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Abstract

Cartilage molecular changes in osteoarthritis are most commonly related to the degradation and loss of proteoglycan and

collagen fibrils of the extracellular matrix, which directly influence tissue stiffness and compression-generated streaming potentials.

In this study, we evaluated the potential of a new technique, spatially resolved mapping of streaming potentials, to non-destructively

indicate cartilage health or degeneration. Matched pairs of bovine cartilage/bone explant disks were cultured for 11 days in a serum

free medium with and without interleukin-1a (IL-1a). The electromechanical properties (static stiffness, dynamic stiffness and

streaming potentials) of cartilage disks were measured during unconfined compression using a mechanical tester coupled with a

linear array of eight 50 lm diameter platinum–iridium microelectrodes. After 11 days of culture, the proteoglycan content of IL-1a
treated disks was significantly reduced and the denatured and cleaved collagen content was increased compared to control disks.

These biochemical alterations were concomitant with the reductions in the amplitudes of the static stiffness, the dynamic stiffness

and the streaming potential profile as well as changes in the shape of the streaming potential profile. We found that spatial mapping

of streaming potentials presents several advantages for the development of a clinical instrument to evaluate the degeneration of

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

Articular cartilage is a dense connective tissue cov-
ering the ends of bones in diarthroidal joints. The two
primary physiological functions of articular cartilage are
to provide almost frictionless articulating joint surfaces
during displacements and to transmit and distribute
mechanical forces to underlying bone structures. Artic-
ular cartilage is primarily composed of type II collagen,
but also contains other collagens including types VI, IX
and XI. The cross-linked collagen fibrillar network is
primarily responsible for the stiffness of cartilage in

tension. The main proteoglycan in cartilage, aggrecan, is
composed of highly charged glycosaminoglycan (GAG)
chains covalently bond to a central core protein. These
molecules are retained as macromolecular aggregates
with hyaluronic acid. The repulsive electrostatic forces
between the GAG chains, entrapped via the aggregation
of aggrecan within the collagen network, are responsible
for the stiffness of cartilage in compression. Chondro-
cytes regulate the dynamic balance between the synthe-
sis, the assembly and the degradation of the extracellular
matrix (ECM) [6,24,32,37].

A prominent feature of osteoarthritis (OA) is the
degeneration of articular cartilage [7,36]. A wide spec-
trum of contributing factors, varying from genetic [41]
to alterations in mechanical load bearing [15], can result
in cartilage degeneration characterized by the formation
of vertical fissures and fibrillation starting superficially
and extending to the deeper layers, superficial loss of
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proteoglycan, excessive type II collagen denaturation
and cleavage, formation of chondrocyte colonies, mul-
tiple tidemarks, and overall thinning of the tissue [2,7,
25,31]. Enzymatic processes play a predominant role in
remodeling of the ECM of cartilage and may be re-
sponsible for its final destruction in OA [2,25,27,35,36].
For example, interleukin-1a (IL-1a), a 17 kDa cytokine,
interacts with chondrocytes via a membrane receptor
[34] to increase synthesis and expression of matrix me-
talloproteases and other enzymes, in addition to inhib-
iting proteoglycan and collagen synthesis [12].

Streaming potentials are compression-induced elec-
tric fields in cartilage ECM [23]. Since the ECM is
composed of fixed negatively charged proteoglycan en-
trapped in a collagen network, there is an excess of
mobile positive ions in the fluid phase. Under equilib-
rium conditions, with no load or fluid flow, these op-
posite charges are symmetrically arranged so that no net
macroscopic electric field exists [9]. Compression of the
cartilage produces streaming potentials via the induction
of interstitial flow and the entrainment of positively
charged mobile counter-ions relative to the fixed nega-
tively charged proteoglycan. Streaming potentials have
been measured previously by several investigators to aid
the understanding of cartilage physical properties [18,19,
26,28,33] and to non-destructively monitor cartilage
changes in degeneration [3,20].

We have recently developed a novel methodology of
spatially resolving streaming potential measurements
across a compressed cartilage surface [21,22,29]. In a
recent study, we have measured streaming potential
maps on normal cartilage disks in unconfined com-
pression and the results were consistent with published
poroelastic models and electromechanical theories [22].
In this study, we have investigated the hypothesis that
streaming potential maps obtained during unconfined
compression are sensitive indicators of the state of
cartilage health or degeneration using an in vitro de-
gradation model. Correlation between biochemical,
mechanical and electromechanical changes were ana-
lyzed in order to investigate the potential use of
streaming potential maps to develop a clinical instru-
ment for the objective and non-destructive evaluation of
articular cartilage function and quality.

Materials and methods

Tissue isolation and culture

Cartilage disks containing full thickness articular cartilage
(1:13� 0:13 mm, n ¼ 48) attached to bone (0:46� 0:12 mm, n ¼ 48)
were isolated from 1 to 2 year old bovine humeral head articular
cartilage shortly after slaughter [13]. The bone was retained in order to
prevent the disk from curling. The 4 mm disks were cultured at 37 �C
and 5% CO2 in serum-free DME/F12 (#D8900, Sigma) 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).

Due to minimal tissue disruption and cutting and the maintenance of
the intact articular surface and bone plate, these tissue explants are
metabolically stable when cultured in serum-free medium, with respect
to cell viability, proteoglycan content, synthesis and loss, collagen
content, synthesis and denaturation and tissue mechanical properties
[13]. For our experiments, cartilage disks were matched in triplicates
according to location on the humeral head: (i) a control explant cul-
tured in the above medium, (ii) an explant cultured in the above me-
dium with 5 ng/ml IL-1a added (200-LA, R&D Systems, Minneapolis)
and (iii) an explant frozen at �20 �C immediately after isolation and
thus not placed in culture (day 0 explant). To study the evolution of
IL-1a-induced cartilage degradation, groups of four triplicates were
electromechanically tested after 1, 4, 7 and 11 days of culture (12 disks
per day). They were then frozen and subsequently analyzed for pro-
teoglycan and collagen content and degradation.

Instrumentation

The electromechanical properties of cartilage were evaluated using
a linear array of 8 platinum (80%) and iridium (20%) wire microelec-
trodes of 50 lm diameter, separated by 300 lm and incorporated into
the non-conducting base of a micromechanical testing chamber (Fig.
1A). The chamber (Fig. 1B) was mounted on a Mach-1e mechanical
tester (Bio Syntech Canada Inc., Montreal) to allow computer-con-
trolled execution of compression tests and acquisition of position, load
and streaming potential data. Streaming potentials were acquired as
the differential potentials between adjacent electrodes (i.e. channel 1 ¼
V1 ¼ electrode 2� electrode 1) (Fig. 1C). Each channel (7 differential
signals from 8 microelectrodes) was passed through a conditioning
preamplifier, an amplifier and high and low pass filters before being
acquired by the computer [22]. Microelectrodes were plated with
chloroplatinic solution in an ultrasound bath to minimize the contact
impedance between the microelectrodes and the tissue relative to the
impedance of the preamplifier [22].

Electromechanical testing

For electromechanical testing, disks were first punched to 3 mm
diameter and the total thickness (cartilageþ bone) was evaluated with
a micrometer. Cartilage thickness alone was also measured using a
calibration slide on an inverted microscope. Articular surface of the
cartilage was then placed in contact with the 8 microelectrodes cov-
ering a total length of 2.1 mm. Electrodes 3–7 covered the 1.5 mm
radius of the disk with electrode 7 near the center of the disk, electrode
8 on the opposite side of the disk center and electrodes 1 and 2 external
to the cartilage disk in the bath (Fig. 1C). The testing chamber was
filled with physiological saline solution (0.15 M NaCl) and a static
compression offset of 100 lm was applied in a sequence of compres-
sions of 20 lm at 2 lm/s with a relaxation time of 300 s after each step.
At the 100 lm compression offset, dynamic sinusoids were applied at
frequencies of 1, 0.1 and 0.01 Hz with displacement amplitudes of 8, 4
and 2 lm at each frequency. The radial profile of streaming potential
was constructed by adding subsequent channels (i.e. V1 þ V2 for the
potential at electrode 3 relative to bath, in Fig. 1C) in the complex
domain [22]. Then the average and standard deviation of the profiles
for four control disks as well as four IL-1a treated disks was calculated
at each culture time.

Biochemical analysis

GAG content and loss

Proteoglycan or GAG content in the disk was measured with
dimethylmethylene blue dye (DMMB, #3610, Polysciences) and
spectrophotometry [14] on pooled a-chymotrypsin and proteinase-K
extracts. Samples were diluted before 10 ll aliquots were mixed with
250 ll of DMMB dye solution (46 lM in 40 mM glycine, 40 mMNaCl,
pH 3.0). The difference in absorbance at 530 nm and at 590 nm was
compared to a standard curve derived from shark chondroitin sulfate
(#C4384, Sigma). GAG release to media was analyzed without further
treatment in the same manner. However, since the GAG loss to media
was measured for 4 mm diameter disks placed in culture and the GAG
content in tissue was evaluated for 3 mm diameter disks punched prior
to electromechanical testing, the GAG loss to media was approximated
for 3 mm diameter disks by multiplying by 2:25þ 3L=4þ 4L, since
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GAG is loss from a surface area corresponding to pR2 þ 2pRL
(L corresponds to cartilage thickness and R to the radius of the carti-
lage disk).

Collagen type II content and degradation

Cartilage disks were extracted with a-chymotrypsin (1 mg/ml,
#C3142, Sigma), which only cleaves non-helical denatured collagen II,
followed by proteinase-K (1 mg/ml, #P0390, Sigma), which solubilizes
the rest of the cartilage following previously published methods [25].
Denatured (non-helical) collagen II content was then measured in the
a-chymotrypsin extracts by using an ELISA assay (col2-3/4m) specific
for an intra-chain epitope of type II collagen [25]. Collagen fragments
in the a-chymotrypsin extracts, which were generated by collagenases
cleavage, were also assayed using an antibody specific for the colla-
genase-generated neoepitope (col2-3/4C short) on collagen II [2].
Collagen denaturation and cleavage were expressed on a molar basis.
The pmole of peptide per milligram of wet weight was calculated by
dividing the concentration of extracted epitope by the molecular
weight for each epitope.

Statistical analysis

For the GAG content and the electromechanical data, the average
and standard deviation of measurements performed on four cartilage
disks are presented. The denatured and cleaved collagen contents are
presented as the average of two measurements and the variance is used
in order to give an indication of the variation for this reduced number
of samples. Electromechanical and biochemical data were interpreted
by analysis of variance (ANOVA). For streaming potential measure-
ments, the ANOVA test was performed for each duration of the
culture using four parameters: degradation state, amplitude and fre-
quency of the sinusoidal compressions, and disk radius. For static
stiffness measurements, the ANOVA test was calculated using two
parameters: degradation state and compression offset. For dynamic
stiffness measurements, the ANOVA test was calculated using three
parameters: degradation state, amplitude and frequency of the sinu-
soidal compressions. For the biochemical results, a statistical analysis

could not be performed for each duration of culture. We used the
ANOVA test with two parameters, the state of degradation and the
culture length, as an indication of the significance of the results.

Results

Biochemical analysis

A basal level of GAG loss to the medium was de-
tected in control disks (Fig. 2A), similar to what has
been measured previously for this explant system [13].
The IL-1a treated disks displayed a loss of GAG to
media of 2–6 times this level even as early as day 1 of
treatment (Fig. 2A). ANOVA tests showed that the
GAG loss to the media was sensitive to degradation and
to time in culture (p < 10�7). Fig. 2B shows the GAG
content in the tissue for control and degraded cartilage
disks. The GAG content was �3 and �4 times lower for
degraded disks compared to control disks after 7 and 11
days of culture respectively. Statistical analysis of the
variance showed that the GAG content was sensitive to
both degradation and culture time (p < 10�4). The loss
of GAG to the media for control explants was �2% disk
content per day. A synthesis of around 2% disk content
per day was previously measured for this explant system
[13].

IL-1a treatment during culture also increased degra-
dation of type II collagen. IL-1a treated disks were

Fig. 1. (A) The articular surface of a 3 mm diameter cartilage disk is placed directly in contact with a linear array of 8 microelectrodes in a testing

chamber filled with saline solution and mounted on an actuator for controlled displacement. The compression post is connected to the load cell. (B)

Expanded view of the testing chamber where a cartilage disk is placed next to the exposed linear array of microelectrodes. (C) Alignment of the 3 mm

diameter cartilage disk relative to the microelectrode array.
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characterized by �2.5 times more denatured type II
collagen than control disks after 11 days of culture (Fig.
3A). ANOVA tests showed that the denatured collagen
content was sensitive to degradation and culture time
(p < 10�4). In addition, IL-1a treatment induced a cleav-
age of type II collagen. At day 11 of the culture, IL-1a
treated disks contained �5.5 times more cleaved type
II collagen than the control disks (Fig. 3B). Statistical
ANOVA showed that the cleaved collagen content was
sensitive to degradation (p < 10�4) and to culture time
(p < 0:04). Denatured and cleaved collagen contents of
disks frozen immediately after isolation or day 0 carti-
lage disks were similar to contents measured for control
disks (data not shown).

Static and dynamic stiffness

The application of compression or extension to car-
tilage results in deformation of the macromolecular
network, which in turn generates forces to attempt to
restore the tissue to its original form. These restorative
forces are a measure of tissue stiffness, which is the
amount of force generated (per unit area) per unit tissue
deformation, i.e. the ratio of the stress (r) and the

deformation (e): E ¼ r=e ¼ ðFLÞ=ðADLÞ. For the static
stiffness, F represents the equilibrium load, DL the step
compression amplitude, L the thickness of the non-
calcified cartilage and A the cross-sectional area of the
cartilage taken in the non-deformed state. The dynamic
stiffness is calculated with the discrete Fourier transform
of the load and the position where in this case, F and DL
are the fundamental components of the load and the
position during the sinusoidal compressions. Fig. 4
shows the change in the static stiffness with culture time.
We observed that the static stiffness is independent of
the compression offset applied to the cartilage disks. The
static stiffness of IL-1a treated disks was �8.5 times
lower compared to control disks after 7 days of culture
(Fig. 4C). Statistical analysis of the variance showed
no significant variation of the static stiffness with the
compression offset, but static stiffness was significantly
lower for degraded disks compared to control explants
from day 4 to the end of the culture (p < 0:015). Fig. 5
shows the change in the dynamic stiffness with culture
time for sinusoidal compressions of 4 lm amplitude.
Typical behavior where the amplitude of the dynamic
stiffness increases with frequency was observed. The

Fig. 2. (A) Loss of GAG to the media per tissue wet weight during

culture for 3 mm diameter control and degraded (IL-1a) disks. The
GAG content was evaluated using the DMMB method and spectro-

photometry. (B) GAG content per tissue wet weight for control and

degraded (IL-1a) cartilage disks vs. day of culture. The GAG content

was evaluated using the DMMB method and spectrophotometry after

a-chymotrypsin and proteinase-K digestions of 3 mm diameter carti-

lage disks.

Fig. 3. (A) Denatured type II collagen content per tissue wet weight for

control and degraded (IL-1a) cartilage disks vs. day of culture. The

denatured collagen content was evaluated using ELISA assays on a-
chymotrypsin extracts for the CB11B epitope. (B) Cleaved type II

collagen content per tissue wet weight for control and degraded (IL-1a)
cartilage disks vs. day of culture. The cleaved collagen content was

evaluated using ELISA assays on a-chymotrypsin extracts for the 3/4C

epitope.
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dynamic stiffness was �3.5 times lower for degraded
disks compared to control disks after 7 days of culture
(Fig. 5C). ANOVA tests showed that dynamic stiffness
was sensitive to degradation from day 1 to the end of the
culture (p < 0:035). Furthermore, we observed that the
dynamic stiffness amplitude decreases non-linearly with
the amplitude of the sinusoidal compression (data not
shown) as observed previously for unconfined com-
pression tests of cartilage [16,17,22]. In this study, we
also found that this non-linearity tends to be higher in
IL-1a treated disks compared to control disks (data not
shown). Static and dynamic stiffness of disks frozen
immediately after isolation or day 0 cartilage disks were
similar to that obtained for control explants (data not
shown).

Streaming potential profiles

Streaming potential radial profiles in control disks
displayed shapes and amplitudes similar to those seen
previously for cartilage tested in unconfined compres-
sion [22] where they followed predicted profiles for
interstitial fluid pressure [39] (Fig. 6). Treatment of
cartilage explants with IL-1a reduced the potential am-
plitude at the center (r ¼ 0) and the potential gradient at
the periphery (r ¼ 1:5 mm) of the disk. The potential
gradient of the profile at the periphery for the IL-1a
treated explants was reduced to �45% of the value
measured for control explants after only one day of IL-
1a treatment (Fig. 6A). The reduction of the profile
amplitude at the center of the disk was more gradual in
time. ANOVA tests showed that the streaming potential
profile was sensitive to degradation from day 1 to the
end of culture (p < 0:05). We also observed that the
streaming potential amplitudes varies non-linearly
with the sinusoidal compression amplitude as for dy-
namic stiffness described above, and the non-linearity of
streaming potential amplitude also tended to be higher
for degraded disks (data not shown). Streaming poten-
tial measurements of disks frozen immediately after
isolation or day 0 cartilage disks were similar to the
results obtained for control explants placed in culture
(data not shown).

Discussion

The objective of this study was to investigate the
ability of a new technique, spatially resolved streaming
potential mapping, to provide non-destructive indica-
tions of cartilage health and degeneration. We used a

Fig. 5. Dynamic stiffness after (A) 1 day, (B) 4 days, (C) 7 days and (D)

11 days of culture for control and degraded (IL-1a) disks subjected to

sinusoidal compressions of 4 lm amplitude.

Fig. 4. Static stiffness after (A) 1 day, (B) 4 days, (C) 7 days and (D) 11

days of culture for control and degraded (IL-1a) disks for a sequence

of four steps of 20 lm compression from 40 to 100 lm.

Fig. 6. Radial profiles of streaming potential measured during sinu-

soidal displacements of 4 lm amplitude at a frequency of 0.1 Hz after

(A) 1 day, (B) 4 days, (C) 7 days and (D) 11 days of culture for control

and degraded (IL-1a) cartilage disks.
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well-characterized in vitro tissue explant model and ex-
posure to IL-1a over 11 days of culture to induce con-
trolled variations in cartilage degradation. We found
that IL-1a produced degradation of cartilage including
proteoglycan depletion, type II collagen denaturation
and cleavage by collagenase, loss of static and dynamic
stiffness, and reduction in streaming potential ampli-
tudes in addition to changes in the shape of the radial
profiles of streaming potential. In fact, tissue stiffness
and streaming potentials showed a marked decrease in
amplitude, especially between days 4 and 7, which cor-
responded to the period of greatest loss of proteoglycan
and which also accompanied continued damage to col-
lagen. In this study, we have detected collagenase
cleavage of collagen type II by ELISA. We have also
found by Western analysis, in separate experiments
[11], release to media of aggrecanase-cleaved aggrecan
fragments but not MMP-cleaved aggrecan fragments.
Therefore, the degradative effect of IL-1a was directed
both at proteoglycan and collagen, likely through agg-
recanase and MMP activation, respectively. The higher
content of denatured collagen compared to cleaved
collagen (Fig. 3A vs. B) is most likely a reflection of
secondary cleavage eliminating the primary collagenase
cleavage epitope without disturbing the intra-chain de-
naturation epitope. A degradation of the collagen net-
work coupled with a loss of proteoglycan was observed
early at the beginning of the culture due to the in vitro
tissue explant model of cartilage disks with bone. In
fact, part of the collagen degradation could be due to
collagenases released by bone during the culture. In
future studies, through the use of techniques which
allow for a more selective degradation of matrix com-
ponents, and through a more sophisticated electrome-
chanical analysis of data with models, which account for
proteoglycan and collagen components [30,39], it may
be possible to non-destructively specify the state of
proteoglycan and collagen components separately via
these electromechanical measurements.

Our studies are in agreement with those pub-
lished previously where 4-aminophenylmercuric acetate
(APMA), IL-1b, retinoic acid, stromelysin, chondro-
itinase ABC, and trypsin have all been shown to bio-
chemically degrade the cartilage matrix resulting in
reductions in mechanical stiffness and electromechanical
properties [1,3–5,20]. In our studies, we chose IL-1a
since it has been shown that much smaller doses of IL-
1a than IL-1b can degrade bovine articular cartilage
[38]. We also desired a physiologically relevant agent
that could freely diffuse through the matrix and activate
a cell-mediated catabolism in a homogeneous manner
rather than induce a digestion front as is the case for
larger enzymes [20]. Many of these previous results have
shown a higher sensitivity of streaming potential mea-
surements than stiffness measurements to changes in the
state of the cartilage matrix either via degradation [3–

5,20] or by de novo synthesis of matrix by chondrocytes
embedded in gel cultures [8]. In this study, we observed a
similar high sensitivity of streaming potentials to matrix
degradation. Perhaps the most impressive observation
was that after one day of exposure to IL-1a, when only a
relatively small release of proteoglycan to media and
degradation of collagen type II had occurred (Figs. 2 and
3), a statistically significant reduction in the streaming
potential gradient at the periphery of the disks was de-
tected without any change in the amplitude of streaming
potential at the disks center (Fig. 6A). Thus it appears
that an even higher sensitivity to matrix changes can be
obtained by spatially resolving streaming potentials us-
ing arrays of microelectrodes.

Most previous studies have used the geometry of
confined compression where the cartilage disk is placed
in a confining well and compressed with a porous disk.
Relatively large silver/silver-chloride electrodes are pre-
sent on top of the compressing disk and on the bottom
of the cartilage disk [3–5,20]. Our studies are the first
to use the more chemically inert and robust platinum
microelectrodes for streaming potential measurements
in unconfined compression. Advantages of unconfined
compression compared to confined compression are
that: (1) uncertainties involving the porous nature of
the compressing disk [10] are removed and (2) in un-
confined compression, the function of the collagen net-
work is probed while it plays less of a role in confined
compression. Lateral expansion in unconfined com-
pression brings into play the collagen network by
placing it in tension, and observed mechanical and
electromechanical behavior are very sensitive to the
stiffness of the collagen network in this test [39]. Thus,
the diminishing of electromechanical properties with
time in culture, measured in unconfined compression,
can be interpreted in terms of both collagen and proteo-
glycan degradation.

Although electromechanical measurements have been
mostly applied to excised specimens in a laboratory,
much interest in these and purely mechanical techniques
has arisen due to their potential for non-destructive and
objective clinical evaluation of cartilage function and
quality. Like the measurement of current-generated
stress [1,40], spatially resolved streaming potential
maps have the advantage, compared to mechanical tests,
of a high sensitivity in detecting degenerative events.
Streaming potentials are particularly suited to detect
loss of aggrecan, which is the source of fixed charge
and electromechanical phenomena. Streaming potential
maps can also result in a large amount of information by
the spatial resolution of potentials in two dimensions.
This spatial resolution could provide enough informa-
tion to conclude matrix changes associated specifically
with proteoglycan vs. collagen components. The ulti-
mate success of a clinical instrument will be determined
by practical issues such as miniaturization, sterility,
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robustness, calibration, and precise application of
known forces or displacements. With respect to these
issues, it is relatively easy to produce small, sterile and
easily calibrated devices, which are simply organized
arrays of microelectrodes, without moving parts. They
may even be integrated into probes bearing non-planar
surfaces whose contact potentials could provide infor-
mation on the type of manual displacement applied by
the clinician. In addition to their intrinsic high signal-to-
noise ratio at short times or high frequencies (compared
to current-generated stress), these advantages augur well
for the implementation of streaming potential mapping
in a clinical device for arthroscopic evaluation of carti-
lage.

We conclude that streaming potential maps are sen-
sitive indicators of cartilage function. IL-a treatment of
cartilage disks induced proteoglycan and collagen de-
gradation that directly influenced stiffness and streaming
potentials measured non-destructively in unconfined
compression. In future studies, streaming potential
measurements will be analyzed with theoretical models
to non-destructively specify tissue performance and
provide intrinsic parameters representing the function of
biochemically distinct tissue components such as pro-
teoglycan and collagen.
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