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Cartilage Interstitial Fluid Load
Support in Unconfined
Compression Following
Enzymatic Digestion

Interstitial fluid pressurization plays an important role in cartilage biomechanics and is
believed to be a primary mechanism of load support in synovial joints. The objective of
this study was to investigate the effects of enzymatic degradation on the interstitial fluid
load support mechanism of articular cartilage in unconfined compression. Thirty-seven
immature bovine cartilage plugs were tested in unconfined compression before and after
enzymatic digestion. The peak fluid load support decreased significantty.0001)

from 84+10% to 53+19% and from 8@ 10% to 46+21% after 18-hours digestion with

1.0 u/mg-wet-weight and 0.7 u/mg-wet-weight of collagenase, respectively. Treatment with
0.1 u/ml of chondroitinase ABC for 24 hours also significantly reduced the peak fluid load
support from 83 12% to 48+16% (p<<0.0001. The drop in interstitial fluid load sup-

port following enzymatic treatment is believed to result from a decrease in the ratio of
tensile to compressive moduli of the solid matfi®Ol: 10.1115/1.1824123
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Departments of Mechanical Engineering and
Biomedical Engineering,
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Introduction Under physiological loading conditions, joints are typically

Articular cartilage is the soft connective tissue that covers tfg!Piected to contact stresses in the range of 2-12 MPa. Most of
bone ends in synovial joints. Its main functions are to distribuf§is normal traction is supported by cartilage interstitial fluid pres-
loads and provide a low-friction bearing surface. The compositicirization, Wh'C_h Increases the dynan_mc compressive mOdU|US_ and
and organization of its extracellular matrix provide it with remarkshields the solid matrix from excessive deformation. Theoretical
able mechanical and tribological properties. The tensile propertiasd experimental studies have shown that under various loading
of articular cartilage are primarily regulated by the collagenonditions the interstitial fluid load support can be in excess of
fibrils, while proteoglycans regulate its compressive behaiipr  90% at the articular surfad@—6]. It has also been hypothesized

Interstitial water constitutes 68% to 85% of articular cartilagghat this interstitial fluid pressurization is a primary mechanism
by wet Wﬁ'th[l(]j' This fluid pr(;ssgrlzesfund_er lloadlng_,l Comr_'r?]'[egulating the joint frictional respon$@—9], a mechanism which
uting to the load support mechanism of articular cartilage. Thig,q heen verified experimentally in our recent stufligs11].
interstitial fluid load support can be quantified as follows: In a . . . . - .

. . . B e Recent studies have hypothesized that cartilage interstitial fluid
biphasic materia[2] the total stress is given bg=—pl+ ¢°, L . . .
. : . - o h pressurization is enhanced by the inequality of the tensile and
wherep is the interstitial fluid pressurar® is the effective stress . ) . A ) )
compressive properties of its solid matfid2—15, whose tensile

resulting from solid matrix strains, afds the identity tensor. The .
normal contact force at a contact interface is given bgpodulus may be as much as two orders of magnitude greater than

W= [ an- endA, wheren is the unit outward normal at the inter-tS compressive modulus. Consequently it is reasonable to expect
face,n- on is the normal tractiorfor contact stregsandA is the that alterations in these material properties, as observed in os-
apparent contact area. Integrating the fluid pressure over the ct&parthritic degeneration, may adversely affect interstitial fluid
tact interface produce®P=—[,p dA, and the ratioWP/W is pressurization. Changes in structure and composition of articular
called the interstitial fluid load support. cartilage that mimic osteoarthritic degeneration can be induced by
enzymatic digestion to help investigate structure—function rela-
Corresponding agthor: GlerardlA. Ateshian, Professor, Columbia University, Donships. Collagenase and chondroitinase ABC are two widely
giggje&xfxﬁfh@'iglogggg‘ﬁg;'ggl'g’%%xyggézl;zfgﬂ(zslt;egé f_é%oi\?’E'f"nfgﬁ' Mised enzymes that selectively degrade different components of the
ateshian@columbia.edu extracellular matrix of articular cartilage. Collagenase is used to
Contributed by the Bioengineering Division for publication in t@U&NAL OF  degrade collagen fibrils and chondroitinase ABC specifically di-
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- gests proteoglycans. The effect of these enzymes on the mechani-

sion September 23, 2003; revision received July 26, 2004. Associate Editor: Lori . ] ’ . . ;
Setton. cal properties of articular cartilage has been previously investi-
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sor, CA was bonded to the bottom of the chamber to allow for a
cartilage measurement of the interstitial fluid pressure at the articular sur-
sample face, across the porous filter. The chamber was filled with PBS
@6 mm throughout the experiment and replaced fresh for every specimen.

saline  Loading was applied via an impermeable glass platen using a
/ voice coil load actuatofLA17-28-00A; BEI Kimco Magnetics,
CA) and the normal reaction force was measured with a load cell

%
/ (8523, range+200 N; Burster, Germanyplaced underneath the

@W ducer(NPC-1210-100G-3N, range 0-0.69 MPa; Lucas Novasen-

glass platen

chamber.

/ The testing protocol employed in this study is based on that of
Park et al.[12]. A tare load that reached 15 N in 20 s was first

// applied to prime the pressure transducer and overcome the delay

4 occasioned by transducer impedant2|. Immediately thereafter,
/.

testing
chamber

a total compressive strain of 10% was imposed at a rate of 0.2%/s,
followed by unloading at the same rate. The time-varying total
load across the specimewW(t), was recorded as a function of
time. The corresponding time-varying load supported by intersti-
tial fluid at the articular surfac&\y(t), was determined from the
pressure transducer measurement, taking into account the smaller
diameter of the porous filter relative to the specimen as described
& 4.78 mm in our recent study12]. The peak interstitial fluid load support,
WP/W, was then determined from the constant slopeAdft)
versusW(t) during the 50 s loading phase.

free-draining
porous filter

pressure
transducer

Fig. 1 Diagram of the unconfined compression testing
chamber

Enzymatic Treatment. Following the first mechanical test,

) , specimens were subjected to different enzymatic treatments to di-
gated. Lyyra et al[16] showed that the compressive Young'Syest the tissue. The wet weight was first determined in all cylin-
modulus obtained form an indentation test decreases significaifya| specimengM220 digital balance 0-200 g, 0.1 g accuracy:
after treatment with collagenase and chondroitinase ABC. Piggnyer Instruments, O Specimens to be treated with collage-
teoglycan _removal with ch_ondroitinase ABC and other prOte()'ytiﬁase(loaded collagenase treatment groupere then incubated
enzymes increases the tissue's permeabjlity], decreases the under gentle agitation for 18 hours at 37°C in 3 ml of a PBS
compressive stiffned4 8] and the shear modulli49], and affects solution containing 1.0r(=18) or 0.7 fi=11) units of collage-
the kinetic creep response in tensi0]. In a recent study by nase type IV(Sigma, MO per mg of tissue wet weight. Control
Korhonen et al[21], experimental results showed a slight degpecimensig=11) were incubated in PBS under the same condi-
crease in the modulus of the fibril netwotensile modulusand o5 (j0aded collagenase control graugn additional group of
a more pronounced drop in the nonfibrillar matrix modulesm- specimensif=8) was digested with 0.7 u/mg wet weight of col-

pressive modulysafter treatment with chondroitinase ABC, WhileI genase but not subjected to any mechanical testintpaded
digestion with collagenase caused a similar drop in both mOdu([i)llagenase treatment groufThis group was used to determine
Since treatment with these enzymes is unlikely to maintain a ¢

f . ; s MWhether mechanical testing might cause any additional changes in

stant ratio of tensile to compressive moduli, this approach M&Yochemical composition

also be useful for investigating the influence of matrix degradation Specimens treated WitH chondroitinase AB@aded chondroiti-

on interstitial fluid load support in unconfined compression. nase treatment groum=11) were digested with 0.1 u/ml of
Hence, the objective of this study was to investigate the effec ondroitinase ABQSigma, MQ in a buffer solution (;ontaining

of enzymatic treatment with collagenase and chondroitinase A mM Tris-HCI. 60 mM sbdium acetate pH 8.0 and 0.02% bo-

on the qu_|d load support mechanism of bovine artl_cu!ar Cart'la%ne serum albumin at 37°C for 24 hours under gentle agitation.
in unconfined compression. The related hypothesis is that enzy- - : 2
e respective control specimefisaded chondroitinase control

Qqaéllt]llcuitéﬁigzegjF‘)’;'(l)lrf'gmﬁcamly alter the peak value of Ir]ters’tléroup,n=9) were incubated in PBS without an enzyme under the

same conditions. Finally, an unloaded chondroitinase treatment

Methods group (h=6), using the same concentration of enzyme, was also
included to investigate the potential influence of mechanical load-

Specimen Preparation. Thirty-seven cylindrical plugg@8 ing on biochemical composition.

mm) were harvested from the femoral condyles of five 1-3 The choice of incubation time for both enzymatic treatments

month-old healthy bovine knee joints obtained from a local abatras determined from preliminary studies, with the aim of achiev-

toir and stored at-20°C in phosphate-buffered salifieBS, no ing detectable degradation in the tissue while maintaining suffi-

protease inhibitons On the day of testing, specimens were thawedent tissue integrity for subsequent mechanical testing.

at room temperature and the subchondral bone and part of thé-ollowing enzymatic treatment, specimens were rinsed twice

deep zone of each plug were removed using a sledge microtomi¢h PBS. Peak fluid load support was determined for specimens

(2400; Leica Microsystems, Inc., Jlio produce a uniform thick- in the loaded treatment and loaded control groups using the same

ness(average final thickness: 1.5%.23 mm), leaving the articu- loading protocol described above.

lar surface intact6 mm specimens were further cored out from _. . . .

the microtomed plugs and the remaining rings were frozen in PBsBiochemical and Histological Analyses. After the second

for subsequent determination of the biochemical composition Bfechanical test, specimens were equilibrated in PBS for one hour
each plug prior to enzymatic treatment. to allow recovery from mechanical testing, then cut in half and

stored. One half was used to determine biochemical composition
Testing Device and Loading Protocol. Each cartilage after enzymatic treatment, while the other half was frozen for
sample was placed with its articular surface down in a testirsgbsequent histological analyses. For biochemistry, specimen
chamber similar to that of our recent stud¢2], having a halves and their corresponding outer rings were thawed and
@4.78 mmx 1.5 mm recess holding a free-draining stainless steefjuilibrated in PBS at room temperature. After measuring wet
porous filter(Fig. 1). A piezoresistive microchip pressure transweights, they were lyophilized overnight and reweighed dry to
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obtain the water content. Following 16-hour digestion with papailLoad (N) w? (N)
(Sigma; MO, the glycosaminoglycaiGAG) content was deter-
mined using a 1,9 dimethylmethylene blue as4&p] with
chondroitin-6-sulfatg Sigma, MQ as the standard. The hydrox-
yproline content was obtained using a colorimetric procedur
[23], which was converted into collagen content using a mas 10]

ratio of collagen to hydroxyproline of 7.2824]. GAG and col- 5]
lagen contents were normalized by the tissue wet weight. 0]
The immunohistochemical staining protocol is a modificatior B N R S T
of that previously described by Waggett et B25]. Specimens 0 20 40 60 80 1?%)120 12 1416 18 20 22 2;,(12\2

intended for histological analysis were fixed in acid-formalin- @ (b)
ethanol[26] (70% absolute ethanol, 5% acetic acid, 10% formal-
dehyde(37% stock, and 15% distilled wgte)r dehydrat(_ad in a Fig. 2 Typical response of (a) W(t) and WP(t) and (b) plot of
grad?d series of alCOh_OL and embedded n par&lﬁMys_Clences, WP(t) versus W(t) during the loading phase before enzymatic
Warrington, PA. Paraffin blocks were sectioné8um thicknesy treatment
using a rotary microtomé_.eica model 2030, Germajyand the
sections were affixed to glass slides. For type Il collagen immu-
nohistochemical staining, slides were deparaffinized, rehydrat
briefly digested with 0.5 mg/ml hyaluronidase for 30 minutes esults
37°C, and swelled for 4 hours in 0.5 M acetic acid at 4°C. The A typical response for the total loadf and the fluid load\ as
slides were then rinsed with PBS, treated with 3% hydrogen pexr{function of time is presented in Fig(&. In most cases there is
oxide in methanol for 10 minutes at room temperature to block initial drop in bothw and WP which occurs because the im-
endogenous peroxidase activity, rinsed with PBS, and incubate@diately preceding tare load application occurs at a higher rate
with blocking solution(10% horse serum in PBSor 10 minutes of compression, resulting in a slight stress relaxation before the
at room temperature. After blocking, samples were incubated widisplacement control test is initiated. After this initial drop, both
a monoclonal antibody to type Il collagéit-116B3, Developmen- quantities increase in magnitude during the loading phase. During
tal Studies Hybridoma Bank, University of loyvat a 1:3 dilution the unloading phase, the total lodd rapidly reduces to zero
of supernatant overnight at 4°C. Slides were then incubated whicause of platen lift-off, as the rate of unloading exceeds the rate
a biotin-conjugated horse-derived broad spectrum 1gG secondafytissue recovery. SimilarlyWw? rapidly decreases and in some
antibody(Vector Labs, Burlingame, CAfor 20 minutes at room cases it becomes slightly negative as the specimen is re-imbibing
temperature. Following a PBS rinse, the samples were visualiz@terstitial fluid lost during the loading phase. Only the data from
using streptavidin-conjugated horseradish peroxidase and DABthe loading phase were used to determine interstitial fluid load
the substrate chromagen, employing the Vectastain ABQWit-  Support.
tor Labg as directed by the supplier. Non-immune control speci- A parametric plot of WP(t) versusW(t) for 0<t<50s is
mens were incubated with blocking solutitt0% horse serum in shown for the same specimen in FigtbR This relationship,
PBS in place of a primary antibody. Specimens were visualizegthich represents how mudh® increases wittw was observed to
using a Zeiss Axioscope 40 light microscope and images webe consistently linear over this relatively short loading duration in
captured using Zeiss Axiovision software under identical settingdl specimens, as assessed by the coefficient of determination from
(i.e., exposure time, objective magnificationith a high resolu- standard linear regressigfiable 1. The constant slopgW’/dW,
tion Axiocam HRC 14-bit cooled color digital camera. determined from the regression, corresponds to the peak intersti-
o o tial fluid load support. For the specimen shown in this figure, the
~ Statistical Analyses. Statistical analyses were performed ussjope was 0.79, which means that interstitial fluid pressurization is
ing the SAS v.8 software packag®AS Institute Inc., Carey, NC  supporting 79% of the total applied load. After digestion of that
Two-way ANOVA (a=0.05) and post hoc Bonferroni-correctedsame specimen with 0.1 u/ml of chondroitinase ABC for 24 hours,
pair-wise least-squares testing of the means, was used to defgctesponse to loading was altered as shown in Fig. 3. Enzymatic
differences in interstitial fluid load support between the first angleatment led to a slower rise WP relative toW In this case for
second mechanical teftepeated measuneand among the vari- example, the slope oNP(t) versusW(t) was 0.35, indicating a
ous loaded treatment and loaded control groups. A two-Wa¥duction of interstitial fluid load support to 35%. Similar plots
ANOVA with repeated measures(=0.05), followed by Bonfer- were obtained for specimens treated with collagenase.
roni post-hoc testing of the means, was also used to detect differaverages and standard deviations of the peak interstitial fluid
ences in biochemical composition before treatm@méasured in load support for all loaded treatment and loaded control groups
outer ring tissue sampleand after treatmeritollagenase 1.0 and are presented in Fig. 4, including statistically significant differ-
0.7 u/mg-wet-weight, chondroitinase ABC, and their respectivences. Treatment with 1.0 and 0.7 u/mg-wet-weight of collagenase
loaded and unloaded contrpland among the various treatmentfor 18 hours significantly decreased the maximum fluid load sup-
and control groups. port, however no difference was found between the two enzyme

Table 1 Mean and standard deviation of the coefficient of determination, R?, from the linear
regression of WP versus W, for all loaded groups before and after incubation

R? Before After
1.0 u/mg-wet-weight loaded collagenase treatment group 6:99801 0.994:0.004
0.7 u/mg-wet-weight loaded collagenase treatment group 6:99101 0.9980.001
PBS loaded collagenase control group 0997001 0.9970.003
0.1 u/ml loaded chondroitinase treatment group 0290901 0.9970.004
PBS loaded chondroitinase control group 0.899001 0.9970.003
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Fig. 4 Summary of peak fluid load support for loaded treat-

ment groups and their respective controls:

groups; (b) chondroitinase ABC groups

Table 2 Biochemical composition of collagenase treated specimens.

“After”are denoted with an

(a) Collagenase

* (p<0.0001) and ' (p<0.05).

concentrations. Similarly, treatment with 0.1 u/ml of chondroiti-
nase ABC for 24 hours caused a significant drop in the peak fluid
load support. No significant change in the fluid load support of
loaded control groups was found after incubation in PBS for 18 or
24 hours.

Results from the biochemical analyses are presented in Table 2
and Table 3 and statistical outcomes are summarized here. The
water, GAG and collagen content for all specimens before any
enzymatic treatment are within normal values for young bovine
cartilage [24]. There was a significant increase in water con-
tent after treatment with 1.0 u/mg-wet-weight of collagenase
(p=0.022), but no change after treatment with 0.7 u/mg-wet-
weight of collagenase or chondroitinase, or after incubation in
PBS for 18 or 24 hours.

Digestion with both enzymes significantly reduced the GAG
content in the loaded and unloaded treatment groups (
<0.0001), but this decrease was more dramatic after treatment
with chondroitinase ABQTable 3. The reduction in the GAG
content after collagenase treatment was likely due to a release of
proteoglycans into the digestion media as a result of the collagen
matrix disruption. Incubation in PBS for 24 houflsaded chon-
droitinase control groupor 18 hours(loaded collagenase control
group caused no change in the GAG content.

Treatment with either concentration of collagenase appeared to
have had no significant measurable effect on the total collagen
content(Table 2. However histological results showed evidence
of loss of staining for type Il collagen in collagenase treated
samples in comparison with controls incubated in RBf). 5).

The loss in type Il collagen was also more dramatic in the group
treated with a 1.0 u/mg-wet-weight of collagenase, compared to
0.7 u/mg-wet-weight(Fig. 5b) versus Fig. £)). Incubation in
PBS for 18 hourgloaded collagenase control groupr 24 hours
(loaded chondroitinase control grouproduced no significant
change in the collagen content. The collagen content was also not
affected by treatment with chondroitinase ABC.

No statistical difference was found between the loaded treat-
ment groups and their respective unloaded treatment groups, sug-
gesting that changes in biochemical composition in the loaded
treatment groups was primarily due to the enzymatic treatment
and not to the mechanical test.

Discussion

The main objective of this study was to investigate the effects
of enzymatic digestion on the interstitial fluid load support mecha-
nism of articular cartilage in unconfined compression. The results
presented in Fig. 4 confirm our hypothesis that degradation of the
collagen—proteoglycan matrix of articular cartilage by enzymatic
treatment with collagenase or chondroitinase ABC leads to a sig-
nificant alteration in peak interstitial fluid load support in articular
cartilage.

Statistically significant differences between “Before” and

GAG Collagen
Water (%) (% wet weighy (% wet weighg

Before After Before After Before After

1.0 u/mg-wet-weight loaded 81.4+2.9 87.1-4.7" 3.8+0.8 1.4-0.6* 11.1+2.7 9.5-1.7
collagenase treatment group

0.7 u/mg-wet-weight loaded 85.3t2.2 88.6:4.3 3.0:0.4 1.2£0.4 9.2+2.7 7.1+1.2
collagenase treatment group

0.7 u/mg unloaded 83.0+3.1 88.0-2.6 3.6:0.9 1.5+0.6° 9.9+2.1 6.7:0.4
collagenase treatment group

PBS loaded collagenase 83.3t5.0 82.4:2.9 3.2:0.4 2.7+1.4 11.8:2.1 9.6:1.7

control group
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Table 3 Biochemical composition of chondroitinase ABC treated specimens. Statistically significant differences between “Be-

fore” and “After” are denoted with an * (p<0.0001)

Water (%)

GAG (% wet weight Collagen(% wet weighj

Before After

Before After Before After

0.1 u/ml loaded 84.8+5.7 86.3:3.2
chondroitinase treatment

group
0.1 u/ml unloaded 84.5+4.2 86.4-3.3
chondroitinase treatment
group
PBS loaded 83.7+7.7 84.6-4.3
chondroitinase control

group

2.7+0.9 0.8£0.4* 9.3+4.0 11.2:3.0

2.8-0.5 0.8:0.5" 10.0=2.7 12.4-3.8

3.3:0.7 2.4:1.2 12.6-3.2 10.73.8

(b)

(c)

Fig. 5 Histological sections stained for type Il collagen (mag-
nification 10X ) for (a) a PBS loaded control specimen, and
specimens treated with (b) 0.7 u/mg wet-weight and (¢) 1.0
u/mg wet-weight of collagenase  (bar=100 pm)

Journal of Biomechanical Engineering

In an earlier theoretical study 4], it was shown that the peak
fluid load support in unconfined compression is dependent on the
ratio of the tensile and compressive moduli of the solid matrix
according to the relation:

WP _ 1 1

W B H—A_}\Z ’ ( )
max 4o A2

Hia= N2

whereH _, is the aggregate modulus in compressidn,, is the
corresponding modulus in tension, and is the off-diagonal
modulus. This formula predicts the peak interstitial fluid load sup-
port immediately upon loading, for any loading history, including
creep or stress—relaxati¢@7]. For example, experimentally, the
ratio (H . o—N\5)/(H_5p—X\,) for human patellofemoral cartilage
has been reported to be 36:1 in the surface zone and 9.4:1 in the
deep zong28], which would imply a higher fluid load support at
the articular surface. This disparity in interstitial fluid load support
between the surface and deep zones was recently confirmed ex-
perimentally in human and bovine articular cartildd€]. These
results support the hypothesis that tension-compression nonlinear-
ity is an essential functional property of the tissue that contributes
significantly to the load support mechanism.

It is noteworthy that the above formula is not a function of
tissue permeability. While this may seem surprising at first, it
should be kept in mind that the formula only reports the peak
interstitial fluid load support, strictly achieved immediately upon
loading (=07 in Fig. 2(a) and Fig. 3a)). However, our recent
direct experimental measurements of interstitial fluid load support
(Fig. 4(a) in [12]) have shown that the peak value achieved in the
early time response decreases only slowly during the early re-
sponse to the ramp loading phase of a stress—relaxation test, even
over a period of 500 seconds, in agreement with theoretical pre-
dictions(Appendix. Over several thousand seconds this load sup-
port will decrease to zero with increasing matrix consolidation,
and the rate of decrease will indeed depend on the permeability, as
well as the tensile modulus and radial dimension of the tissue
sampleg[12,14). Based on the linear responseVif versusw over
the entire duration of loading in Fig.(® and Fig. 3b) (andR?
values in Table }, it is evident that the 50 s duration of loading
used in this study was significantly shorter than the characteristic
time for tissue consolidation, both for normal and degraded tissue
samples. This response yielded a constant slwpaV, taken to
be the maximum interstitial fluid load support. A theoretical analy-
sis (Appendi® shows that the results of this study would remain
essentially unchanged if different ramp times had been selected,
as long as the slope oMP(t) versusW(t) was obtained fott
much smaller than the characteristic time constant for the tissue
response.

The tensile response of cartilage is regulated mainly by its col-
lagenous matrix, and collagen degradation has been shown to de-
crease the tensile moduly2l]. However, collagenase has also
been shown to decrease the compressive modulus of cartilage

DECEMBER 2004, Vol. 126 / 783



Table 4 Material parameters, theoretical peak fluid load sup- relative loss of GAG following digestion. This result suggests that

port (using Eq. (1)), and GAG content obtained from an uncon- the nonlinear behavior of cartilage at higher compressive strains
fined compression friction test of chondroitinase ABC treated can produce nonintuitive outcomes.
samples [30]. Since the current study employed an even higher tare (b&d
Control Chondroitinase N), these _nonlinea_r effects are likely e_x_acerbated. C_onse_quently,
(n=12) Treated =11) p-value  the experimental finding that chondroitinase ABC digestion re-
Ho. (MPa 959-159 7 AE 150 0.0035 guces th_e peak |nterst|t|a_l flu_ld load support in f:artllage may SFI"
H_ (MPa) 0.51+0.28 0.75-0.34 0.0924 e explained by a reduction in the ratio of tensile to compressive
N, (MPa) 0.31+0.26 0.39-0.30 0.5316 moduli, albeit in a complex nonlinear manner.
k (10 m%Ns) 1.08+055. 1.22-0.58 0.5596 The results of this study differ from those of Oloyede and
PeakWP/W (%) 95.8+0.02 89.7-0.06 0.0155  Broom[33], who measured interstitial fluid pressurization in con-
GAG content 3.3£0.8 1708 0.0001  fined compression after proteoglycan removal with hyaluronidase

(% wet-weigh and reported an increase in peak fluid pressure at the center of the

specimen during creep. There may be several factors responsible
for these different outcomes, including differences between the

o . ) testing configurations of confined versus unconfined compression,
[29]. Similarly, since proteoglycans are responsible for the ogyq creep versus stress relaxation. In confined compression the

motic pressure of cartilage, they contribute significantly 1o itgeqretical upper bound for interstitial fluid load support is always
compressive properties, and chondroitinase ABC digestion hg§nos, according to biphasic porous media theories, regardless of

afife difference between tensile and compressive properties, as veri-
g‘e’d in our previous experimental measuremejdts Cartilage
Iégradation may alter the rate at which fluid load support changes
ith time, but not the value of the peak load support. In addition
finding a higher fluid pressure after hyaluronidase treatment,
. : . Y¥fese authors also observed a faster pressure rise to the peak value
modulus, should lead to a decrease in the ratio of tensile to co(gp_-e_, a smaller delay in pressurizatiorsuggesting altered fluid

pressive moduli. This would lead to a requction in interstitigl flui ransport properties in the degraded tissue. In a recent analysis, we
load support according to Eql), as was indeed observed in thena ¥

rrent studv. Hence the reduction in interstitial fluid load ve shown that the delay in pressurization is affected by the
current study. nence the reductio erstitial fluid load SUPPOKt o oy re transducer impedance relative to the characteristic veloc-
following collagenase digestion may be explained by a reducti

of cartilage interstitial fluid flow[12]. Since the study of

in the ratio of tensile to compressive moduli. Ay
In contrast, the prior literature would suggest that chondroitoonede and Brooni33] does not report 100% fluid load support

nase ABC didestion should produce a more sianificant decreas h the early time response, in contradiction with theory and our
9e produ SIg %I%vious experimental measurements, it is possible that their re-
the compressive modulus than in the tensile mod{iRig. The

A . . . : ults were compromised by a complex interaction between altered
resulting increase in the ratio of tensile to compressive modQ P Y P

would thus be expected to produce a higher interstitial fluid lo c&lrtllage transport properties and pressure transducer impedance.

support in chondroitinase digested specimens, contrary to the x—the current study, a tare Ioadlng_pr_otocol was employed to
perimental findings of this study. However this apparent contrBiMe the pressure transducer and eliminate any delays at the ini-
diction can be resolved by a closer analysis of the nonlinearities | tlon_of tL]e stress—relaxation te_st, as ev_|denced bY th? co_nstant
the stress—strain response of normal and enzymatically degra(z e inW® versusW over the entire duration of loading in Fig.
cartilage. and _Fl_g_. 3b). (In contrast, durlng_ t_h_e appllpqt_lon of the tare

In a recent study we investigated the effect of chondroitina&@ad, WP initially lagged behindW exhibiting an initial nonlinear
ABC digestion on the frictional response of bovine articular cafegion) o _ _
tilage in unconfined compression stress—relaxation. Experimentsl here are several potential limitations to this study. First, de-
were conducted by first applying a tare load (@4 N) to en- SPite the fact that interstitial qu_ld pressure was measured directly
sure proper contact for frictional measurements, followed by & the articular surface of cartilage specimens, the pressure was
ramp compression to 10% strain, both with continuous reciprodglown only over a circular footprint 4.78 mm in diameter,
sliding (1.5 mm at 1 mm/s For purposes of comparison withwhereas thfa tissue sample diameter was 6 mm. This disparity was
the current study, the load response in stress—relaxation wgsessary in order to produce a good seal between the specimen
curve-fitted to the biphasic-CLE modél4], to obtain the material and the filter. It was estimated that, over the remaining annular
properties for the normal and digested specimens. The aver&gsipheral footprintFig. 1), the interstitial fluid pressure reduced
values of these parameters, as well as the GAG content, are slifgarly, from its measured mean value at the center to o
marized in Table 4. These results show a statistically significafospheric pressurat the radial edge. For the given dimensions,
decrease of the tensile modults, ,, a slight increase in the this was equivalent to multiplying the actual measured pressure by
compressive modulull_,, and no change i, or the perme- @ constant factor of 0.8(as described in greater detail ih2]).
ability k following chondroitinase digestion. The slight increas&Vithout this factor, the measured peak interstitial fluid load sup-
observed inH _, differs from the decrease reported in the prioport would be higher than reported in Fig. 4, even slightly exceed-
literature[21] and can be explained by the choice of testing corirg 100% in the case of some of the undigested specimens. A
figuration. In our study{30], the application of a tare load pro-theoretical analysis of unconfined compression, using the
duced a higher compressive strain in the digested tissue samplghasic-CLE model of cartilage where the radial and temporal
confirming that GAG loss leads to an initial reduction in the conglistribution of interstitial fluid pressure can be fully characterized,
pressive modulus; however, due to the nonlinear nature of theggests that the multiplication factor required to estimate the
equilibrium stress—strain response of cartilage at higher compresean pressure over the enti@ mm footprint from the mean
sive strains[31,32, the subsequent stress—relaxation test prgressure over th€/4.78 mm footprint is not truly constant; it
duced a slightly higher equilibrium modulus in digested specstarts out at unity immediately upon loading and decreases with
mens when compared to controls. Consequently, the peak fltiiche in a manner dependent on the intrinsic material properties
load support predicted from E@l) actually demonstrates a sig-and dimensions of the tissue sample. Consequently, the interstitial
nificant reduction following chondroitinase digestighable 4. fluid load support reported in this study, based on the use of a
Note that the reduction in predicted peak fluid load support iconstant multiplication factor smaller than unity, is a conservative
Table 4 is not as great as in the current study, but neither is timreasure likely to underestimate the actual peak fluid load support.

[18,21,29. Proteoglycan degradation has also been shown to
duce the tensile modulus of cartilage under certain loading con

tions [20,21. Based on these prior literature findings, it can b
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A second potential limitation was the difficulty involved with[27]. It can be shown however that the short-term response to a
the degradation of articular cartilage with collagenase. In prelimiamp-compression displacement profile produces a raéwW
nary studies we noted that degradation occurred more severelyyRich is very close to the limiting value &fP/W| ., reported in
the outer periphery of the sample. With too much degradatioRg. (1), regardless of the compression velogcig long as the ratio
mechanical loading or even simple handling could cause loss igfevaluated from the responségt) and WP(t) over a duration
tissue from these outer laye(§his outcome helped motivate themuch shorter than the characteristic time constant for interstitial
inclusion of an unloaded collagenase treatment group to help ggid flow in the tissue.
sess the pOtentia| detrimental effect of mechanical |0ading on tiS-The mathematical proof for this observation can be derived
sue biochemical compositionConsequently, relatively low con- from the analytical solution to the unconfined compression prob-
centrations of collagenase were employed, together with genfden. The solution in the Laplace transform domain was provided
agitation during incubation, to minimize this problem. Despite thig, our earlier study(Egs. (13),(14) of [27], for the special case
approach, most treated specimens in the loaded collagenase tign c=0). An asymptotic expansion of the Laplace transform
ment groups did not recover their initial thickness at the complgp|ytion can be evaluated and inverted into the time domain using
tion of mechanical testing, and tissue debris was observed in i@ method described by Armstrong et f84]. The resulting

bathing solution. Since collagen content was measured from theymptotic expansion for the unconfined compression response to
remaining specimens, without accounting for the debris lost §iyamp compression is given by

solution, results may be biased to underestimate the amount of

collagen digestion. These experimental difficulties may account WP(t)  Hya+X, Vo 2\,

for the lack of statistically significant collagen compositional dif- 2 2 nUtTH N

ferences found before and after treatment with collagenase, or 0 AT T2

between the two dosages of collagenase employed in this study 4 N H .kt

(Fig. 4), despite the histological evidence of collagen I(&g. 5). _ _( 1— _2) N *’2* ) ,
The difficulties encountered in the collagenase treatment groups 3w Hin o

did not occur in the chondroitinase treatment groups, where

treated specimens maintained their structural integrity, recovered W(t) (Hia—X\2) Vo H_oaA— N>

their thickness after loading, and exhibited a significant decrease 2 - 2 ?t 1+2m

in GAG content relative to controls.
Results from this study have an important impact on the under-

: S S . : 4 ( N2 ) /H+Akt)

standing of the frictional response of articular cartilage. It has -—|1-—— —.

been proposed that an elevated interstitial fluid load support is a 3\/; Hia o

these expressionsy is the cylinder radius and is its thick-
ess, andV, is the ramp velocity(thus Vy/h is the strain rate

ese expressions are valid in the limit WWﬁr%/H+Ak. Both

VP(t) andW(t) are clearly dependent ov,, however the inter-

Egitial fluid load support,

primary mechanism for reducing the friction coefficient in articu
lar cartilage by shifting most of the applied load to the fluid an
reducing the frictional force between opposing cartilage matric
[7-9]. This hypothesized mechanism was verified experimental
in our recent studies which showed a very high correlation b
tween decreasing interstitial fluid load support and increasing fri
tion coefficient[10,11]. Under a constant applied load, cartilage we(t) H, ,+\,
exhibits its smallest friction coefficient immediately upon loading, ——~ ——
when the interstitial fluid pressure achieves its peak value. The WD) Hia— Ao
fact that enzymatic digestion decreases the peak fluid load support o\ 4 N H .kt
in unconfined compression suggests that it might also affect the 1— "2 _( 1— _2) N A
frictional response by increasing the minimum achievable friction Hiathy 37 Hina ré
coefficient, as was indeed confirmed in our recent s{ady. X H . 4 N .kt
The integrity of the collagen network and proteoglycan aggre- 14—~ "2 _( 1— _2> N[ AT
gates plays a critical role in the mechanical and tribological prop- Hia=N2 3{m Hia r%
erties of cartilage. Osteoatrthritis is a degenerative process charac- i . P i
terized by a decrease in proteoglycan content, increase in wdgeRot- Furthermore, in the limit &s-0", this expression reduces
content and fibrillation, all of which compromise this integfity. to
Osteoarthritic degeneration has commonly been modeled in vitro WP(0™) 1
using enzymatic degradation. Hence, the findings from this study —~ ,
suggest that a loss in the fluid load support mechanism due to W(0™) Hoa— A2
tissue degeneration might occur in osteoarthritis. This could sub- Hopa— Ny
ject the solid matrix of the tissue to greater stresses that coul%. . -
further advance the degenerative process. which is the same as E¢L). Similarly,
Acknowledgment WP H, A+, Hiaths 7 H.a) V r2
This study was supported by the National Institute of Arthritis gy~ — — '
and Musculoskeletal and Skin Diseases of the National Institutegw Heamhe 2M_ i( 1— i) \ /H+_Akt
of Health (AR 43628, AR46532 The monoclonal antibody, II- Hia= N2 m Hia rs
116B3, developed by Thomas F. Linsenmayer, was obtained from . . N .
the Developmental Studies Hybridoma Bank developed under t%'Ch tends to the same limit as-0". This result proves that, as
auspices of the NICHD and maintained by The University dPnd as the slope ofVP(t) versusW(t) is evaluated fot much
lowa, Department of Biological Sciences, lowa City, IA 52242, smaller than the characteristic time constegit , sk, the result
produces very nearly the peak interstitial fluid load support, re-
Appendix gardless of the_ cho_ice of ramp velocity. _
Representative time constants for cartilage can be evaluated
The formula of Eq.(1) is strictly valid for the immediate re- from Table 4, for a specimen radiug=3 mm, yielding 869 s for
sponse {(=0") of a biphasic-CLE model of cartilage upon load-normal cartilage and 996 s for chondroitinase ABC treated carti-
ing, in unconfined compression, regardless of the loading histdage. For collagenase treated cartilage, the time constant can be
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