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Abstract

Mechanical loading of articular cartilage can produce catabolic and anabolic changes in tissue metabolism. Most previous studies

in this area have focussed on aggrecan. Little information concerning load-induced collagen modifications has been obtained. We

have therefore conducted studies where mechanical loads are applied in vitro to full thickness cartilage explants retaining a thin layer

of bone, in order to investigate mechanically induced collagen breakdown and consequent turnover, in addition to aggrecan changes

and mechanical property alterations. Tissue explant disks were subjected to unconfined compression and either immediately frozen

or kept in static culture for 10 days. Mechanical tests of the disks immediately prior to and just after the cyclic loading period were

also performed. They showed a weakening of the collagen network and an increased hydraulic permeability due to the cyclic

loading. Load-induced alterations of the extracellular matrix was then clearly evidenced by an increase in denatured collagen in the

disks frozen immediately after loading compared to unloaded controls. Loaded disks maintained in culture for 10 additional days

following cyclic loading no longer expressed this increase in denatured collagen suggesting that mechanically denatured collagen II

had undergone a removal process which could represent turnover or repair, or the beginning of progressive degradation. Indeed

matrix fragments of collagen II and glycosaminoglycans were found to be released to post-loading culture medium in increased

quantities compared to unloaded controls. Our data further demonstrates the ability of mechanical load of articular cartilage to

modulate turnover and metabolism of collagen and proteoglycan in a complex and multifactorial manner that may be of particular

significance in the pathogenesis of osteoarthritis and in the development of pharmacological agents to modulate its progression.

� 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

Articular cartilage in diarthrodial joint experiences

complex load and deformation during locomotion and

other physical activities. It exhibits unique mechanical

properties enabling it to transmit load to subchondral

bone while providing the joint with a nearly frictionless

articulation, thus protecting it from potential mechani-
cal wear and damage. These biomechanical functions

are assured by the extracellular matrix (ECM) of carti-

lage, a reinforced poroelastic structure consisting of a

tension-resistant fibrillar collagen network entrapping a

dense proteoglycan (PG) gel of low permeability [30].

The PG gel resists compression [10] and also accounts

for the low permeability to fluid flow [15,29]. The col-

lagen network provides force in tension, which at equi-

librium counteracts the swelling pressure generated by

the PG gel and limits tissue swelling. During dynamic

loading the strong resistance of collagen to extension

dramatically increases tissue fluid pressurization [27]
thereby creating high tissue stress during physiological

loading.

Although mechanical stimulation is necessary for

cartilage development and homeostasis [9,11,19,24],

abnormal loading has also been shown to initiate car-

tilage degradation [7,18,19,23,36]. Altered in vivo me-

chanical environments, such as surgically induced joint

instability, provoke cartilage degradation [7,39,40] while
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ex vivo and in vitro mechanical loads can also alter the
integrity of the ECM of articular cartilage to produce

osteoarthritis (OA)-like changes [1,6,12,18,23,34,36].

Osteoarthritic cartilage is mechanically different from

normal cartilage, showing diminished stiffness, loss of

tensile strength and increased tissue hydration and per-

meability, the latter considered a first sign of matrix

disruption [5,31]. Such swelling is thought to result from

a compromised collagen network that is unable to retain
the osmotic pressure generated by the heavily charged

PG gel [2,14]. Osteoarthritic cartilage further exhibits

increased levels of cleaved and denatured type II colla-

gen, shown to result from excess collagenase activity

[4,21]. Upregulated collagenase activity is also seen in

the development of OA in ageing and unstable joints

[38]. Additional implication of collagen II in the ethio-

pathogenesis of OA is highlighted when the slow turn-
over of collagen in adult cartilage is considered [32], and

in light of animal models of OA where tissue defects are

induced by collagen II mutations [33].

Previous studies regarding load-mediated tissue de-

gradation have focused on water content, ion-induced

swelling, PG metabolism [18,36] and/or histological

analysis of cartilage and bone [7,18,39], while few have

provided data on possible direct collagen denaturation
in situ due to load [12]. Recently, a specific immunoas-

say for an intrachain epitope (CB11b) exposed only in

denatured but not native type II collagen was developed

to localize [22] and quantify [21] denatured type II col-

lagen in cartilage. In the current study we have applied

this collagen breakdown assay to precisely loaded car-

tilage/bone explants in order to investigate the ability of

mechanical load to modulate collagen network integrity,
turnover and functional mechanical properties as well

as PG metabolism in this multidimensional study. Our

main hypotheses was that mechanical load could com-

promise the integrity of the collagen network, render it

less functional and possibly activate a series of collagen

and PG related biochemical turnover events that are

specific to mechanically loaded cartilage and not nec-

essarily present in static cultures. The results suggest
that mechanical load plays an intrinsic role in the ho-

meostatic control of collagen metabolism that is im-

portant in normal physiology as well as in cartilage

degeneration.

Methods

Isolation and culture of cartilage/bone explants

Full thickness 4 mm diameter cartilage disks (n ¼ 60) retaining a
thin layer of underlying bone were isolated from the shoulder joints
of 1–2 year old skeletally mature steers 6–16 h post-mortem, using a
specialized apparatus described previously [13]. The thickness of these
disks was uniform at 1:50� 0:05 mm, with about 1:13� 0:13 mm
representing cartilage, the remainder being subchondral bone. Biopsy
punches (15-33-33, Miltex, NY) were then used on one group of 20

disks to reduce their diameter from 4 to 3 mm. The disks were cultured
at 37 �C and 5% CO2 in serum-free DME/F12 (D8900, Sigma) changed
daily, supplemented with 50 lg/ml of gentamycin (G1272, Sigma),
0.01% of bovine serum albumin (A8412, Sigma) and 20 lg/ml of
ascorbate (A4034, Sigma). Physiological and metabolic stability of this
explant system has been demonstrated [13]. Groups of six disks taken
from adjacent anatomical locations within the load-bearing regions of
three joints were randomly distributed into three experimental groups
containing 10 matched pairs per group for a total of 60 disks. The
matched pairs allowed one disk from each pair to serve as the unloaded
control alongside the mechanically loaded disk, the two disks having
similar (although not identical) properties due to their original adja-
cent locations in the joint. Cell viability on two additional pairs of
loaded and unloaded 4 mm samples was assessed using Molecular
Probe’s Calcein-AM (C-1430) for live cells and ethidium homodimer-1
(E-1169) for dead cells following previously described methods [13]. In
vitro loading began after a two day equilibration period in culture
following tissue isolation. The first group of 20 disks (10 loaded, 10
controls) was subjected to cyclic loading (see below) on the third day
after isolation; each of these disks was frozen immediately after the
�20 min loading protocol by dipping disk-containing Eppendorf tube
in liquid nitrogen. The second group of 20 disks was cyclically loaded
on the fourth day after isolation in exactly the same manner as those
loaded on the previous day except that they were placed in culture
medium changed daily as described above for 10 days after the loading
period to observe consequent load-induced metabolic changes. The
third group of 20 disks loaded on the fifth day after isolation were 3
mm in diameter and were frozen immediately after loading as were
those of 4 mm diameter loaded two days previously described above.

Mechanical characterization

Prior to cyclic loading of each of the 4 mm disks on day 3, each disk
was subjected to mechanical characterization using a sequence of stress
relaxation steps in the same unconfined compression chamber used for
the cyclic loading. Disks were transferred asceptically to the sterile
stainless steel (316L) compression chamber containing 3.5 ml of culture
media at 37 �C (Fig. 1), and the chamber subsequently mounted inside
an incubator onto a Mach1e Mechanical Loading Unit (Biosyntech
Ltd., Laval, Que., Canada), a high sensitivity mechanical testing and
in vitro loading apparatus. Control disks were placed in a separate
outer ring of the same chamber so that they experienced identical
conditions as the loaded specimens, apart from the loading itself and
any load-induced conditioning effect on the medium. Contact between
the compression post and the samples was assured by attaining a tare
load of 0.1 g followed by an additional 10 lm compression. Then a
sequence of five steps of 20 lm amplitude and 5 lm/s speed was ap-
plied to obtain a total displacement of 100 lm corresponding to about
10% cartilage strain. Relaxation proceeded after each step until the
change in load was less than 0.05 g/min, at which time equilibrium was
considered to have been attained and the next step was applied. Once
the last step was completed, the 100 lm compression was removed,
the actuator returned to its initial offset. A 5 min resting period in the
chamber was then sufficient to allow reswelling and obtain contact
with the compression post as indicated by the detected load. The disk
was then loaded according to the cyclic loading protocol described
below in the same culture media. Finally, after the cyclic loading a 20
min rest period was allowed for the disk to regain its initial height by
reswelling. By monitoring contact of the sample with the compression
post, we found that disks reswelled to within 25 lm of their initial
height, that is, to approximately 98% of their initial thickness. This is
in contrast with studies showing increases in water content, hence disk
swelling to greater than the initial thickness, after vigorous loading
[12,18]. The lack of bone in those cartilage disks compared to ours with
bone may partially explain the increased hydration seen in those
studies. We then performed the same sequence of stress relaxation
steps to mechanically characterize the disk after the cyclic loading. To
minimize the influence of incomplete reswelling and uneven disk
thickness (�25 lm), only the stress relaxation data from the fifth step
(from 80 to 100 lm) were analyzed using a fibril-reinforced biphasic
model [37] to determine values of hydraulic permeability (k), the
equilibrium matrix modulus (Em) and the fibril network modulus (Ef ),
both before and after loading. Cartilage thickness was approximated at
1:13� 0:13 mm for all disks based on the mean of microscopic ob-
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servations and measurements of 10 disks performed in another study
of our group using the same tissue system [26].

Cyclic loading

For the 4 mm diameter disks, one disk of each pair was loaded with
40 ramps of 250 lm amplitude at a velocity of 100 lm/s. Each ramp
was followed by a 20 s relaxation for a total loading time of about 17
min/disk. Parameters of the loading protocol were chosen to achieve a
high average tissue surface stress, between 2 and 5 MPa that is con-
sidered physiological [16,20] and did not exceed the load capacity of
our system which was 10 kg. Since the above loading parameters
produced total loads on 4 mm diameter disks which approached this 10
kg maximum, we were obliged to reduce the disk diameter to 3 mm, in
order to achieve yet higher tissue stresses without exceeding the system
load capacity. These 3 mm disks were loaded with a similar protocol
with an increased amplitude of 400 lm and speed of 250 lm/s resulting
in higher average tissue surface stresses, between 5 and 8 MPa. We
have tried with this displacement-controlled ramp-release protocol to
follow load patterns experienced by the lower limbs during locomotive
activities, where a load free recovery, although much shorter, occurs as
contact between opposing articular surface is lost between cycles [3].
The rest period between cycles also minimized loss of volume of the
explants between cycles, ensuring significant lateral expansion of the
matrix for each cycle, and thereby the continued presence of tensile
stress on the collagen network during the cyclic loading.

Total and denatured collagen in disks and media

A previously developed immunoassay for quantifying total and
denatured collagen II in cartilage was applied [21]. Disks are subjected

to an initial incubation in a-chymotrypsin that extracts denatured type
II collagen but not intact triple helical type II collagen [8]. This is
followed by proteinase K extraction of the remaining dominant native
collagen fraction. Cartilage mass in the disks was obtained by sub-
tracting the remaining bone mass in the proteinase K extracts from the
total disk mass. In our study we did not apply a guanidine HCl ex-
traction prior to a-chymotrypsin extraction as has sometimes been
performed [2,12] since we found quite elevated levels (�3�) of dena-
tured collagen after GuHCl extraction compared to before GuHCl
extraction, indicating GuHCl induced collagen denaturation. Swelling
of collagen fibrils exposed to GuHCl have been seen using transmis-
sion electron microscopy of tendons [35]. Furthermore, extraction in
GuHCl to remove PG appeared unnecessary since more than 80% of
the total disk PG was found in the a-chymotrypsin extract. Both ex-
tracts were then analyzed for collagen content using an inhibition
ELISA with the antibody COL2-3/4m shown to react specifically with
the CB11b epitope of the a1 chains of denatured type II collagen [21].
The assay was also performed on the culture media for disks cultured
after cyclic loading. In this case culture medium of wells from all disks
(n ¼ 10) in the same group from two consecutive days of culture were
pooled to a total volume of 5000 ll and boiled for 10 min to inactivate
any enzymes having diffused from the disks. A 14-fold concentration
was then obtained using microcon concentrators (42407, Amicon
Canada, Ont.) prior to detection by the CB11b ELISA assay.

Proteoglycan in disks and media

PGs, principally aggrecan, in 4 mm diameter cartilage disks and
released to post-loading and loading culture media was assayed as total
glycosaminoglycan (GAG) content using the dimethylmethylene blue
dye as described previously [13,17]. For total GAG content in disks
a-chymotrypsin and proteinase K extracts were both analysed and
added together.

Immunohistochemical detection of denatured collagen

Explants were immediately ‘‘flash frozen’’ in liquid nitrogen after
loading until sectioned. Tissue disks, including underlying bone, were
mounted in OCT embedding media (Miles laboratory), frozen, and 6
lm sections were cut at �20 �C. Cryosections were then enzymatically
permeabilized according to Hollander et al. [22] with the addition
of keratanase (100810-1//SK100810-1, Chromatographic Specialties,
Ont.) at 400 mU/ml to the permeabilization step. Subsequent washes
and antibody probing were also as described previously [22,25] with
slight changes in the protocol. Briefly, washed and BSA (1%) blocked
sections were probed with monoclonal mouse COL2-3/4m antibody
diluted 1:20 in PBS/0.1%BSA, or with non-immune buffer (PBS/
0.1%BSA) as a negative control. Following three 5 min washes in PBS/
0.1%BSA, the mouse COL2-3/4m antibody––treated sections were
incubated for an hour at 37 �C with a goat anti-mouse secondary
antibody coupled to the fluorescent agent ALEXA (A11001, Molec-
ular Probes, OR) diluted 1:200 in PBS/0.1%BSA. Final washes, a GOC
anti-fading treatment, MOWIOL slice mounting and image acquisition
were done as described in Langelier et al. [25].

Statistical analysis

Quantitative results such as total and denatured collagen, GAG,
and mechanical properties are presented as mean� SD, for each ex-
perimental group (N ¼ 10). Comparative analysis between control and
loaded samples were based on a two tailed paired Student’s t-test, with
p < 0:05 considered statistically significant. Results are normalized to
cartilage wet weight. Data presented here concerning load-induced
collagen denaturation are representative of five similar experiments
using similar methodology, the most extensive experiment being de-
scribed here. Qualitative data analysis of viability and immunohisto-
chemical staining are based on a single observer of at least six sections
of two samples from each group and are also representative of other
similar experiments.

Fig. 1. Schematic of experimental design and mechanical apparatus:

(A) enlarged cross-sectional view inside the compression chamber of

the mechanical testing and loading device and (B) representative data

of imposed compressive displacement on 4 mm diameter cartilage/bone

disks and resulting average surface stress for the first and last cycle of

the �25 min cyclic loading protocol.
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Results

Cyclic loading and mechanical properties of disks before

and after cyclic loading

The 4 mm diameter disks subjected to 250 lm am-

plitude, 100 lm/s velocity ramp-release cycles applied 40
times over 20 min in uniaxial unconfined compression

generated average peak (Cauchy) stresses of 3:5� 1:5
MPa for the disks of 4 mm diameter (example in Fig.

1B) (numerical results represent the mean � SD, where

N ¼ 20 for values concerning 4 mm disks and N ¼ 10

for 3 mm disks, unless otherwise stated). Disks with

diameters reduced to 3 mm and subjected to cycles of

400 lm amplitude and 250 lm/s speed generated higher
average surface stresses of 6:5� 1:5 MPa. Stress rates

were calculated from the acquired load data and re-
vealed maximum values at the peak load of 4:5� 1:4
MPa/s for 4 mm diameter disks and 9:0� 1:1 MPa/s for

3 mm diameter disks. Average strain rates calculated

assuming a nominal cartilage thickness of 1:13� 0:13
mm (mean� SD, N ¼ 40) were 8:8� 0:9%/s for 4 mm
disks and 22� 3%/s for 3 mm disks. Mechanical testing

of 4 mm disks before loading revealed intrinsic proper-

ties typical of these mature bovine cartilage disks [37]
with a compressive matrix modulus, Em ffi 0:80� 0:16
MPa a fibril network modulus, Ef ffi 10� 1:93 MPa and

a hydraulic permeability, k ffi ð3:0� 0:8Þ � 10�15 m4/N s

(Fig. 2). Significant changes in two of these mechanical

properties due to the cyclic loading were detected where,
after loading, the fibril network modulus, Ef , was de-

creased by �40% and the hydraulic permeability, k, was

increased by �40% (Fig. 2). The matrix modulus, Em,
appeared to be unaffected.

Cell viability

Viable cells retaining green calcein-AM, indicative of

cytosolic esterase activity and an intact plasma mem-

brane, were observed throughout most of the thickness
of articular cartilage for both loaded and unloaded disks

(Fig. 3). A thin layer of dead cells staining red, indi-

cating disrupted plasma and nuclear membranes and

ethidium homodimer-1 binding to nuclear DNA was

always observed in a few cell layers at the articular

surface (Fig. 3), consistent with previous findings [13].

No evident load-related changes in this pattern of cell

viability staining was observed on a total of two pairs of
loaded and control disks.

Denatured and total collagen in disks and media

The total collagen content was typical of mature ar-

ticular cartilage (�15% per wet weight) and, as expected,

did not change with loading conditions (Fig. 4A). De-

natured collagen content, extracted in a-chymotrypsin,
was also in a range typical for mature cartilage, i.e.
around 1–3% of the total collagen content (Fig. 4B). In

the group of 4 mm explants frozen immediately after

loading, the loading protocol significantly increased

denatured collagen II content by �50% (Fig. 4B). An

important observation seen in four independent experi-

ments was that this mechanically induced denatured

collagen did not persist during subsequent culture, since

the loaded group had a similar denatured collagen
content as the unloaded group after 10 days of culture

(Fig. 4B). For the 3 mm disks, denatured collagen was

increased by similar absolute value (per mg tissue) after

loading but this corresponded to a relative increase of

about 100% compared to the 3 mm diameter controls,

whose basal level was much lower than the 4 mm di-

ameter disks. In a separate experiment we found that the

different basal levels of denatured collagen in the dif-
ferent diameter disks was due to the 4 mm diameter disk

having a rough peripheral edge created by the biopsy

drill while the 3 mm diameter disk had this edge neatly

trimmed off by a biopsy punch. That is the rings of

freshly isolated 4 mm disks which were cored to 3 mm

disks had a denatured collagen content of 55� 7 pmole/

mg while their centers had an average denatured colla-

gen content of 9� 3 pmole/mg (mean� SD, n ¼ 6).
These results agree with an average of 30 pmole/mg for

an intact disk of 4 mm and of about 10 pmole/mg for a

3 mm diameter disk.

Fig. 2. Mechanical behavior of cartilage explants before and after

cyclic loading: (A) representative example of the stress-relaxation se-

quence used to characterize the mechanical behavior of explants before

and after cyclic loading and (B) mechanical properties of the explants

derived by fitting the above data to a fibril-reinforced biphasic model

[37]. 	: p < 0:05 comparing before and after cyclic loading.
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Denatured collagen was also detected in culture me-

dia from both loaded and control samples throughout

the 10 day post-loading culture period (Fig. 5A). Media

pooled from days 1–2, and days 3–4 displayed higher

denatured collagen content, by about 50%, for the loa-
ded group compared to controls. The cumulative de-

natured collagen detected in the media during the 10 day

culture period was 1:5� 0:4 pmole/mg, much less than

the amount seen to be removed from the disk (�10
pmole/mg) during this culture period. The total daily

loss of collagen in the media decreased for both control

and loaded after the first week to about 0:1� 0:02
pmole/mg by day 10.

Proteoglycan in disks and media

Both loaded and unloaded frozen disks contained

similar mean GAG content of 66:95� 14 and 64:6� 15

lg/mg for control and loaded sample, respectively, from
the frozen groups and 61:6� 11 and 60:3� 14 lg/mg
for control and loaded samples from the culture post-

loading group (mean� SD, N ¼ 10). The decrease in
GAG concentration seen in the cultured samples is not

statistically significant although GAG loss to the media

in the first week of culture (5–7% of total during one

week) was statistically higher by �50% in the loaded

compared with non-loaded samples in the four days of

culture following loading on day 0 (Fig. 5B). GAG re-

lease then stabilized to the same range for both loaded

and control groups (Fig. 5B) (p < 0:05). The cumulative
content of GAG in media (13 days with 250 ll of media
per day) for control and loaded disks (N ¼ 10) were

statistically different at 7� 0:98 and 8:9� 1:3 lg/mg
respectively (p < 0:05).

Distribution of denatured collagen by immunohistochem-

ical staining

Immunohistochemical staining was performed on
sections from 4 mm diameter loaded and control sam-

ples, to localize denatured collagen with a monoclonal

mouse COL2-3/4m antibody [22] with respect to depth

and radial position. Sections from the cyclically loaded

samples stained more intensely in the deep and transi-

tional zones compared to unloaded samples where only

weak diffuse staining, similar to the staining seen in the

upper transitional and surface zones of the loaded
samples, was observed throughout the section (Fig. 6).

Sections from other loaded samples also stained more

intensely in the deeper zones compare to control, but

Fig. 3. Cell viability in cartilage explants: cartilage sections (60 lm thick) from 4 mm disks analysed for cell viability using molecular probes live/dead

assay before and after cyclic loading show similar staining patterns for viable (green) versus dead (red) cells throughout the cartilage thickness for

both control (A) and loaded (B) samples (magnification: 42.5�). a ¼ articular surface, t ¼ transitional zone, d ¼ deep zone, b ¼ subchondral bone.
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with a more pericellular pattern, extending to the terri-
torial matrix. Non-specific staining of calcified cartilage

and bone was observed in all sections including those

where secondary antibody alone was applied (Fig. 6C),

as has been in previous studies [22].

Discussion

In this study we have applied a precisely character-

ized mechanical deformation to full-thickness cartilage

explants containing a thin layer of bone to investigate

some functional and metabolic consequences of high but
physiological load levels. We found that cyclic uncon-

fined compression imposed on mature articular cartilage

was capable of inducing a constellation of changes in-

cluding immediate (in minutes) reduced mechanical

properties, immediate damage (denaturation) to type II

collagen, and a prolonged (for days) increase in loss of

PG and collagen ECM fragments from the loaded disks

to the culture medium. The attained load levels were
high but physiological from the point of view of the

average peak stress, ranging from 2 to 8 MPa, and peak

strain, ranging from 0.25 to 0.40. The number of cycles

performed was moderate, 40, the stress rates were in the

range of 3–10 MPa/s, and the strain rates in the range of

8–25%/s. Such a cyclic loading regime did not produce

fractures, loss of cell viability, or any other obvious

changes to the eye but clearly did perturb the tissue to
the point of significantly altering ECM structure and

turnover.

Several lines of indirect evidence point towards a di-

rect initial effect of mechanical load on ECM in pro-

ducing the changes which were observed after the cyclic

loading. Matrix changes were detected immediately after

this loading period, including reduced collagen network

tensile stiffness (Ef in Fig. 3) and increased hydraulic
permeability (k in Fig. 3) in addition to a 50–100% in-

crease in denatured collagen content in the disks (Fig.

4). There was no immediately detectable matrix frag-

ments in the medium, but PG and collagen fragments

were found after longer culture periods post-loading

(Fig. 5) suggesting mechanical changes initially per-

turbed tissue homeostasis followed by biochemical

events and loss of damaged molecules from the matrix.
The mechanical induction of collagen denaturation

could occur as simply as by direct stretching and dis-

ruption of fibrillar structure or could be partly related

to heating via viscous dissipation during loading of

this viscoelastic material. A direct mechanical effect is

supported by our inability to detect any load-related

increase in collagenase produced neo-epitope in the

a-chymotrypsin extracts using a method [4] similar to
the ELISA described in this paper but with a polyclonal

antibody against a neo-epitope (COL2-3/4C COL2-3/

4m) produced by collagenase cleavage of type II colla-

Fig. 5. Denatured type II collagen and GAG release to media during

culture after loading: collagen II fragments (A) and GAG (B) released

to culture medium after cyclic loading were assessed. Loading occurred

on day 0 on these graphs and the day 0 point represents fragments

found in the medium from the 48 (A) or 24 (B) h period before loading.

There is an increased release of denatured collagen type II and of GAG

to the culture medium after loading compared to unloaded controls.

	: p < 0:005 comparing loaded to control.

Fig. 4. (A) Denatured and total type II collagen contents of explants.

Total collagen type II accounted for 15–20% of the wet weight of ex-

plants (1000 pmole/mg corresponds to about 0.1 g collagen II per gram

tissue wet weight) and (B) denatured collagen content is �1–2% of

total collagen content in controls and is increased by 50–100% in disks

analyzed immediately after the cyclic loading period. Interestingly this

load-induced increase in denatured collagen was transient, being re-

moved after a 10 day post-loading culture period (4 mm cultured in

Fig. 4B). A similar load-associated increase in denatured collagen was

seen in the smaller 3 mm diameter disks, where the basal level of de-

natured collagen was reduced due to a more regular peripheral edge

produced by the 3 mm dermal punch compared to the 4 mm drill bit

used for explant isolation. 	: p < 0:05 comparing loaded to control.
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gen. Levels of this neoepitope in a-chymotrypsin ex-

tracts of loaded samples (7:9� 1:3 pmole/mg) were

similar to control samples (7:7� 1:4 pmole/mg) and to

levels observed in normal cartilage [4] suggesting that

collagenases were not involved in unwinding collagen II
in our experiments. In other preliminary experiments we

were also unable to block this denaturation by adding

inhibitors such as EDTA and BB94, the latter an hy-

droxamate compound that specifically inhibits colla-

genases, to the loading medium (data not shown).

Additionally, the recent study by Chen et al. [12] sup-

ports a direct mechanical initiation of collagen un-

winding since in that study the load was only applied to
the central 2 mm diameter section of a 4 mm diameter

specimen and produced denatured collagen only in the

loaded region and not in the periphery. Even after sev-

eral days of culture, the peripheral region was unaf-

fected, arguing against mediation of denaturation by a

diffusible factor. Chen’s study identified a threshold

stress rate of 30 MPa/s as necessary for mechanical

damage of cartilage matrix. In contrast we observed
denaturation of collagen at lower stress rates down to 2–

5 MPa/s. This difference could be due to many factors

distinguishing the two studies including different ex-

traction methods for observing denaturation, different

species and sites of cartilage origin, as well as the quite

different indentation versus unconfined compression

geometries and temporal profiles of load and displace-
ment imposed in these geometries. Quinn et al. [34]

showed a decrease in cell viability in bone-free explants

when loaded to 50% strain in contrast to our studies

where load-induced viability loss did not occur. This

difference could be attributed to either the increased

compression amplitude or the absence of subchondral

bone in this previous study. Nonetheless, this latter

study suggests a decrease in tensile load-carrying ca-
pacity of collagen matrix as well as increase in PG

turnover in loaded samples that correlates well with our

findings.

The current study and other recently published studies

by other groups [6,12,18,34,36] support the notion that

mechanical factors play a central role in controlling

ECM structure and function during physiological and

pathophysiological processes. Our findings suggest that
direct mechanical signals initiate unwinding of collagen

in cartilage, activating a sequence of functional and

Fig. 6. Immunohistochemical localization of mechanically denatured type II collagen. A matched pair (A&B) of control (A) and loaded (B) and

additional loaded (D) cartilage/bone disks stained with COL2-3/4m antibody for denatured collagen [22]. Negative control (C) stained with sec-

ondary antibody only. Control non-loaded samples (A) displayed a very weak staining throughout the section and non-specific staining of the

calcified cartilage and bone (labeled b), below the tidemark (arrows). This non-specific staining of calcified cartilage and bone was also seen when

secondary antibody only was applied. (C). Loaded disks (B,D) revealed an increased staining concentrated mainly in the deep zone and extending to

the transitional zone which could be both pericellular (D) and diffuse (B) (bar ¼ 100 lm).
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metabolic changes related to both cellular and extracel-
lular processes. Collagen turnover could, for example, be

largely independent of the collagenases if mechanical

unwinding of collagen fibrils exposes them to other less

specific enzymes that could play a major enzymatic role

in collagen removal. Similarly, the induction of agg-

recanases seen after traumatic injury [28] could be a

reflection of a cellular response downstream of the me-

chanical insult whose goal is to remodel a subfunctional
ECM. Thus rather than blocking either collagenases or

aggrecanases to halt the progression of cartilage degra-

dation, a more site-directed approach allowing for the

benefits of remodeling may be envisioned.
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