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Decreased birefringence of the superficial zone
collagen network in the canine knee (stifle)
articular cartilage after long distance running
training, detected by quantitative polarised light
microscopy

Jari P A Arokoski, Mika M Hyttinen, Tuomo Lapveteliiinen, Peter Takacs,
Bela Kosztaiczky, Ltszlo Modis, Vuokko Kovanen, Heikki J Helminen

Abstract
Objective-To investigate the effects of a
one year programme of running training
(up to 40 km/day for 15 weeks) on the
spatial orientation pattern ofcollagen and
glycosaminoglycans in articular cartilage
in different parts of the knee (stifle) and
shoulder joints ofyoung beagle dogs.
Methods-Area specific measurements of
the optical path difference (= retardation,
F) and the cartilage zone thickness were
performed using conventional procedures
and a new computer based quantitatiVe
polarised light microscopy method.
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binds large amounts of water, causing a high
swelling pressure in the cartilage.' Up to six
different types of collagen molecules are
expressed in articular cartilage; about 90% is
type II collagen which is stabilised by mature,
non-reducible pyridinoline crosslinks.' I The
collagen network forms a three dimensional
fibrillar network that entraps proteoglycan
aggregates and opposes the swelling of
proteoglycans, thus providing articular cartilage
with tensile stiffness and maintaining its
volume.4 There is experimental evidence to
suggest also that the cohesive strength of the
matrix arises from collagen-collagen and
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density of collagen fibrils. The concen-
trations of collagen and hydroxy-
pyridinium crosslinks were investigated
biochemically.
Results-Running training decreased by
24-34% (p < 0-05) in the superficial zone of
the lateral femoral condyle articular
cartilage and at the centre of the tibial
condyles. F of glycosaminoglycans de-
creased by 26% (p < 0-05) in the superficial
zone of the lateral condyle of the femur,
but at the same site the volume density of
collagen fibrils was unchanged. Neither
the collagen concentration nor the con-
centration of hydroxypyridinium cross-

links was altered as a result ofrunning. In
both control and runner dogs, the
thickness and F values of the superficial
zone were greater in the humerus and the
femur than in the tibia.
Conclusion-Endurance type running

exercise in beagles caused a reduction in
the superficial zone birefringence of the
articular cartilage, which indicates either
a disorganisation or a reorientation of the
superficial zone collagen network. Articu-
lar cartilage showed marked variability of
collagen network organisation over the
different knee (stifle) joint articular
surfaces.

(Ann Rheum Dis 1996; 55: 253-264)

Articular cartilage matrix consists mainly of
collagen and proteoglycans. The negative charge
density of the proteoglycan glycosaminoglycans

collagen fibril arrangement in cartilage was
based on studies made by polarised light
microscopy,7 and delineated tangential,
transitional, and radial zones in the articular
cartilage, in which the collagen fibrils were
arranged, respectively, parallel with, oblique
to, and perpendicular to the articular surface.
The orientation of the long axis of split lines,
introduced onto the cartilage surface by pin
punctures, corresponded to the orientation of
superficial zone collagen fibrils.7 Later trans-
mission and scanning electron microscopic
observations largely confirmed the results of
Benninghoff.8'0 Until now, relatively little
attention has been paid to the arrangement of
the collagen fibrils in different parts of the
articular surface of a joint that, under-
standably, influences the local biomechanical
properties and vulnerability of cartilage.

Loss of proteoglycans and the breakdown of
the cartilage collagen network is typical of
osteoarthritic cartilage.' 1 1 In osteoarthritis, the
concentration of collagen does not change on
a dry weight basis until the lesion is severe.'2
However, several authors have reported that
collagen synthesis is increased in osteoarthritic
cartilage,'2 13 though others have reported
decreased synthesis.'4 Initial disorganisation
and altered orientation of the articular cartilage
collagen fibrils in response to sectioning of the
anterior cruciate ligament has been reported.'5
It is interesting that this process takes place
while the cartilage surface still appears smooth
and intact.
We recently reported that a programme of

running training ofyoung beagle dogs, running
up to 40 km/day for 15 weeks, led to a decrease
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in the glycosaminoglycan content and stiffness
of the articular cartilage in the loaded and
weight bearing areas of the canine knee (stifle)
joint.16 17 The aim of the present study was to
examine whether such long term running
training also has any effects on the collagen
fibril network of the articular cartilage. We used
both conventional polarised light microscopy
and a new quantitative computer based image
analysis system attached to the polarised light
microscope. The volume density and thickness
of collagen fibrils in the superficial and deep
zone were studied by transmission electron
microscopy. Biochemical measurements of
collagen and its hydroxypyridinium crosslinks
were also made.

Materials and methods
ANIIMALS

National Laboratory Animal Centre in
Kuopio, Finland, were used as experimental
animals. There were no anthropometric
differences between the dogs purchased from
England and their Finnish counterparts (data
not shown). The dogs were divided into
control (n = 10) and running (n = 10) groups.
The control and runner dogs from the same
breeding colony were sister pairs. The dogs
were housed in standard cages with a base area
of 0 9 x 1X2 m and height of 0-8 m. They were
rl I *.1- *. I -1 r 1 *Y- _ted with
Kolppi, I
libitum. T
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weeks. The final treadmill belt speed was
5-5-6-8 km/h. The duration of the daily
running session was on average seven hours
when the daily running distance was 40 km/
day.'9 Measurement of serum lactate concen-
trations and pulse rate indicated that the
exercise was aerobic.20 After each exercise
period, the runner dogs rested in individual
cages. There was no statistically significant
difference in the moving activity of the trained
and control animals.20

ARTIFICIAL SPLIT LINES

Four female pure breed beagle dogs, mean age
60 (SD 12) weeks, obtained from the National
Laboratory Animal Centre in Kuopio, Finland
were investigated for split lines of articular
cartilage to demonstrate the general alignment
pattern of collagen fibrils within the superficial

ssso_. ..s.e, - ,^.F.,,,,_,,,,".E,%,%, vv A,'A

Indian ink into the cartilage surface9 at
approximately 2 mm intervals over the femoral
and tibial condyles (FMI, FLI, TMI, TLI), the
patellar surface of the femur (FPI), and at the
head of the humerus (Hum): figure 2 shows the
locations. Excess ink was removed by rinsing.
The pricked surface of the cartilage was
examined face on using a stereomicroscope at
a magnification of X 10-20.

commercial dog tood (Hankki)a, PREPARATION OF SAMPLES FOR MICROSCOPY
Finland) and water was given ad The dogs were killed with an overdose
he Animal Care and Use Committee intravenous injection of thiopentone sodium
Tniversity of Kuopio approved the (Hypnostang, Leiras, Turku, Finland) and air
ntal design, and the experimental insufflation. Immediately after death, the left

complied with the National knee (stifle) and shoulder joints were opened
of Health Guidelines.'8 and dissected free. Cartilage samples for

histology were taken from six sites from the
patellar, femoral, tibial, and humeral surfaces

PROGRAMME (fig 2), as it has been shown previously that the
ran on a treadmill according to a effect of joint loading is site dependent.2' 22

l plan, from the age of 15 weeks to 70 Before preparation of the specimen, the
ive days a week (fig 1).'9 The proximal head of the humerus was stored in
n of the treadmill belt was 15° uphill. Ringer's solution at 4°C for 12-14 hours, for
he first five weeks the dogs were biomechanical testing ofthe cartilage. "
:o running, after which the running The cartilage samples were prepared by
vas gradually increased up to 40 km/ cutting cartilage-bone sections from the
tance the animals ran for the next 15 articular cartilage, at an angle perpendicular to

the surface, using a dental drill equipped with
...l. . . .... two cutting discs separated by a 1 mm thick

spacer. In the femoral and tibial condyles
(FMI, FLI, TMI, TLI), the sections were cut
parallel to the split lines in the mediolateral
direction, whereas in the patellar surface of the
femur (FPI) and at the head of the humerus
(Hum), where no clear split line direction was
seen, sections were cut in a mediolateral
direction. During cutting, the specimens were
fixed onto a ball joint specimen holder, which
permitted perpendicular cutting of the

l....*.. *.*... cartilage sections. During preparation, the
20 30 40 50 60l 70 specimens were kept moist with ice cold 0 9 %

sodium chloride. The samples were fixed in 4%
Age (weeks) formaldehyde in 0-07 mol/ sodium phosphate

?unningprogramme applied to 10 dogsfive days buffer, pH 7 0, at 4°C for 48 hours and
15 weeks. Starting at age 15 weeks, the dogs' eacfe nI0 DAsple ih4,ance was gradually increased to 40 kmlday, decalcified in 10% EDTA supplied with 4%
*an during the last 15 weeks of the programme. formaldehyde in 0.1 moll sodium phosphate
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Effect oflong distance running training on articular cartilage in young dogs

FEMUR TIBIA

HUMERUS
Figure 2 Sites of the polarised light microscopy analysis (black dots) in the left knee (stifle)
and shoulderjoints of the dog, and site of the biochemical analysis (cross hatched area) in the
left shoulderjoint. FPI = Inferior section of the pateUlar surface of thefemur; FMI = summit
of the intermediate section of the medial condyle of thefemur; FMIM and FMIL = medial
and lateral points of the intermediate section of the medial condyle of the femur, respectively;
FLI = summit of the intermediate section of the lateral condyle of thefemur; FLIM and
FLIL = medial and lateral points of the intermediate section of the lateral condyle of the
femur, respectively; TMI= central point of the intermediate section of the medial condyle of
the tibia; TMM and TML = medial (covered by meniscus) and lateral (not covered by
meniscus) points of the medial condyle of the tibia, respectively; TLI = central point of the
intermediate section of the lateral condyle of the tibia; TLM and TLL = medial (not covered
by meniscus) and lateral (covered by meniscus) points of the lateral condyle of the tibia,
respectively; Hum = head of the humerus; biochemHum = site of biochemical analysis at the
head of the humerus; temTLI = site of the transmission electron microscopy analysis at the
summit of the intermediate section of the lateral condyle of the femur.

buffer, pH 7-4, for 12 days at 4°C. After alcohol
dehydration, the specimens were infiltrated
and embedded in Paraplast Plusg wax (Lancer
Division of Sherwood Medical, Kildare,
Ireland). Although slight loss of glycosamino-
glycans occurs during the sample prep-

aration,23 this possible loss was identical in
both control and runner dogs. Histological
sections, 5 ,um thick, were cut at an angle
perpendicular to the articular surface with an

LKB 2218 HistoRange microtome (LKB-
Produkter Ab, Bromma, Sweden), and dried
overnight at 37°C.

TREATMENT OF SECTIONS FOR COLLAGEN

POLARISATION MICROSCOPY

Paraplast Plusg wax was removed in xylene at
37°C for 24 hours and the sections taken into
water through a descending series of alcoholic
solutions, before digestion with bovine
testicular hyaluronidase (Sigma Chemical Co,
St Louis, Mo, USA) to remove glycosamino-
glycans from the cartilage. The sections were

incubated for 18 hours at 37°C in a solution
prepared in 0-1 mol/ phosphate buffer, pH 6-9,
containing testicular hyaluronidase 1000 U/ml,
which removes 99-5% and 95 0% of the
glycosaminoglycans from the superficial and
deep zones, respectively. In unstained cartilage
sections, this enzyme digestion decreases the
birefringence of extracellular matrix by about

5-1 0%, indicating that glycosaminoglycans
contribute to the form birefringence of the
extracellular matrix." The sections were
dehydrated once in 70% ethanol and three
times in absolute alcohol, cleared in xylene,
and mounted with DPX®& (Gurr, BDH
Laboratory Supplies, Poole, England).

HISTOCHEMICAL METHODS FOR

GLYCOSAMINOGLYCAN POLARISATION
MICROSCOPY

Cartilage sections were cleared of paraffin in
xylene overnight at 37°C and the sections were
brought to absolute ethanol (3 X five minutes)
and then to absolute methanol (3 X five
minutes). Carboxymethylation of the sections
was carried out at 37°C for 18 hours in a freshly
prepared solution of 12-5% iodoform (CH3I)
in absolute methanol saturated with sodium
carbonate, followed by rinsing in absolute
methanol (3 X five minutes).25 The sections
were taken through a descending series of
alcoholic solutions to distilled water. Glycos-
aminoglycan staining was carried out using
cationic 0O-% toluidine blue at pH 5 for five
minutes,24 and was stabilised by treatment with
a precipitant solution for two to three
minutes.26 After precipitation, the sections
were mounted in 25% aqueous gum arabic
containing 2% fructose (to prevent cracking of
dried gum arabic) and 01% potassium ferri-
cyanide. The preparations were mounted with
Canada balsam and covered with a coverslip.

POLARISED LIGHT MICROSCOPY ANALYSIS OF

CARTILAGE COLLAGEN FIBRILS

The computerised digital image analysis system
for polarised light microscopy consisted of a
Leitz Ortholuxg 2 POL polarised light
microscope (Leitz Wetzlar, Wetzlar, Germany)
connected to a thermoelectrically cooled Photo-
metrics CH250/A camera (Photometrics Inc,
Tucson, AZ, USA) including the Kodak KAF-
1400 scientific grade charge coupled device
(Kodak, Rochester, NY, USA). The camera
control and image digitation was carried out via
a NuBus interface (Photometrics Ltd) by a
Macintoshg II fX computer and an eight bit
grey scale display (Apple Computer Inc,
Cupertino, CA, USA). The camera produces
12 bit images (4096 grey shades) and the image
can consist of 1317 X 1035 pixels. For image
capturing, processing, and analysis, and macro
routines, IPLab Spectrum® (Signal Analytics
Corporation, Vienna, VA, USA) and Microsoft
Excelg (Microsoft Corp, WA, USA) softwares
were used. During polarised light microscopy,
a strain free PL Fluotar 6-3 x /0 20 objective
was used for the calibration and measurements.
For transillumination of the specimens,
monochromatic light of wavelength (A) 591-4
nm was used and was adjusted with an
interference filter (IL 591-4 nm (t 1/2-width
10-3 nm), Schott, Germany).
In polarised light microscopy, the

anisotropic collagen fibrils of articular cartilage
cause an optical path difference (retardation)
(F) of the light.27 The birefringence of a
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collagen fibril in linearly polarised light is
dependent on the angle between the axis of
polarisation and the axis of the fibril, and on
the geometric thickness of the specimen or the
structure.27 In cartilage sections, F depends
also on the organisation (orientation) pattern
of collagen fibrils or the density of collagen
structures in the specimen, or both.24 To detect
maximum birefringence, the fibril must be
oriented at an angle of 450 to the axis of the
polariser or analyser. In our investigation, the
fibrils of the surface were measured first by
adjusting the cartilage surface exactly at an
angle of 450 to the axis of the polariser, then
the chondrocyte columns were set at an angle
of 450 to the axis of the polariser, to measure
the birefringence in the deep zone.
Birefringence in the middle zone is reduced to
zero by lack of coherent orientation of the
fibrils, and was not measured (fig 3). Fresnel
derived a general equation relating the
intensity of incident light to the intensity of the
emergent light as altered by the retardation of
the object, the compensator, and by the angle
of the axis of the analyser.27 When the axes of
the polariser and analyser intersect at 900,
Fresnel's equation can be written as follows:

I=a+bIosin2 (x)0'0ot900 (1)

from which follows:

cx = arcsin ((I-a)/(b Io))0O5 (2)

where Io = intensity of light entering the
polariser; I = intensity of the light emerging
from the analyser (0 to 4095 grey values);
a = observed baseline light intensity when ct is
zero; b = coefficient that accounts for the
camera and microscope adjustments and light
absorption due to the whole system;
(x = rotation angle of the compensator.

-- - sot's--* Calcified -

4. 'a ila

Figure 3 Polarised light microscopy analysis. The cartilage section was positioned as

indicated in the drawing, with the cartilage surface always placed an angle of ±45' to the
axis of the polariser (Po) and analyser (An), and the compensator at an angle of 45° to the
axis ofboth Po andAn. The grey levels of the superficial and deep zones were converted to
retardation values (F) of the birefringent material according to the Fresnel equation (see
Materials and methods).

Microscope dependent variables such as lamp
illumination, microscope alignment, mono-
chromator, magnification, lens aberrations, etc,
were kept constant and were taken into account
in the final intensity-retardation transformation.
To determine the practical mathematical
relationship between the measured light
intensity (grey scale value) and ot values, a
rotatable Senarmont X/4 compensator plate was
used as a calibration specimen between the
crossed axes of the polariser and analyser.
Initially, readout noise from the charge coupled
device and other electrical components of the
system was determined at each pixel and stored
as a separate background image. The compen-
sator was rotated by 0.50 steps between 0 and
200. Each compensator rotation was digitised
and subtracted from the respective background
image. The mean intensity for each compen-
sator step was registered and the compensator
angle values were plotted against the respective
mean grey intensity. Finally, constants a and b
of equation (2) were determined by an iterative
process using a Kaleida Graph software
(Synergy Software, PA, USA) to determine the
standard calibration curve required to convert
the observed grey intensity of the specimen into
ot values. A set of measurements was carried out
using manual compensation with the Senarmont
A/4 compensator plate in the samples. The
theoretically derived constants were applicable
to this real dataset with very close agreement
(r2 = 0 986), which indicated that virtually no
light loss occurred because of unstained
samples. Consequently, the optical path differ-
ence of the birefringent material (F) was calcu-
lated using the Senarmont method,27 as follows:

F= (otX) / 1800 (3)
where ot = angle (0) (value derived from
equation (2)); A = wavelength (nm) of mono-
chromatic light.
The anisotropic areas of superficial and deep

zones of articular cartilage were analysed
separately to achieve the optimal orientation of
the sample. Within the area of measurement,
the smallest unit of area was a pixel; in our case,
one pixel corresponded to 1-816 X 1-816 ,um at
the specimen level. The width of the measuring
area for the superficial and the deep zones was
set to be 150 pixels; its height was determined
manually by the height of the corresponding
cartilage zone: the superficial zone started at the
articular surface (grey level above baseline) and
ended at the upper border of the intermediate
zone (grey level at baseline/zero); the deep zone
started at the tidemark (visible) and ended at
the lower border of the intermediate zone (grey
level at baseline/zero) (fig 3).

First, the light intensity values for every pixel
were recorded and converted to F values as
described above (equations (2) and (3)).

Second, the row (parallel to the cartilage
surface) means were calculated for every row
of the zone as follows:

Frow =X rpjxel of the row/ 150 (4)
Further processing of results within a zone
consisted of mathematically equalising the
number of rows to a predetermined number of
subzones (three subzones for the superficial
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zone and three for the deep zone) and
calculating a mean for the subzone from the
'row means' of the subzone. When data were
pooled, the row mean of the subzone was
weighted with the height (or the number of
original rows) of the subzone. Results for the
superficial and deep zones of articular cartilage
were converted to a histogram showing F
values (nm/Vtm2) of the superficial one third
(0-33%), the middle one third (34-67%), and
the deep one third (68-100%) of the zone.

Third, a densitogram (distribution histo-
gram of the pixel light intensity values) was
formed from the population of pixels of a zone.
From the original densitograms, the mean area
adjusted integrated retardation (AIR) value
(Era) (nm/npm2) of birefringent structures was
calculated by summing the pixel F values of the
zone and dividing the results by the number of
pixels in the corresponding zone,as follows:

- AIR = Fpixel of tie zone/ npixels in the zone (5)

The fourth parameter recorded for a zone was
the thickness of the zone, which was obtained
from the number ofrows in the measuring area
expressed as ,im and percentage thickness of
the total uncalcified cartilage.
To test the effect of orientation of the speci-

men on the AIR values of the cartilage surface
and deep zone, which was set at an angle of
± 450 to the axis of the polariser and analyser,
we rotated the specimens on the stage and made
multiple measurements at different angles (± 20,
± 50, ± 80, and ± 100). At the FPI location ± 20,
± 50, ± 80, and ± 100, we observed decreases of
1 1%, 3-6%/, 4-3%/, and 6<1%, respectively, in
AIR values in the superficial zone. In the deep
zone, angles ± 20, + 50, ± 80, and ± 100 resulted
in decreases of 3-3%, 5-1%, 8-6%, and 13-6%
in AIR values, respectively. To test the error
between repeated measurements, superficial
and deep zone measurements were carried out
six times at the FPI location. Between
measurements, the samples were removed,
replaced, and refocused. The coefficient of
variation (%) of AIR values between the
measurements was 4-7% for the superficial and
0-7% for the deep zone. To evaluate the range
of section thicknesses, six randomly selected
sections were analysed, taking the difference in
AIR value to reflect the change in section
thickness. The coefficient of variation of the
AIR values between sections ofone tissue block,
measured from six different sections at the FPI
location, was 7-6% for the superficial and
11 -8% for the deep zone. The precision of the
method was estimated with the relative standard
error of the mean (RSE):28 RSE < 10% was
obtained when one to three sections were
measured from more than four animals.

CONVENTIONAL POLARISED LIGHT MICROSCOPY
ANALYSIS OF CARTI-AGE
GLYCOSAMINOGLYCANS

The orientation of glycosaminoglycans was
determined with a Zetopang POL microscope
(Reichert, Vienna, Austria), using a magnifi-
cation of x 400. Because of the high
retardation values obtained in some zones, the

measurements were made at wavelength (X)
656 nm using the Senarmont compensation
method.27 The optical retardation was deter-
mined by rotating the analyser through an
angle a until the birefringence was ex-
tinguished (the specimen became dark).
Consequently, F values were acquired by
determining the value of a in equation (3). In
toluidine blue stained cartilage sections, F
depends on the organisation (orientation)
pattern of glycosaminoglycan molecules, the
glycosaminoglycan concentration, or both.24
Analysis was made from the intermediate
section of the lateral condyle of the femur; the
area analysed covered points FLIL, FLI, and
FLIM. The most superficial fraction of the
extracellular matrix represented the superficial
zone. In the deep zone, the pericellular matrix
and the interterritorial matrix were analysed
separately. The points where measurements
were carried out in different matrix compart-
ments were selected randomly. From each dog,
five sections and 20 measurements per section
(= 100 measurements per animal) were made
in each matrix compartment. The coefficient of
variation of F between sections of one tissue
block, measured from five different sections at
the FLI location was 3 4% for the extracellular
matrix of the superficial zone, 1 6% for the
pericellular matrix of the deep zone, and 4 0%
for the interterritorial matrix of the deep zone.
RSE < 10% was obtained when five sections
were measured from more than six animals.

TRANSMISSION ELECTRON MICROSCOPIC

ANALYSIS

Articular cartilage samples for transmission
electron microscopic analysis were taken from
the intermediate part of the lateral condyle of
the femur (FLI). Cartilage sections 0-5 mm
thick were cut in the same direction as the
specimens used in polarised light microscopy
samples. Blocks were fixed for 24 hours in 2%
glutaraldehyde in 0- 1 mol/l sodium cacodylate
buffer and decalcified in buffered 4*13%
EDTA solution for one day. Samples were
postfixed in buffered 1% osmium tetroxide,
dehydrated, and embedded in Epon. Thin
vertical sections were cut parallel to the main
direction of cut using an ultramicrotome,
stained with 1% tannic acid, uranyl acetate,
and lead citrate,29 and examined in a JEM-
1200 EX transmission electron microscope
(JEOL Ltd, Tokyo, Japan) at 80 kV.
Three electron micrographs were taken

systematically from the articular surface to a
depth of 15 ,um (superficial zone), and one
electron micrograph was taken 50-60 ,um
above the tidemark (deep zone), at a primary
magnification of x 25 000. Collagen fibrils
were investigated by randomly superimposing
a squared lattice over the photomicrographs
(final magnification of x 170000). The
volume density (Vv) of collagen fibrils was
determined as Vv = Pc/Pt, where Pc = number of
test points impinging on collagen fibres and
Pt= total number of test points hitting the
whole tissue.30 The average diameter of the
longitudinally sectioned collagen fibres (Dj)
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was estimated from each photomicrograph at
a final magnification of x 170 000.

BIOCHEMICAL ANALYSIS

For the biochemical analysis, the proximal head
of the humerus was stored in Ringer's solution
at 4°C for 12 to 14 hours to test the bio-
mechanical properties of the cartilage. 17 A
dental drill equipped with one cutting blade was
used to cut 1-5 X 6-0 mm sized cartilage-sub-
chondral bone slices from the central area of the
head of the humerus near the site of bio-
mechanical testing (fig 2). During preparation,
the specimens were kept moist with ice cold
Ringer's solution. After storage at -70°C, the
uncalcified cartilage was carefully separated
from the subchondral bone with a surgical knife
under a stereomicroscope and stored at -70°C
until required for further analyses. The cartilage
samples taken for biochemistry were freeze
dried, weighed, and hydrolysed in 6 molIl
hydrochloric acid at 1 1 0°C for 24 hours in
sealed tubes before the determination of
collagen as hydroxyproline, and hydroxypyri-
dinium crosslinks as pyridinoline. Part of the
hydrolysate was subjected to partition chroma-
tography,3" and pyridinoline was measured by
114 .~4J1 y. .. L.) Lt1L> p ..U i..

cribed previously.32 Quantification was based
on the use of pyridinoline standards (a kind gift
ofDr Simon Robins, Rowett Research Institute,
Aberdeen, Scotland). The pyridinoline concen-
tration was calculated as mol/mol of collagen,
on the assumptions that hydroxyproline contri-
butes 13-3% of the amino acids of collagen and
that collagen has a molecular weight of 300
kDa. Hydroxyproline was analysed by HPLC
after an o-phthalaldehyde/9-fluorenylmethoxy-
carbonyl chloride derivatisation system as
described originally by Teerlink et al34 and
modified by Palokangas et al.33

STATISTICAL ANALYSIS
The two tailed non-parametric Wilcoxon
matched pairs signed ranks test was used to
compare the data of the runner animals with
those of their control littermates.

Results
GROSS FINDINGS

The macroscopic appearance of articular
cartilage was normal in both the runners and
their controls. Epiphyseal plates were radio-
graphically closed (calcified) around the
shoulder and knee (stifle) joints, indicating that
the growth of these bones had ceased. Histo-
logical surface changes of the cartilage,
including exposure of the fibres, was observed
in 3-/6% of the runner and 0.1/% of the control
animal groups.35 This difference was not
statistically significant.

DIRECTION OF THE ARTIFICIAL SPLIT LINES

In the femoral and tibial condyles, corres-
ponding to the points FMI, FLI, TMI, and

TLI in figure 2, split lines ran across the
condyle in the mediolateral direction, whereas
in the patellar surface of the femur (point FPI)
and at the head of the humerus (point Hum),
no clear split line direction could be observed.
This split line pattern was constant in each dog
investigated.

THICKNESS OF UNCALCIFIED CARTILAGE AND

DIFFERENT CARTILAGE ZONES

The thickness of the uncalcified cartilage and
its zones varied in the runner and control
groups according to the site of the test point
(table 1). The mean thickness of the tibial
uncalcified cartilage (TMI, TLI) was much
greater than that of the femoral (FMI, FLI)
and humeral (Hum) cartilages (table 1). The
mean thickness of the superficial zone, and the
proportion of the superficial zone in the
uncalcified cartilage, was greatest at the
femoral and humeral test points and least at the
tibial test point (tables 1, 2).

In general, running training had no
significant effect on the absolute thickness of
total uncalcified cartilage and the absolute and
percentage thicknesses of the various cartilage
subzones (tables 1, 2). However, at the inferior

k1l 1), uL1uLLWbuL1C;b VUIUICLLC;J LU11C W4b

increased by 25-7% (table 1). At the medial
point of the intermediate section of the medial
condyle of the femur (FMIM), the thickness of
the intermediate zone increased significantly,
whereas at the lateral point (FMIL), the
thickness of the superficial zone had decreased
significantly (table 1). At the medial condyle of
the tibia covered by meniscus (TMM), the
thickness of the deep zone increased signifi-
cantly, by 17.4% (table 1). At the head of the
humerus (Hum), the absolute and percentage
thicknesses of the deep zone decreased
significantly (tables 1, 2).

COLLAGEN FIBRIL AND GLYCOSAMINOGLYCAN

MOLECULE ARRANGEMENT AND r OF
BIREFRINGENCE OF COLLAGEN AND

GLYCOSAMINOGLYCANS
As shown earlier by Benninghoff, the deep zone
collagen fibrils of the cartilage matrix ran
predominantly perpendicularly to the articular
surface, and the fibrils curved away obliquely to
form gothic arches in the intermediate zone, to
run parallel with the articular surface in the
surface zone.7 This feature was found invariably
at each site investigated. In the superficial zone,
the birefringence of collagen fibrils decreased as
the intermediate zone was approached (figs 3,
4). In the deep zone, birefringence increased
throughout the depth of the zone, reaching a
peak value at the tidemark (figs 3, 4).

In the superficial zone, the area adjusted
integrated retardation value of birefringence of
collagen fibrils varied greatly according to the
site of the test point, the deep zone showing
least variability. The mean (SD) value of AIR
in the superficial zone of the humeral cartilage
(Hum) (n = 9) (6-59 (0 35) nm4VLm'), was 25%
greater than that of the femoral cartilage (FPI,
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Table 1 Thickness ofuncakified cartilage determined with polarised light microscopy at different regions of the knee (stifle)
and shoulderjoints of beagle dogs after long distance running (40 km/day)

Site of analysis Thickness of uncalcified cartilage (,um)
Total Superficial zone Intermediate zone Deep zone

C R C R C R C R

Patellar surface of femur
FPI§ (n= 10) 404 (64) 460 (159) 80 (14) 72 (17) 67 (19) 65 (30) 257 (58) 323 (169)t

Femoral condyles
FMIM (n = 10) 658 (86) 734 (216) 87 (24) 84 (27) 77 (40) 108 (54)* 494 (92) 542 (92)
FMI (n = 10) 867 (94) 832 (216) 97 (20) 108 (33) 47 (24) 62 (47) 723 (101) 662 (208)
FMIL (n = 9) 736 (61) 700 (157) 107 (20) 96 (24)* 52 (18) 59 (23) 577 (71) 545 (159)
FLIM (n = 8) 398 (286) 449 (87) 77 (22) 80 (14) 30 (21) 46 (34) 291 (32) 323 (74)
FLI (n = 9) 611 (81) 599 (153) 77 (13) 69 (15) 105 (32) 98 (25) 429 (72) 432 (165)
FLIL (n = 9) 639 (70) 726 (192) 120 (30) 139 (45) 59 (18) 49 (24) 460 (84) 538 (182)

Tibial condyles
TMM (n = 9) 499 (100) 555 (83) 57 (15) 45 (20) 52 (18) 52 (43) 390 (112) 458 (81)*
TMI (n= 10) 1008 (110) 1007 (101) 47 (13) 36 (9) 25 (18) 36 (22) 936 (109) 935 (105)
TML (n= 10) 1113 (131) 1163 (149) 59 (7) 67 (18) 13 (23) 32 (45) 1041 (129) 1064 (121)
TLM (n= 9) 960 (187) 99 (178) 74 (31) 61 (17) 18 (20) 29 (32) 868 (180) 907 (177)
TLI (n = 9) 780 (109) 805 (104) 35 (11) 33 (8) 34 (10) 40 (18) 711 (111) 732 (94)
TLL (n = 9) 486 (57) 565 (133) 63 (26) 80 (22) 93 (45) 75 (35) 330 (39) 410 (146)

Humerus
Hum (n =9) 506 (50) 469 (47) 59 (8) 60 (11) 43 (13) 51 (17) 404 (89) 358 (50)*

IJ - V-VJ p -V-VJU lilUl1llIU WIU1 5)IlCU LULILIUI kLWU L4l1CU llUlU-,PllilLllIL W MLUAUVll lidLL-11U 54ILL brL5IIU LMlNZ LLbL).

Table 2 Percentage thickness of the different uncalified cartilage zones determined with polarised light microscopy at
different regions of the knee (stifle) and shoulderjoints of beagle dogs after long distance running (40 km/day)

Site of analysis Thickness (%o) ofuncalcified cartilage

Superficial zone Intermediate zone Deep zone

C R C R C R

Patellar surface of femur
FPIS (n 10) 19-8 (2.5) 15-7 (8.2) 16-6 (3.1) 14-1 (7.4) 63-6 (5-6) 70-2 (12-3)

Femoral condyles
FMIM (n = 10) 13-2 (4 3) 11-4 (4 9) 11-7 (5-8) 14-7 (6 9) 75-1 (6 6) 73-8 (6 8)
FMI (n= 10) 11-2 (2 6) 13-0 (2 8) 5 4 (3-1) 7-5 (8-0) 83-4 (3-6) 79-6 (8-5)
FMIL(n=9) 14-5 (2-8) 13-7 (4 8) 7-1 (2 6) 8-4 (4-2) 78-3 (4-1) 77 9 (5-9)
FLIM (n = 8) 19-3 (6 2) 17-8 (5-1) 7-5 (5 5) 10-2 (5-7) 73-1 (4-3) 71 9 (5 1)
FLI (n=9) 12-6 (2-5) 11-5 (3-0) 17 2 (4 5) 16 3 (5-9) 70 2 (5 7) 72-1 (7 8)
FLIL(n=9) 18-8 (4-9) 19 1 (5 4) 9 2 (3 9) 6-7 (4-1) 72 0 (6-7) 74-1 (5 8)

Tibial condyles
TMM(n=9) 11-4(5-6) 8-1 (48) 10-4(4-8) 9-4(85) 78-2(8-1) 825(57)
TMI (n = 10) 4-7 (1-9) 3-6 (0 8) 2-4 (1-5) 3-6 (2-4) 92-9 (2-2) 92 9 (2-3)
TML (n = 10) 5-3 (1-1) 5-8 (1-6) 1-2 (2 0) 2-8 (3-4) 93-5 (2-5) 91-5 (3-3)
TLM (n = 9) 7 7 (2 0) 6-1 (2-4) 1-9 (2-4) 2-9 (3-5) 90 4 (2 7) 91-0 (3-1)
TLI(n=9) 4-5(1-3) 4-1 (1-1) 4-4(1-8) 5-0(1 9) 91-2(22) 909(23)
TLL (n = 9) 13-0 (5-2) 14-2 (3 5) 19 1 (7 7) 13-3 (7-8) 67-9 (5-5) 72-6 (9 8)

Humerus
Hum (n = 9) 11-7 (2-3) 12 8 (2-7) 8-5 (2 2) 10-9 (3-9) 79-8 (2-1) 76 3 (3-8)*

Values are mean (SD); n = number of paired observations.
C = Control; R = runner; §See figure 2 for abbreviations.
*p < 0 05 compared with paired control (two tailed non-parametric Wilcoxon matched pairs signed rank test).

FMI, FLI) (n = 29) (4-96 (0-36) nm/p.m2) and
52% greater than that of the tibial cartilage
(TMI, TLI) (n = 19) (3.14 (0-27) nm/ Rm2) in
the control group. The zonal distribution of F
(nm4l,m2) showed that the difference was
greatest in the outermost or superficial one
third of the superficial zone (fig 4).

After the running training, the AIR value of
the collagen fibrils decreased by 24% on the
summits of the lateral femoral condyle (FLI),
and by between 25% and 34% on the central
points of the tibial condyles (TMI, TLI)
(table 3, fig 5). In addition, at the medial point
of the lateral condyle of the tibia (TLM), the
area not covered by meniscus, AIR values
decreased by 30% in the superficial zone
(table 3). The reduction in AIR value was most
pronounced in the first and second one thirds
of the superficial zone (fig 4). At the marginal
areas of the medial and lateral condyles of the
femur (FMIM, FMIL, FLIM, FLIL), the AIR
values were not changed after running. At the
head of the humerus (Hum), F was signifi-
cantly decreased in the second one third of the

superficial zone (fig 4). Running had no effect
on the value of F in the deep zone of articular
cartilage ofany ofthe test points (table 3, fig 4).

In the superficial zone, the preferential
orientation axis of the sulphated glycosamino-
glycan molecules seemed to be parallel to the
articular surface. In the pericellular matrix of
the deep zone, glycosaminoglycan molecules
were arranged tangentially around the chon-
drocytes, whereas in the interterritorial matrix
the pattern of orientation of glycosamino-
glycans was perpendicular to the articular
surface. After running training, at the inter-
mediate point of the lateral condyle of the
femur (FLI), mean (SD) F of glycosamino-
glycans in the superficial zone matrix decreased
significantly from 40 0 (10-3) nm to 29-7 (9-8)
nm (p = 0-036) (fig 6). In the interterritorial
matrix of the deep zone, F of glycosamino-
glycans decreased from 33-7 (8-7) nm to 32-4
(5-0) nm, and in the pericellular matrix of the
deep zone it decreased from 60-6 (11-3) nm to
51 8 (9-0) nm, but these changes were not
significant (fig 6).
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Figure 4 Histogram of the retardation values (F) (nm4tm2) of the birefringence in the superficial and deep zones (divided
into three subzones) of articular cartilage in different regions of the knee and shoulderjoints of beagle dogs. Abbreviations as

infigure 2. *p < 0 05; **p < 0 01 (two tailed non-parametric Wilcoxon matched pairs signed ranks test).E = Control dog;
* = runner dog.

VOLUME DENSITY AND DIAMETER OF COLLAGEN

FIBRILS

The volume density (Vv) of superficial collagen
fibrils was slightly decreased at the inter-
mediate point of the lateral condyle of the
femur (table 4). In the deep zone, Vv of the
collagen fibrils was unchanged. The average
diameter of the longitudinally sectioned
collagen fibres (Dj) was unchanged (table 4).

CONCENTRATION OF COLLAGEN AND

PYRIDINOLINE

The concentration of collagen or pyridinoline
did not differ in the cartilage samples of the
proximal head of the humerus from the trained
and untrained animals (table 5).

Discussion
The dogs in this study were young when they
entered the study: age 15 weeks, which is about
equivalent to an eight year old child. Skeletal

maturity in a beagle is generally achieved by 10
months, which is more or less comparable to
19 years in a human.36 The results of this study
may therefore be extrapolated, with caution, to
human adolescents.
The new computer based polarised light

microscopic method used in this study pro-
vided a quantitative and objective means of
investigating the organisation of collagen fibrils
in articular cartilage. During polarised light
microscopy, cartilage sections could be orien-
ted accurately, and the image provided a good
overall impression of the collagen arrange-
ment. However, the technique has some limi-
tations. First, section thickness must be kept
constant as far as possible, and a number of
sections must be measured to meet the
demands of the statistical design and treatment
of the results. Second, the orientation of the
specimen is critical, as sections cut parallel to

the artificial split lines result in greater
birefringence for the superficial zone than do
those cut perpendicularly.37 In this study,
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Table 3 Mean area adjusted integrated retardation valune
(!1) (AIR) of the birefringent structur^e at difjerent sites
anid zones of articuilar cartilage of the knzee (stifle) and
shouilder joints of beagle dogs after lonig distance nrnning
(40 k?n/dai)

Site of analysis AIR (nni/sni )

S -c'Irfzoialeoi lDeezop

Patellar surface of femur
FPI§ (n 10) 0.95 1.02

Femoral condvles
FMI.M (n 10) 0 80 0 98
FMI (n= 10) 0.91 1.09
FMIL(n =9) 096 (.90
FLIM (n = 8) 1-02 (091
FLI (n = 9) 0.76* 1 00
FLIL (n = 9) 0 94 0-93

Tibial condvles
TMM (n = 9) 0 79 1 04
TMI (n I10) 0.66* 0 98
TML(n 10) 093 105
ILTM(n 9) 070* 091
TLI(n 9) 0.75* 1 01
TLL (n 8) 086 092

Humerus
Hum (n 9) 0 88 0 94

Values are ratios betxeen the mean values of the runner and
control groups; n = number of paired observations.
§See figure 2 for abbreviations. Significant difference from
unit: *p < 0-05 (twvo tailed non-parametric Wilcoxon matched
pairs signed rank test).

reproducibility of the cutting procedure was
ensured by determining the split line pattern in
normal canine knee (stifle) and shoulder
articular cartilage from the main weight
bearing sites of analysis, and by always cutting
the experimental sections parallel to these main
directions (fig 2). The split line pattern was
constant, as has been reported previously in
dogs.3
The present findings support the

Benninghoff arcade model of collagen
architecture in articular cartilage. However,
the thickness and organisation of the cartilage
zones showed marked variation in different
articular surfaces. The relative thickness of the
superficial zone in the humerus and the femur
was significantly greater than that in the tibia.
The pattern of organisation of collagen is

Figure 5 Polarised light inlicrographs taken froni unstainled sectionzs of the artucuilar
cartilage at the summzit of the intermediate sectioni of the lateral condyle of the fe77lmr (poinlt
FLI) from a conitrol dog (left) anid a n niiiier dog (right). S = sluperficial zonee;
I= inltermiediate zone; D = deep zonie. Birefrinzgenzce zvas usually weak in the suiperficial
zone of the runner. Scale bar represenits 100 /.un.

80-

60 -

40-

20 -
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T*T

I
T

T
T
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ECM ITM PCM

Figuri-e 6 Retardation evalues (FI) of the birefringence
(mean (SD)) mneasuredfromn differenit niiatrix
comnpartmients of articuilar cartilage stained for sulphated
glvcosaminogl'cans with toluidine blue at the intermnediate
section of the lateral condyle of thefemur fromn control (O)
and ruinner (P) dogs. ECM = extracellular mtiatrix;
ITM = interterritorial matriX; PCM = pericellular mnatrix.
*p < 0 05 (tzwo tailed non-parametric Wilcoxon matched
pairs signed ranks test).

probably closely related to the local functional
requirements of the tissue: an area that is
regularly subjected to high levels of shear stress
shows a higher degree of collagen orientation,
a thicker superficial zone, greater proteoglycan
concentrations,38 and greater stiffness'7 than
one that is mostly subjected to weight bearing,
such as the tibial plateau, which is also pro-
tected by the meniscus.3 Failure of the
collagen network causes a decrease in the
tensile stiffness and strength of the tissue.4
The instantaneous deformation of cartilage is
believed to be controlled by the collagen
network; in particular, the superficial collagen
network influences the tensile stiffness of
cartilage.4' 42 It is quite possible, even prob-
able, that the slightly decreased instant stiffness
at points FLI and TLI noted previously in
these dogs is associated with the reduction in
superficial zone birefringence observed there.'7

In humans, the contact area and pressure
appear to increase in particular in the lateral

Table 4 17olumze denisity ( ) and diamieter of the
longitudinally sectioned collagen fibrils (D) at tlhe
interniediate point of the lateral condyle of the feniuizr (FLI)
after long distance running (40 km/dax)

Cotrols Rininers
(71i= 8) (?1 = 8)

Volume density of collagen fibrils ( o)
Superficial zone 87 6 (5-0) 82 2 (8-7)
Deep zone 94-3 (2-8) 92 6 (3-7)

Diameter of collagen fibrils (nm)
Superficial zone 10-7 (2-7) 11-4 (3-6)
Deep zone 35i3 (158) 3335 (13 2)

Values are mean (SD); n = number of paired animals.

Table 5 Concentration of collagen (.geg/mlg tissuie dry
weight) anid pyridinioline crosslinks (niol/mol collageni) at
the head of the humenrs of beagle dogs after long distance
running (40 kniz/dax)

Collageni Pvidinloline

Controls (n 10) 473 (32) 1 31 (0-21)
Runners (n 10) 481 (22) 1 30 (0 17)

Values are mean (SD); n = number of paired animals.
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compartment of the knee when the load
increases.43 As judged by kinesiological analysis
of the canine knee (stifle), the patellofemoral
compartment and the summits of the femoral
and tibial condyles probably carry the heaviest
loads.38 The present study has demonstrated
that running training of 40 km/day for 15
weeks caused a significant reduction of the
superficial zone birefringence of the articular
cartilage. The decreased birefringence oc-
curred mostly at the summit of the lateral
condyle of the femur (FLI) and at the central
areas of the tibial condyles (TMI, TLI, TLM),
and was most pronounced in the outermost or
the second one third of the superficial zone.
Birefringence of the superficial zone was also
significantly decreased in the head of the
humerus. At the margin of condylar areas the
birefringence of neither the superficial nor the
deep zone collagen changed. In addition, the
femoropatellar cartilage revealed no significant
changes after running. Thus the effect of
running exercise on collagen was highly site
dependent, as has been proposed before.22

Neither the total concentration of collagen
nor the total hydroxypyridinium crosslink con-
centration was altered at the head of the
humerus, though the birefringence of the
cartilage superficial zone decreased. The bio-
chemical measurements of cartilage collagen
were performed in specimens containing both
the superficial and the deeper zones. Conse-
quently, the changes observed in the superficial
zone (collagen) birefringence at the cartilage
surface cannot be compared directly with the
biochemical concentration of collagen. In the
lateral condyle of the femur (point FLI), where
the reduction in AIR values was most pro-
nounced in the first and second one thirds of
the superficial zone, the volume density of the
most superficial collagen fibrils was slightly, but
not significantly, decreased. These data suggest
that the decrease in birefringence observed in
the superficial zone of the runner dogs can be
explained in part, but not completely, by a
change in the collagen concentration.

It is not known what causes the decrease in
the birefringence in the superficial zone of
articular cartilage after long distance running.
A derangement or even a disorganisation of the
superficial collagen network may be the cause.
Our previous observations support this view.
Saamanen et al studied beagle dogs undergoing
20 km/day of running exercise, and found that
there was an increased water content and a
decreased concentration of collagen in the
lateral femoral condyle articular cartilage,
indicative of a loosening of the collagenous
network after the running training.22 Strenuous
running training of adult mongrel dogs had
previously been shown to cause fibrillation in
the femoral head cartilage."
Another reasonable explanation of the

decrease in the birefringence would be that,
during running training, the individual
collagen fibrils retain their normal structure
but, through degradation and resynthesis,
change their global orientation, resulting in a
decrease in birefringence. This implies that a
reorientation or reorganisation of collagen

fibrils would take place, which may be a
physiological functionally adaptive response to
long distance running training. These changes
are possibly produced during the attainment of
skeletal maturity, rather than after it is
attained. In general, the prevailing view is that
the metabolism of collagen in articular carti-
lage is slow.45 The collagen framework of
canine articular cartilage is laid down early
during growth and the collagen turnover in
mature cartilage is slow.45
The mechanism that accounts for collagen

fibril disorganisation or reorientation remains
to be elucidated. As suggested earlier, a
possible stiffening of the subchondral plate can
cause a reduction in the shock absorbing
capacity of the bone end.46 4 In this investi-
gation, the histomorphometric parameters of
subchondral bone showed changes such as an
increase in the trabecular bone and osteoid
volume, increased bone formation, and an
increased area of resorption surface. This is
indicative of bone remodelling.35 Stiffening of
the subchondral bone will expose the super-
ficial collagen fibrils to excessive peak loads,
perhaps sufficiently large to lead to breakdown
of individual fibrils in the cartilage surface.
This mechanism seems even more plausible in
the light of the simultaneous depletion of
superficial zone glycosaminoglycans,16 and the
softening of the cartilage:'7 proteoglycan loss in
the superficial zone reduces the swelling
pressure of cartilage and the cartilage softens.'7
Greater amounts of energy are absorbed in the
cartilage during weight bearing, and the
collagen fibrils may be exposed to peak loads
sufficiently large to cause disturbance or
reorientation in the collagen network. These
peak loads may even be sufficient to injure
individual collagen fibrils. Proteoglycan loss in
the superficial zone exposes the collagen fibrils
and makes them vulnerable, not only to
mechanical forces, but also to attack by
degradative enzymes. Catabolic factors such as
matrix metalloproteinases (for example
stromelysin-1 and collagenase) released from
the chondrocytes by cytokines (for example
interleukin-1) are able to degrade most of the
cartilage components such as proteoglycans
and various types of collagen (II, IX, X, and
XI).48 49

Long distance running training causes
depletion of glycosaminoglycans at the super-
ficial and intermediate zones at the point FLI,'6
and also alters the optical anisotropy of the
glycosaminoglycans. The decreased optical
anisotropy of glycosaminoglycan molecules
recorded from the extracellular matrix of the
superficial zone can be explained in three
different ways. The first possibility is an actual
loss of proteoglycans from this zone during
long distance running. In this case, less gly-
cosaminoglycan will be stained in histological
specimens and thus less optical anisotropy will
be recorded. The second possibility is that the
decrease in induced glycosaminoglycan bire-
fringence is attributable to the decreased
organisation pattern of the interacting
collagen; it has been shown repeatedly that the
degree of orientation of glycosaminoglycans is
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strongly dependent on the degree of
orientation of the collagen fibrils.24 A third
possibility is that the glycosaminoglycan
orientation pattern changes independently of
that of collagen. Using the present technique,
we can only conclude that the spatial
orientation or concentration of the sulphated
glycosaminoglycans is decreased in the
extracellular matrix of the superficial zone of
the articular cartilage in the runner group. This
can be regarded as a sign of cartilage surface

collagen network may be a marker for future
derangement of the cartilage structure, fibril-
lation, injury, and osteoarthritis.55 50 The latest
human epidemiological studies support the
idea that various types of endurance sports and
occupations that combine knee bending with
prolonged heavy loading are risk factors for the
development of lower limb osteoarthrosis.51-53
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