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Summary: In this study, we investigated the depth-dependent metabolic and structural responses of adult artic- 
ular cartilage to large-strain, static, unconfined compression. Changes in cell biosynthetic activity and several 
morphometry-based structural parameters (cell density, cell volume fraction, cell surface-area density, mean 
cell surface area, and mean cell volume) were measured at eight sites representing different depth-zones 
between the articular surface and the cartilagelbone border. In addition, local axial strain in the superficial, 
transitional, upper radial, and lower radial zones was estimated on the basis of the change in cell density values. 
Static compression of articular cartilage revealed a highly heterogeneous deformation profile through the 
depth of the sample as well as zone-specific changes in biosynthetic activity, as reflected by incorporation of 
[3H]proline. The axial strains in the top layers were greater than the applied surface-to-surface strain, whereas 
axial strains adjacent to the cartilagelbone border were significantly less than the applied strain. Zonal changes 
in cell density and axial strain that occurred during static compression correlated well with alterations in 
metabolic activity. These coordinated changes between cell biosynthesis and cartilage structure suggest that 
zone-specific variations in mechanical stimuli could be responsible for spatially varied patterns of cartilage 
metabolic activity under load. 

Mechanical loading has been shown to be a potent 
regulator of cartilage metabolic activity. Static com- 
pression of cartilage, in contrast to dynamic compres- 
sive loads, causes a general dose-dependent decrease 
in biosynthetic activity (8,20,22). The mechanism by 
which static compression induces inhibition is contro- 
versial, and it has been postulated that changes in 
water content and the resulting effects on pericellular 
pH, proteoglycan content, ion concentration, osmotic 
pressure, and fixed charge density could potentially be 
signals sensed by the chondrocytes (2,8,13,20,24-26). 
Other studies have emphasized the potential impor- 
tance of cell deformations and cell/matrix interactions 
in regulating biosynthetic activity (3,4,10). 

The role of mechanical loading in regulating carti- 
lage metabolism has largely been investigated using in 
vitro studies in which cylindrical disks of cartilage in 
culture are subjected to mechanical loading. Biosyn- 
thetic activity is most often assessed by measuring the 
total amount of radioactive precursor incorporated 
into the cartilage disk during loading. However, even 
uniaxial compression of homogeneous, immature tis- 
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sue can give rise to nonuniform stress and strain fields 
due to the inhomogeneities in boundary conditions. 

Compression of adult articular cartilage lends an- 
other layer of complexity to  the site-specificity of the 
biosynthetic response because adult cartilage is zon- 
ally stratified in terms of its biochemical content, 
water content, ultrastructural architecture, cell mor- 
phology, and cell metabolic behavior (1,6,12,1S,16). 
Zone-specific changes in biosynthetic activity in adult 
articular cartilage under mechanical loading have 
been studied in some detail (9,14,22). Schneiderman 
et al. (22) observed that chondrocytes in the middle 
zone of adult cartilage were more sensitive to water 
loss and showed the greatest reduction in sulphate 
incorporation during static compression. Guilak et al. 
(9) studied zonal variation in uptake of [35S]sulfate by 
statically compressed cartilage disks derived from 4-5- 
month-old calves and found a relatively uniform inhi- 
bition of biosynthetic activity with changes in depth. 

The goal of this study was to  use recently developed 
techniques that would allow a simultaneous measure- 
ment of zone-specific alterations in cell and matrix 
morphology and in cell biosynthetic activity (S,27) to 
determine the response of adult articular cartilage to 
static compression. Conventional stereologic parame- 
ters (cell density, cell volume fraction, mean cell vol- 
ume, and mean cell surface area), which together 
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characterize the morphological structure of the cells 
and matrix of the articular cartilage, were measured 
through the depth of the tissue at different compres- 
sion levels. With the use of quantitative autoradiogra- 
phy techniques, the biosynthetic activity in the same 
zones was also measured. Correlations were sought 
between changes in metabolic activity and each of 
the stereological parameters as a means of suggesting 
which could play an important role in the signal trans- 
duction mechanism. 

MATERIALS AND METHODS 
Cores of articular cartilage and bone were extracted under 

semisterile conditions from young adult bovine humeral head car- 
tilage with a 4 mm orthopaedic myelotomy drill (Institut Strau- 
mann, Waldenburg, Switzerland) and constant irrigation with 
phosphate buffered saline. To remove the excess bone from the 
cores, the disks were placed with the articular surface side facing 
down in a 500 pm deep hole in the jig of a custom-designed saw. 
The core was held from above while a rotating circular blade 
removed all bone except for a 100-200 pm layer of subchondral 
bone. The disks were then punched using a 3 mm sterile dermal 
punch (Stiefel Laboratorium, Winterthur, Switzerland) to remove 
ragged edges caused by drilling. The cartilage disks were washed 
three times for 5 minutes each time in phosphate buffered saline 
containing 50 pgiml gentamicin and were cultured overnight in 
temperature and C0,-equilibrated Dulbecco’s modified Eagle 
mediumMam’s F-12 (1:l) medium before compression was ap- 
plied. Bovine serum albumin (0.01%), 0.35 mM proline, 50 pg/ml 
gentamicin, 20 p g h l  ascorbate, 1 mM L-cysteine, and 1 mM sodium 
pyruvate were added to the synthetic culture medium before use. 
The loss of glycosaminoglycan to the medium was measured to be 
4.5% per day, which could have an influence on cartilage mechan- 
ics and chondrocyte metabolism. 

The thickness of the articular cartilage was optically measured 
by an Olympus SZ30 stereomicroscope (Lake Success, NY, U.S.A.) 
with a graded ocular (resolution: 26 pm) at one site on the core. 
Static, uniaxial, unconfined compression was applied by means of 
a custom-designed compression chamber (Fig. 1). Four disks could 
be compressed in one chamber, which consisted of four micro- 
meters (resolution: 10 pm) (Mitutoyo, Tokyo, Japan) mounted on 
a stainless-steel compression frame. The chamber was designed to 
fit inside a 100 ml, gas-sterilized plastic beaker requiring 10 ml of 
culture medium to fully submerge the four cartilage disks. Speci- 
mens were placed into the chambers and initially compressed a 
subjective amount to ensure that full contact was made between 
the stainless-steel upper platen and the cartilage surface. One 
group of specimens was not compressed further, whereas a second 
group was compressed an additional 20% of the optically mea- 
sured height and a third group, an additional 40%. Since the car- 
tilage thickness was measured at only one site on the core and 
varied an average of 85 pm in thickness, the compression was 
associated with a small error. A fourth, free-swelling group of disks 
was cultured in the beaker outside of the compression chamber. 
Control studies showed that the height of the free-swelling speci- 
mens did not change significantly in the interval between extrac- 
tion and histological preparation after 2 days in culture. The final 
cartilage heights for the four groups were therefore measured from 
1 pm Epon (Fluka AG, Buchs, Switzerland)-embedded sections 
and 80 pm thick unembedded sections. A total of 32 disks were 
extracted from four animals (eight disks per experimental group). 
The disks from each animal were randomly assigned to the four 
experimental groups. 

After 5 hours of static compression, thc chambers were trans- 

ferred into a new beaker containing medium with 10 pCiiml(3.7 X 
lo5 Bq/ml) [’Hlproline, and the disks were labeled under compres- 
sion for 18 hours. The disks were washed two times for 30 minutes 
in temperature and C0,-equilibrated medium and chased for 4 
additional hours. They were then fixed in the compressed state in 
5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) 
overnight, washed three times in 0.1 M sodium cacodylate buffer, 

FIG. 1. Compression device for application of unconfined, uniaxial 
static compression of cartilage disks. The uppcr surface of the car- 
tilage disk (arrow) was contacted by a stainless-steel metal spacer 
that touched the micrometer at a point to ensure that the cartilage 
disk did not rotate as the micrometer was turned. 

and immersed in 70% ethanol under compression overnight. Cat- 
ionic dyes such as ruthenium hexammine trichloride were found 
to interfere with the fluorescent signal provided by the glutaralde- 
hyde fixation and were not used (27). The disks were removed 
from the compression chamber, divided into two symmetric halves, 
and processed for either stereological analysis or quantitative 
autoradiography. 

Details of the confocal microscopy-based stereological mea- 
surements were previously described (27). Briefly, 80 pm thick 
sections were cut from the center plane of the half cylinders with 
an oscillating tissue slicer (model OTS-3000-03; Electron Micros- 
copy Sciences, Fort Washington, PA, U.S.A.). Thick sections were 
mounted in 70% ethanol using conventional microscope slides and 
coverslips, and the cartilage slices were imaged with a laser scan- 
ning confocal microscope (MRC 600 LSC imaging system; Biorad, 
Hertfordshire, England) equipped with an argon laser. An excita- 
tion wavelength of 488 nm was used with a 5 15 nm emission barrier 
filter. Stereological parameters were measured at eight sites of 
equal area between the articular surface and the cartilagehone 
border. All measurements were performed in the central area of 
the plug. Because the total cartilage height varied from specimen 
to specimen, the zoom (or magnification) of the confocal micro- 
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scope was adjusted so that the height of one confocal image was 
equal to one-eighth of the total cartilage height. At each of the 
eight sites, the cell density (cells/mm3), cell volume fraction (YO),  
cell surface-area density (cmz/cm3), mean cell volume (pml), and 
mean cell surface area (pm') were measured from the confocal 
images. 

The second half of each disk was embedded in Epon resin and 
sectioned at 1 pm with an ultramicrotome (Reichart Ultracut E; 
Auer Bittmann Soulie, Zurich, Switzerland) equipped with a 45" 
diamond knife (Diatome, Biel, Switzerland). Again, only sections 
taken from the midplane of the cartilage disk were evaluated. 
Sections were dried onto glass slides, and the slides were dipped 
into Kodak NTB2 emulsion (Eastman Kodak, Rochester, NY, 
U.S.A.) and exposed under darkroom conditions for 3 weeks. The 
sections were then stained with a 0.008% solution of toluidine blue 
(9, and the grain density (or number of grainsisection volume) 

counting analysis and the morphometry measurements, sections 
from all 32 specimens were analyzed. 

Articular cartilage can be divided into the superficial, transi- 
tional, and radial zones on the basis of morphological criteria (11). 
Superficial-zone chondrocytes are flattened or discoidal-shaped, 
whereas chondrocytes of the transitional zone are slightly larger 
and more rounded, and chondrocytes of the radial zone form 
columns or chondrones of cells. On the basis of a histological 
examination of the free-swelling specimens and a consideration of 
the eight sites from which measurements were made, the superfi- 
cial, transitional, upper radial, and lower radial zones were desig- 
nated to be 12.5% (site l), 12.5% (site 2), 375% (sites 3-5), and 
37.5% (sites 6-8) of the total height, respectively (27). We chose, 
however, to define the four zones on the basis of the percentage 
of the cells found in each zone, rather than on relative height, 
which changed with compression. Cell density values at the eight 

FIG. 2. Total cartilage height and height of superficial, transitional, upper radial, and lower radial zones for the four experimental groups. 
The percentage of local axial strain (SD in parentheses) is given for each zone. 

was measured for the eight regions that corresponded to where 
the stereological measurements were made. 

The method for quantitating silver grain density was recently 
described (5). Briefly, X l O 0  images (100 X 70 pm) were captured 
using a Sony CCD video camera (model DXC-930P Sony, Tokyo. 
Japan) mounted on a light photomicroscope (model Vanox-S AH- 
2; Olympus Optical, Tokyo, Japan). Digital images were acquired 
using a 24-bit frame grabber card (24XLTv; Rasterops, Santa Clara, 
CA, U.S.A.) and a Macintosh IIx computer. An automated grain- 
counting program based on a commercial imaging program (IPLab; 
Signal Analytics, Vienna, VA, U.S.A.) was used to measure the total 
area occupied by silver grains by setting an appropriate threshold- 
ing criterion. The background grain density (measured a few milli- 
meters from the edge of the specimen) was subtracted from the 
measured grain density. The number of grains per image from a 1 
pm section was calculated by dividing the total area occupied by 
grains by the area of a single grain. Biosynthesis per cell (grainsicell) 
was then calculated as the grain density (grains/mm3 of tissue) 
divided by the cell density (cells/mm3 of tissue). For the grain- 

sites and the total cartilage height were used to calculate the total 
number of cells beneath a theoretical 1 mm2 of articular surface 
(23). The above zonal division corresponded to 19.8 i 4.2,13.6 + 
1.8. 33.8 2 2.3, and 32.7 2 2.4% of the total cells in this column 
being found in the superficial, transitional, upper radial, and lower 
radial zones, respectively (n = 8). 

The height of each zone after compression was calculated so 
that the percentage of cells within each zone remained the same 
as it  was before compression (19.8, 13.6, 33.8, and 32.7%). For 
example, site 1 (the top eighth) of the 36%-compressed specimens 
contained 7,779 of a total of 32,417 cells in the 1 mm2 column or 
24% of the cells. We assumed that site 1 contained the superficial 
zone plus some of the transitional zone because the superficial 
zone should encompass only 19.8% of the cells (6,310 cells) in this 
column. To calculate the height of the superficial zone after 36% 
compression, we multiplied the height of site 1 (95 pm) by the ratio 
6,310/7,779 to arrive at a corrected height of 77 pm. Finally, the 
local axial strain, which was defined as the change in height of the 
zone relative to the height of the zone at free swelling, was calcu- 
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FIG. 3. Autoradiography of a free-swelling specimen (A and C) and a 52%-compressed (B and D) specimen showing the superficialitran- 
sitronal zones (A and B) and the lower radial zone (C and D). Compression is associated with a significant reduction in the number of 
grains. Arrows indicate rounded morphology of free-swelling chondrocytes. Bar = 20 pm. 

lated for each zone. The equilibrium axial strain was also calcu- 
lated based on the finitc deformation theory, which is given as e = 
@* - 1)/2, where E, equals the compressed height divided by the 
initial height (7,9). 

A two-way analysis of variance was pcrformed with compres- 
sion level and zone as the two effects. The Bonferroni-Dunn 
method for posr hoc multiple comparisons was used. Statistical 
significance was reported at the p < 0.05 level. 
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FIG. 4. Spatial profilcs 0 1  cell density (cells/mm’) (A) and biosynthesis per cell (grainsicell) (B) in the central region of the disk. Data 
represent the mean of eight specimens I SE. For both parameters, we tested for statistical significance between the free-swelling. 17.36. 
and 52%-compressed groups in each of the eight sites. For clarity. significance (Bonferroni-Dunn pos t  hoc analysis) between only the 
free-swelling and 52%-compressed groups for cach zone is given (* = p < 0.05). 
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FIG. 5. A. Correlation between percentage change in cell density 
relative to percentage change in biosynthesis per cell (grainsicell) 
with static compression at eight discrete sites and three compres- 
sion levels. B Compressive axial strain (given in engineering strain 
and finite deformation strain) as compared with relative change 
in biosynthetic activity. Each symbol represents the mean of eight 
measurements. The free-swelling values are used as the reference 
state. 

RESULTS 
Static compression of articular cartilage produced 

an inhomogeneous, zone-dependent deformation pro- 
file in which the upper layers were compressed more 
and the lower layers, less than the applied surface-to- 
surface strain. To illustrate this finding, we plotted the 
heights of the free-swelling specimens (1,178 * 104 
pm [mean 2 SD]) and the three compressed groups 
(977 ? 121,758 ? 97, and 568 * 84 pm [mean 5 SD]) 
(Fig. 2). The three compression levels corresponded 
to surface-to-surface strains of 17,36, and 52%. There 
was a significant difference in strain among the layers 
(p < 0.0001). Pairwise comparisons revealed that axial 
strains in the transitional zone were significantly higher 
than those in the upper and lower radial zones. 

Autoradiography from the central region surround- 
ing the disk axis of a representative free-swelling disk 
and a 52%-compressed disk showed a large reduction 
in the number of silver grains in the superficial and 

transitional zones at the high compression level (Fig. 
3) .  The shape of the chondrocytes, particularly those 
found in the surface layers of cartilage, changed dur- 
ing compression. These chondrocytes normally had a 
rounded morphology (Fig. 3, arrows) but were flat- 
tened or more discoidal in the highly compressed disk. 

These qualitative observations were supported by 
our quantitative assessment of the structures of cells 
and matrix and biosynthesis per cell in the eight sites 
spanning the articular surface and the cartilage/bone 
border. Cell density increased with increasing com- 
pression in a zone-specific manner. At 52% compres- 
sion, sites 1-4 showed the greatest relative increase in 
cell density (Fig. 4A), whereas there was no difference 
in cell density in the lower radial zone (sites 7 and 8). 
The corresponding measurement of biosynthesis per 
cell (incorporation of [3H]proline) is shown in Fig. 4B. 
For the free-swelling group, the results of which were 
previously published (27), chondrocytes in the lower 
radial zone were about 10 times more active than 
chondrocytes in the superficial layer. Biosynthetic ac- 
tivity was reduced slightly for the 17 and 36% com- 
pression groups, and 52% compression was associated 
with a significant inhibition in biosynthetic activity 
compared with free-swelling specimens. 

The possible relationship between changes in ste- 
reological parameters and changes in biosynthetic ac- 
tivity was investigated. Figure SA shows a plot of the 
change in cell density (relative to the cell density in 
free-swelling specimens) as compared with the change 
in cell biosynthetic activity at the eight sites and three 
compression levels. A linear correlation was found 
with an r2 value of 0.74. The correlation coefficients 
(r2) for mean cell volume, mean cell surface area, cell 
surface density, and cell volume density relative to 
biosynthetic activity were 0.61, 0.54, 0.33, and 0.00, 
respectively. Similar to Fig. SA, we found a linear 
correlation (r2 = 0.74) between the magnitude of com- 
pressive axial strain (plotted in terms of both engi- 
neering strain and finite deformation strain) and the 
change in biosynthetic activity (Fig. 5B). 

Mean cell volume and mean cell surface area for the 
four compression groups are shown in Fig. 6. The 52%- 
compressed specimens showed a general trend of de- 
creased mean cell volume. There was no statistically 
significant difference in mean cell surface area or cell 
volume fraction between any of the groups. 

DISCUSSION 
The results of this study demonstrate a coordinated 

change between certain stereologically derived pa- 
rameters and cell biosynthetic activity during static 
compression of adult articular cartilage. As has been 
demonstrated by others (10,17,21,22), we found an 
inhomogeneous strain pattern throughout the depth 
of the articular cartilage. The highest axial strains were 
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FIG. 6. Spatial profile of mean cell volume (A) and mean cell surface area (B) in the central area of the disk as a result of compression. 
Mean cell volume was significantly reduced at 52% compression. Data represent the mean of eight measurements 2 SE. Significance 
between groups (free-swelling and 17,36, and 52% compression) was tested using Bonferroni-Dunn post hoc pairwise comparison. For 
clarity, significance between only the free-swelling and 52%-compressed specimens is given (* = p < 0.05). 

measured in the transitional zone; however, this was 
significant only with respect to the upper and lower 
radial zones. The relatively low axial strain in the 
lower radial zone is most likely related to the high 
proteoglycan content of this zone and to the fact that 
the cartilage disks remained attached to a layer of 
subchondral bone. The large axial strains seen in the 
upper half of articular cartilage may be physiologically 
important in increasing joint congruity and hence in 
reducing contact stresses. 

Using quantitative autoradiographic techniques ( 5 ) ,  
we estimated the biosynthetic activity of chondrocytes 
in the same regions from which the stereological pa- 
rameters were measured. In general, inhibition of bio- 
synthetic activity was greatest in the areas undergoing 
the greatest compressive axial tissue strains. In the 
central area of the disk, we found that the magnitude 
of the local tissue strain correlated well with change 
in cell biosynthetic activity over all sites of the tissue 
(r2 = 0.74). It is of interest to compare these results 
with those of Guilak et al. (9), who found the greatest 
reduction in biosynthetic activity in the surface zone 
at the highest compression level (1 MPa) but other- 
wise a relatively uniform inhibition in biosynthetic 
activity with depth. The difference between the two 
studies is reasonable in light of the fact that their 
cartilage disks were extracted from less mature, less 
stratified tissue (4-5-month-old calves) and ours, from 
more mature 10-14-month-old animals. Furthermore. 

the subchondral bone layer was removed from the 
cartilage disks in the study of Guilak et al., a proce- 
dure that could significantly alter the zonal pattern of 
axial strain during static compression. 

A significant reduction in mean cell volume was 
also measured in our statically compressed cartilage 
disks. Guilak et al. (10) and others suggested that al- 
terations in chondrocyte volume may be important in 
the mechanical signal transduction pathway. Although 
mean cell volume correlated less strongly with bio- 
synthetic activity, this finding could be related to the 
variance in the stereological estimate of mean cell 
volume. Cell volume was not a direct measurement on 
individual cells as was the case in other studies (4,lO); 
rather, it was estimated as the ratio of cell volume 
fraction and cell density of a population of cells. The 
ability of chondrocytes to actively regulate their vol- 
ume by membrane transport mechanisms could also 
potentially confound or mask relationships between 
cell volume and biosynthetic changes. 

The real strength of this method is that it permits 
the estimation of both zone-specific axial strains and 
zone-specific changes in biosynthetic activity in the 
same specimen. The estimation of axial strain is, how- 
ever, associated with certain limitations and assump- 
tions. First, strain can only be estimated at discrete 
points in the depth of the tissue and cannot be esti- 
mated continuously in space or time. The zonal com- 
pressive strains are based on the average cell density 
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in the respective volume, and areas of high strain gra- 
dient within a zone would not be measured with this 
technique. Second, unlike other methods in which the 
same specimen is analyzed before and after compres- 
sion, our study contains a separate group of disks for 
each compression level. The large SEs of our data are 
in part a result of the variability in cell density with 
changes in depth among specimens. Third, our esti- 
mation of strain is affected by the lateral expansion of 
the tissue that occurs during unconfined compression. 
To estimate this effect, we calculated lateral strain at 
eight depths from the articular surface by measuring 
the change in diameter of the disk on the histological 
section. The axial strain at each site, calculated with 
the correction for lateral expansion, differed from 
the uncorrected axial strain by an average of 4%. 
Inhomogeneous dilatational strain due to cartilage 
anisotropy and nonuniform radial strain within one 
region may also complicate these calculations. 

The use of [3H]proline incorporation as a measure 
of cartilage biosynthetic activity is widespread; how- 
ever, this measurement is also associated with certain 
limitations and assumptions. It is known, for instance, 
that the intracellular pools of proline can be altered 
by cell membrane transport, de novo synthesis of pro- 
line by the cells, and protein degradation (18). The 
concentration of radioactive tracer could be locally 
diluted or concentrated by these mechanisms, which 
could be dependent on the level of compression ap- 
plied. Furthermore, we found that large-strain com- 
pression caused a small but significant increase in 
the percentage of grains situated over cells as op- 
posed to over the matrix. This finding suggests that 
compression altered the ability of proteins either to 
be secreted into the extracellular matrix or to be syn- 
thesized from precursors, in addition to its overall ef- 
fect of inhibiting biosynthesis. On the other hand, 
preliminary studies showed that the [3H]hydroxypro- 
line/[3H]proline ratio (19) did not vary between com- 
pressed and uncompressed cartilage disks, indicating 
that the percentage of [3H]proline incorporated into 
collagen does not change with compression. 

In conclusion, we have studied the inhomogeneous, 
zone-specific behavior of articular cartilage under 
large-strain, static compression. The changes in bio- 
synthetic activity showed a good correlation with 
changes in cell density and axial tissue strain. These 
findings are consistent with the hypothesis that tissue 
strain and the associated fluid loss from the matrix are 
important in regulating chondrocyte metabolism dur- 
ing static compression. 
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