et al. 2009; Julkunen et al. 2009; Rieppo et al. 2009), as was
also observed in the present study (Figs 3, 4 and 7).

The effects of two different modes of physical exercise
were investigated. Most of the runners had free access to
running wheel over a 2-month period (age-groups 3, 12
and 15 months), whereas one runner group had free access
to a running wheel over a 5-month period (6-month age-
group). It is possible that physical exercise speeds up the
remodeling of the collagen fibril network during matura-
tion. This hypothesis is supported by the findings with the
6-month-old animals because: (i) the Pl of the runners was
elevated in the deep zone (Fig. 5F) and (ii) the orientation
of the collagen fibrils was more perpendicular to the sur-
face at and below the middle zone as compared with the
controls (Fig. 6F) (Grunder, 2006; Shinar & Navon, 2006;
Rieppo et al. 2009; Julkunen et al. 2010).

Immediate changes in the composition and structure
were observed between the controls and runners. The most
profound changes occurred after a longer period of exer-
cise, i.e. in 6-month-old runners. These included changes in
the collagen Pl and orientation. In addition, the superficial
PG content decreased due to physical exercise (Fig. 4). After
a shorter period of exercise (2 months), only minor differ-
ences were observed between the controls and runners: (i)
the collagen content and (ii) the Pl in the deep zone were
decreased due to physical exercise (Figs5 and 7). Such
effects were not observed in the depth-wise composition
after exercise for 5 months. Thus, the long-term effects of
the short exercise period were less clear. However, an
increase in the middle and upper deep zone Pl at
12 months and a decrease in the superficial zone PI at
15 months were observed and were possibly caused by the
physical exercise at an early age (Fig. 5G,H). This may be
related to the reduced cartilage integrity and potential
fibrillation of the tissue in the runners.

Exercise of the hamsters at 3 months of age reduced
changes typical of OA, corroborating earlier findings (Otter-
ness etal. 1998). A similar trend was noticed in the
6-month-old and 12-month-old animals, but with a less
obvious reduction of OA changes (Fig. 8). However, at a
later age (15 months), the runners demonstrated signi-
ficantly reduced (P < 0.05) cartilage integrity as compared
with the control hamsters. It is possible that the active phys-
ical exercise at a young age resulted in subtle alterations of
the cartilage surface, resulting in more OA changes later in
life. In addition, the body weights of the runners were
higher than those of the control animals. High body weight
is known to contribute to a higher rate of OA. The biosyn-
thesis of the cartilage matrix by chondrocytes may also be
altered in the long term due to physical exercise at a young
age, suggesting that a continued higher stimulus level is
required to maintain an optimal level of biosynthesis. How-
ever, the balance of the anabolic and catabolic activity of
the chondrocytes may be disturbed by the lack of adequate
cell stimulation via physical exercise. This can ultimately
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result in earlier impairment of tissue integrity. Similarly,
with life-long moderate non-voluntary exercise, OA scoring
revealed that the controls had better tissue integrity at an
older age compared with running mice (Lapveteldinen
et al. 1995).

It has been suggested that cartilage maturation is
advanced due to physical exercise (van Weeren et al. 2008),
which was also suggested by the present study. It can even
be hypothesized that, with time, cartilage becomes more
prone to injuries due to the advancement of the matura-
tion process (van Weeren et al. 2008). After reaching matu-
rity, the remodeling process of the collagen network and
PGs slows down significantly (Helminen et al. 2000), causing
the tissue remodeling only to occur as a result of external
loading or lack of physical exercise. Slow turnover can also
decrease the ability of the tissue to show repair. This could
explain our observation of decreased tissue integrity in old
age, as a result of reduced physical exercise at a younger
age (Fig. 8).

The body weight of the runner animals was higher than
that in the control group from 3 to 12 months of age
(Fig. 2D). This was probably due to the greater muscle mass
of the runners (Borer et al. 1979). It is possible that, in ham-
sters, exercise at a young age protects against OA. At an
older age the difference between the sedentary and runner
animals disappears (Fig. 8), which was also observed as a
thickening of the cartilage in runners (Fig. 2C). Similar indi-
cations have been observed in humans (Slemenda et al.
1997).

Hamsters can be considered skeletally mature at the age
of 6 months, whereas they are sexually mature at about
4-6 weeks of age (Otterness et al. 1994). Syrian hamsters
have a lifespan of 2-3 years, indicating that the oldest
investigated group in this study probably represents mid-
dle-aged or slightly older animals. Compared with humans,
the cartilage of hamsters is significantly thinner, possibly
meaning that the shear stresses within the cartilage matrix
are higher than in humans. This has been suggested in
hamsters by the frequent separation of the cartilage at the
tidemark. This probably contributes to the increased inci-
dence of OA (Meachim & lllman, 1967; Otterness et al.
1999). As this is more common in small animals than in large
mammals, the hamsters are probably more prone to OA
than humans. However, the wheel-running exercise of ham-
sters at an intensity of 12 km day™ for 11 days did not
increase tidemark separation (Otterness et al. 1999). Fur-
thermore, in contrast to other species, like humans, ham-
sters gain weight during the exercise (Gattermann et al.
2004). Overall, it is difficult to directly translate the findings
of the present study to humans, probably except for the
early months of growth and maturation.

In conclusion, modification of the depth-wise structure
and composition of PGs and collagen probably has a signifi-
cant impact on the integrity, durability and maintenance of
articular cartilage, as well as on its functional properties at

a later age. The functional changes of the mechanical prop-
erties of cartilage after physical exercise were minor as com-
pared with the effects of maturation but appear to be
significant in relation to the long-term integrity of the tis-
sue. Together, the aforementioned exercise-related modifi-
cations of the tissue seemed to improve the integrity of
articular cartilage at an early age. It was noteworthy that,
in comparison to the life-long sedentary way of living,
active running exercise at a young age did not protect artic-
ular cartilage from poor tissue integrity at an older age
(Fig. 8).
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