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Effects of motion load changes on tendon
tissues and articular cartilage

A biochemical and scanning electron microscopic study on rabbits
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tendon tissues and articular cartilage: A biochemical and scanning electron micro­
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The motion load of rabbits was increased by treadmill running during a 5-d period.
One group ran on a level surface, while the other ran uphill. After the running, the
glycosaminoglycan metabolism and scanning electron microscopic photographs of
different tendon, ligament and cartilage samples were analyzed. Uphill running
decreased the glycosaminoglycan metabolism of articular and costal cartilage. The
clearest irregularities of articular cartilage studied by scanning electron microscopy
were also seen in the uphill running group. Increasing the motion load increased
the glycosaminoglycan synthesis of stretched tendons. The possible combination of
general inhibitory and local stimulating effects is discussed.

Key words: animal experiments, articular cartilage, glycosaminoglycans, motion load,
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The etiologic factors of occupational rheu­
matic diseases are not fully understood.
The causative factors of work can be
disturbances in blood circulation, neuro­
muscular dysfunction, altered connective
tissue metabolism, or mechanical over­
strain (17, 18). The exact effect of increas­
ing tension or repetitive movements on
the metabolism of glycosaminoglycan and
collagen in tendon tissue and cartilage is
not known. These effects of motion load
have generally been studied in connection
with physical training, growing or ageing,
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and the results have primarily been based
on physical and morphological parameters
after relatively long-term experiments (11,
12, 13, 21, 22, 25).

Biochemical studies have shown such
changes in connective tissue matrix pro­
teins as an accelerated turnover of collagen
and other proteins in tendons and liga­
ments and increased concentrations of
hexosamines and nitrogen in skin after
training (10). In addition enhanced activi­
ties of metabolic and other enzymes have
been reported after physical exercise (14).
In this study we have concentrated on
comparing the effects of two different mo­
tion loads and determining the initial
phenomena occurring after a many-fold
increase in normal motion load. The rabbit,
which normally moves little, is suitable for
experiments with marked increases in mo­
tion load.



Rabbit number Running distance Degree oj.
and group (m) during 5 d inclination

Scanning electron microscopic experiments

42}
800 0

56 A 800 0
73 800 0

44( 800 0
58 B 800 0
63J 800 0

43( 800 20
49 C 800 20
64J 800 20

521 2,400 0
57 D 2,400 0
65J 2,400 0

Biochemical experiments

120 3,700 0
122 2,880 0
123 6,440 0
135 6.530 0
137 7,580 0
143 7,210 0

128 8,060 20
129 6,225 20
130 5,765 20
131 3,680 20
139 7,100 20
140 7,050 20

Table 1. Running distances and degrees of
treadmill inclination used for the exercising
rabbits.

killed, the samples were fixed in a 2.5 0/0

glutaraldehyde solution, dehydrated and
gilded by vacuum steaming. Photographs
were taken from the corresponding areas
of the samples with magnifications of

MATERIAL AND METHODS

Scanning electron microscopy

Glycosaminoglycans (GAG) are macro­
molecules consisting of repeating disac­
charide units, which can be sulfated (chon­
droitinsulfates, keratansulfate) or nonsul­
fated (hyaluronic acid). They occur in
tissues as protein complexes, known as
proteoglycans, and possess unique chemical
properties. The special mechanical prop­
erties of cartilage result from the entrap­
ment of proteoglycans within the collagen
network of the cartilage, and the integrity
of this structure is essential for optimum
joint performance (8). A decreased con­
centration of GAG is assumed to alter the
plasticity of soft connective tissue and to
reduce lubrication efficiency (1, 5, 6).

Scanning electron microscopy (SEM)
may be the most sensitive method for
verifying initial changes in connective
tissue surfaces, as it is in detecting possible
fibrillation or microtraumation. GAG
metabolism was selected as an indicator
of connective tissue matrix metabolism
because of its relatively high turnover rate
when compared with that of collagen and
because of its effects on connective tissue
biomechanics.

The material consisted of 15 adult rabbits.
Three of the rabbits served as controls,
and the remainder (12 rabbits) (table 1)
were made to run on a treadmill (fig. 1)
three times daily for 5-d at a speed of
0.2 m/s. The total running distance was
800 or 2,400 m in 5 d (= change in number
of repetitive movements), and the inclina­
tion of the treadmill was either 0° or 20 0

(= change in forces affecting joint struc­
tures). The hind legs of three of these
rabbits were always in an ischemic condi­
tion 2 h before the running. The ischemic
condition was accomplished with elastic
bands.

Samples for the SEM consisted of fascia
corresponding to the human extensor
retinaculum, the tendon of the tibial
anterior muscle, patella, and medial con­
dyle of the tibia. After the rabbits were Fig. 1. The treadmill used in this experiment.
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Table 2. Total uronic acid concentration of the samples (/A.g/mg dry, defatted tissue). Means
and standard deviations are given.

Sample origin Control group
Level-surface group Uphill group

(N = 6) (N = 5)

Tibial articular
cartilage 33.6 ± 4.2 (N = 9) 34.4 ± 1.7 30.3 ± 2.9
Femoral articular
cartilage 33.0 ± 6.9 (N =9) 27.9 ± 3.5 30.3 ± 3.9
Medial meniscus 5.83 ± 0.99 (N = 9) 6.84 ± 1.23 7.05 ± 1.21*
Medial collateral
ligament 1.81 ± 0.30 (N = 9) 1.62 ± 0.34 1.91 ± 0.55
Achilles tendon 0.73 ± 0.27 (N = 9) 0.64 ± 0.12 0.59 ± 0.08
Peritenon of the
Achilles tendon 1.61 ± 0.18 (N = 9) 1.62 ± 0.21 1.47 ± 0.13
Extensor retina-
culum 4.24 ± 0.20 (N = 3) 4.23 ± 0.65 3.81 ± 0.42
Tendon of tibial
arterior muscle 1.65 ± 0.44 (N = 3) 1.60 ± 0.18 1.46 ± 0.21
Costal cartilage 43.6 ± 6.0 (N = 6) 44.8 ± 3.3 43.5 ± 0.4

* p < 0.05 (versus control group).

Table 3. 35S-radioactivity of the samples (DPM/,ug uronic acid).

Sample origin

Tibial articular
cartilage

Femoral articular
cartilage

Medial meniscus

Medial collateral
ligament

Achilles tendon

Peritenon of the
Achilles tendon

Extensor retina­
culum

Tendon of tibial
arterior muscle

Costal cartilage
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Level-surface group Uphill group
Controls (N = 6) (N = 5)

(Mean ± SD)
Mean ± SD Mean ± SDp p

93 ± 21 98 ± 17 49 ± 14 < 0.025
(N = 9) (vs. controls)

100 ± 29 130 ± 28 58 ± 25 < 0.025
(N= 9) (vs. controls}

< 0.005
(vs. level-
surface group)

179 ± 124 156 ± 53 77 ± 43
(N= 9)

162 ± 47 108 ± 43 < 0.05 48 ± 28 < 0.005
(N= 9) (vs. controls) (vs. controls)

120 ± 36 190 ± 53 < 0.01 104 ± 41 < 0.005
(N= 9) (vs. controls) (vs. level-

surface group)

148 ± 56 176 ± 41 186 ± 50
(N = 9)

112± 20 135 ± 17 116 ± 47
(N = 3)

186 ± 32 329 ± 75 <0.05 227 ± 83 < 0.05
(N = 3) (vs. controls) (vs. level-

surface group)
14 ± 3 12 ± 2 9± 1 < 0.005
(N = 6) (vs. level-

surface group)
< 0.005
(vs. controls}



Fig. 2. SEM photographs of the
articular cartilage of the medial
tibial condyle. The upper pic­
ture represents the level-sur­
face running group and the
lower one the uphill running
group. The running distances
were the same for both groups.
Clear degenerative changes can
be seen on the articular surface
in the lower picture (magnifi­
cation 500 X).

50, 150, 500, and 1,500 X. Two persons
assessed the photographs independently
using the following subjective scale: 0 =

no degenerative changes, 1 = slight, 2 =
moderate, and 3 = severe degenerative
changes [corresponding to the classification
of Kotani et al. (16) in the following way:
o = 1, 1 = 2, 2 = 4 and 3 = 6]. They
paid special attention to the fibers and
"scaly" irregularities of the surfaces.

Three rabbits, living in their coops,
served as a control group, and one leg
of each rabbit was used for the SEM
study. An arthrotic control group, pro­
duced by immobilization, was also used.
The methods used with and the results
obtained from this group have been de­
scribed earlier (24).

The results of the SEM study were based
on 306 photographs, but they were not
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Fig. 3. Degenerative changes on
the surface of articular carti­
lage of the medial tibial con­
dyles. The changes of the uphill
running group (C) are similar
to those of the arthrotic group
(produced by immobilization),
and the changes in the other
running grc up resemble those
of the control group (rabbits
living in their coops).

arthrotic
group

analyzed statistically because the groups
consisted of only three rabbits each.

Biochemical methods

The GAG analysis was made with 12 adult
rabbits which ran three times daily up
to exhaustion throughout a 5-d period
(table 1) and 9 control animals living in
their coops. The running distances and
inclinations are listed in table 1. The
running speed was 0.30-0.50 m/s. (One
rabbit made to run uphill was excluded
because of abnormally high levels of GAG
and radiosulfate incorporation in all its
analyzed tissues.)

On the fifth day, after the last training
exercise, the animals were injected with
35S-sulfate (carrier-free, Amersham, 0.3
mCi/kg) and killed 24 h later. Samples
were taken from both hind legs with a
scalpel. They consisted of tibial and distal
femoral articular cartilage of the knees,
costal cartilage, medial meniscus, medial
collateral ligament of the knees, Achilles
tendon, peritenon of the Achilles tendon,
fascia corresponding to the human ex­
tensor retinaculum, and tendon of the ti­
bial anterior muscle.

The procedures used for the sample
handling and the separation of GAGs from
the tissues have been published elsewhere
(7). The analyses of the separated GAGs
consisted of determining the uronic acid
(UA) (3), galactosamine (GalA) and glucos­
amine (GluA) (19) contents of articular
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cartilage and measuring the total 35S-ra­
dioactivity with liquid scintillation.

The radioactivity was counted with a
LKB-Wallac 81000 liquid scintillation
counter according to an external standard
channels ratio method for DPM (destruc­
tion per minute) calculation. The scintilla­
tion system consisted of xylene, triton X­
100 and dibutylphosphate (75:25:1) contain­
ing 2,5-diphenyl oxazole (PPO, 5 gil) and
p-bis(o-methylstyryl) benzene(bis-MSB, 0.5
gil). The GAGs of the Achilles tendon
and corresponding peritenon were frac­
tionated with DEAE-cellulose (4) in micro
columns (0.7 X 2.5 em) to hyaluronic acid
(RA) and sulfated glycosaminoglycans (S­
GAG), which were then quantified by UA
analysis. The concentrations were calcu­
lated as micrograms per milligram of dry,
defatted tissue, and the specific radio­
activities as DPM per microgram of UA
after the decay of radioactivity had been
corrected to the reference date of the iso­
tope.

The results were evaluated statistically
with a one-tailed Mann-Whitney nonpara­
metric test. The differences were consid­
ered significant when p was < 0.05.

RESULTS

In both the tibial and femoral articular
cartilage, and in the costal cartilage as
well, there was no significant difference
in the UA concentration between the
running and control groups (table 2).



Fig. 4. SEM photographs of the
articular cartilage of the patel­
la. The upper picture repre­
sents the level-surface running
group and the lower one the
uphill running group. There
are more irregularities in the
upper picture (magnification
500 Xl.

Running on the uninclined treadmill, i.e.,
on a level surface, did not affect radio­
sulfate incorporation in comparison with
that of the controls, but running "uphill"
decreased incorporation in all samples in
a corresponding comparison with controls
(p < 0.025) and in the femoral cartilage
when compared to level-surface running
(p < 0.005) (table 3). The SEM photographs
from the surface of the articular cartilage
of the tibia showed more irregularities in

the uphill group than in the control or
level-surface group, but the postischemic
level-surface group did not differ from
normal (fig. 2 and 3). Macroscopically, no
changes could be seen in the articular
cartilage. Neither did an increase in mo­
tion load change the SEM picture of the
articular surface of the patella (fig. 4
and 5). The GluA concentration was not
affected in articular cartilage during mo­
tion load, while the GalA concentration
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Fig. 5. Degenerative changes on
the surface of the articular
cartilage of the patella. The
changes of the different running
groups (A-C) are similar to
those of the control group and
less than those in the arthrotic
group (produced by immobiliza­
tion).

Table 4. Analysis of galactosamine (GalA) and glucosamine (GluA) content of articular carti­
lage.

Controls Level-surface group Uphill group

(N = 9) (N = 6) (N = 5)

(Mean ± SD) Mean ± SD p Mean ± SD P

Tibial articular cartilage

GalA (,ug/mg) 28.2 ± 6.2 25.3 ± 2.6 24.5 ± 2.2
GluA (,ug/mg) 11.1 ± 4.6 10.5 ± 2.5 12.1 ± 1.5
GalA/uronic acid
(molar ratios) 0.95 ± 0.21 0.99 ± 0.02 0.89 ± 0.10 < 0.05

(vs. level-
surface group)

GluA/GaIA
(molar ratios) 0.41 ± 0.17 0.42 ± 0.08 0.50 ± 0.08 < 0.05

(vs. level-
surface group)

Femoral articular cartHage

GalA/mg 27.8 ± 5.1 33.8 ± 2.8 < 0.01 32.8 ± 3.9
(vs. controls)

GluA/mg 19.7 ± 4.0 20.7 ± 3.7 20.7 ± 2.9
GalA/uronic acid
(molar ratios) 0.93 ± 0.18 1.07 ± 0.11 < 0.025 1.18 ± 0.09 < 0.0025

(vs. controls) (vs. controls)
< 0.025
(vs. level-
surface group)

GluA/GalA
(molar ratios) 0.74 ± 0.25 0.62 ± 0.11 0.64 ± 0.08

was elevated in tibial and depressed in
femoral articular cartilage in both running
groups. The molar ratios of GalA/UA were
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increased above the level of the controls
in the tibial articular cartilage of both
running groups (p < 0.025) and remained at



Table 5. Fractionation of glycosaminoglycans from Achilles tendon tissues by DEAE-cellulose.

Glycosaminoglycan
fractiona

Controls
(N = 7)

(Mean ± SD)

Level-surface group
(N = 6)

Mean ± SD p

Uphill group
(N = 5)

Mean ± SD p

Peritenon of the AchiHes tendon

HA (flg/mg)b 1.12 ± 0.10
S-GAG (ug/mg)b 0.42 ± 0.04
S-GAG/HA 0.38 ± 0.06
DPM/,ug S-GAG 492 ± 209

AchiHes tendon

HA (flg/mg)b
S-GAG (flg/mg)b

S-GAG/HA

DPM1flg S-GAG

0.33 ± 0.09
0.29 ± 0.08
0.91 ± 0.18

231 ± 92

0.40 ± 0.11
0.28 ± 0.05
0.73 ± 0.19

437 ± 115

1.18 ± 0.30
0.45 ± 0.05
0.39 ± 0.Q7
637 ± 143

< 0.01
(vs. controls)
< 0.005
(vs. controls)
< 0.005
(vs. uphill
group)

0.35 ± 0.04
0.26 ± 0.06
0.76 ± 0.23

230 ± 63

1.06 ± 0.17
0.46 ± 0.04
0.44 ± 0.11
563 ± 188

< 0.01
(vs. controls)

a HA = hyaluronic acid; S-GAG = sulfated glycosaminoglycans; DPM = radioactivity.
b Measured as uronic acid per milligram of dry, defatted tissue.

a normal level in the corresponding fem­
oral cartilage of both groups. The GluA/
'GaIA ratio was increased in the femoral
cartilage of the uphill running group in a
comparison with the level-surface group
(p < 0.05) (table 4).

For the medial meniscus no statistically
significant differences between the differ­
ent groups could be found. However, the
GAG concentration of the uphill group
rose to that of the control group (p < 0.05).
On the other hand, the uphill group again
showed lower specific radioactivity than
either the level-surface or control group.
In the medial collateral ligaments the GAG
concentration was also similar in all the
groups. Isotope incorporation was lower
in both the running groups when compared
to that of the controls (uphill vs. control
group p < 0.005; level-surface vs. control
group p < 0.05), but no significant dif­
ference occurred between the two running
groups.

In the Achilles tendons no significant
changes in GAG concentration could be
found after the running. Radiosulfate in­
corporation in the level-surface group was
higher than that of the control (p < 0.01)
or uphill (p < 0.005) group. After frac­
tionation of the GAGs of both running

groups the ratio of S-GAG to HA was
decreased to a level lower than that of the
controls (uphill vs. control group p < 0.005;
level-surface vs. control group p < 0.01)
(table 5). Radiosulfate incorporation into
the S-GAG of the level-surface group was
raised above the levels of the other groups
(vs. control p < 0.005; vs. uphill group
p < 0.005) (table 5).

In the tendon of the anterior tibial
muscle, the GAG concentrations did not
significantly differ between the groups.
Isotope incorporation in the level-surface
group was elevated above that of the other
groups (vs. controls (3 animals) p < 0.05;
vs. uphill group p < 0.05).

In the retinaculum no marked differen­
ces between the groups could be found
(3 control animals and samples taken from
one leg only). No signs of inflammation
were seen in the tendon tissues.

No clear classification could be made
between the SEM photographs of the dif­
ferent tendon tissues because the normal
variation for SEM photographs from ten­
don surfaces is partly large and unknown
(fig. 6 and 7).

In the peritenon of the Achilles tendon
no significant changes between the dif-
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Fig. 6. SEM photograph of the
surface of the tendon of the
tibial anterior muscle. The
pictures are from different re­
gions (magnification 1,500 X).

ferent groups could be found before or
after the fractionation of GAG.

The results can be summarized as fol­
lows: Increasing motion load changed the
concentrations and ratios of GAG constitu­
ents mildly in articular cartilage and de­
creased radiosulfate uptake of GAGs in
the articular and costal cartilage of the
uphill group. Similar changes were also
seen in the meniscus. Running on a level

64

surface accelerated the GAG metabolism
of the tendons in the ankle region, and
the uphill running had a similar, but not
so clear, effect. The GAG metabolism of
the collateral ligament decreased with in­
creasing motion load. Total concentrations
of the GAG were not affected in short­
term training, but the ratio of S-GAG to
HA may decrease in tendon tissues after
motion load is increased.



DISCUSSION

The purpose of this experiment was to
study the effect of repetitive stretching
and movements on GAG metabolism and
surface structures of cartilage and tendons.
We have no exact knowledge of the forces
affecting single tissues of rabbits running

Fig. 7. SEM photographs from the ligament
corresponding to the human extensor retina­
culum. The upper two pictures are from the
level-surface running group. and the lower
one is from the uphill running group. The
irregularities are greatest in the uphill group,
but the variation is also large in the other
group (magnification 1,500 X).

on different inclinations. However, we
know from anatomic viewpoints that mo­
tion load is concentrated in the very
small area in the articular cartilage of the
tibia and that the pushing forces must be
transmitted via the same area. In the
distal femoral cartilage the motion load
is distributed over a greater area. It is
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also certain that running usually causes
tension and/or friction in tendon tissues,
but the mechanical strain of the collateral
ligament is not so clear (21).

In our uphill running group a general
inhibition of 35S-sulfate incorporation into
the GAGs was seen (also found in costal
cartilage). In tendons physical stress evi­
dently causes local stimulation, which in­
creases synthesis and thus radioactivity to
a normal level. The nature of inhibition is
unclear, but one possible reason for the
decreased incorporation of 35S-sulfate into
sulfated GAGs could be glucocorticoids,
the levels of which can be increased during
physical stress. The secretion of the adre­
nal cortex of rabbits, which normally con­
sists predominantly of corticosterone, can,
by prolonged ACTH (adrenocorticotropin)
stimulation, (e.g., chronic stress) be shifted
predominantly to cortisone (9). Glucocorti­
coids are known to inhibit protein synthe­
sis (2) and thus the synthesis of sulfated
glycosaminoglycans (15). In our level-sur­
face group no such inhibition in radio­
sulfate incorporation could be found; there
was only a local stimulation in the tendons.
These results with rabbits are understood
best in respect to the general inhibiting
effect and the local stimulating effect on
GAG metabolism during running. The
local stimulating effect is strong in
stretched tendons, but in uphill running
the general inhibiting effect can lower
GAG synthesis.

Surface characteristics (in SEM) of arti­
cular cartilage in the medial tibial con­
dyles of our uphill running group re­
sembled those found under conditions of
arthrosis. The alterations seen in the SEM
photographs occurred in the thin surface
zones of the cartilage, and GAG analyses
dealing with sample thickness do not on
the whole detect changes in these areas.
The conclusions based on the SEM experi­
ments of our study cannot be generalized
with respect to the effect of running on
articular cartilage because the nature of
the changes was unclear and the increase
in motion load abnormally large. The sur­
face characteristics of the cartilage of our
running groups appeared to be normal,
and the ischemic conditions before running
did not affect the SEM results. The run­
ning did not affect osteoarthritic changes
in GAG metabolism (7, 23).
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Before the changes observed in articular
cartilage and tendons can be verified as
symptoms of oncoming arthrosis and ten­
dinitis, a series of experiments with an
even greater and more prolonged motion
load must be carried out.
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