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Chondrogenesis in cartilage development and re-
air and cartilage degeneration in arthritis can be
egulated by mechanical-load-induced physical fac-
ors such as tissue deformation, interstitial fluid flow
nd pressure, and electrical fields or streaming poten-
ials. Previous animal and tissue explant studies have
hown that time-varying dynamic tissue loading can
ncrease the synthesis and deposition of matrix mole-
ules in an amplitude-, frequency-, and spatially de-
endent manner. To provide information on the cell-

evel physical factors which may stimulate chondro-
ytes to increase production and export of aggrecan,
he main proteoglycan component of the cartilage ma-
rix, we characterized local changes in aggrecan syn-
hesis within cyclically loaded tissue explant disks
nd compared those changes to values of predicted
ocal physical factors. Aggrecan synthesis following a
3-h compression/radiolabel protocol was measured
ith a spatial resolution of ;0.1 mm across the 1.5-mm

adius of explanted disks using a quantitative autora-
iography method. A uniform stimulation of aggrecan
ynthesis was observed at an intermediate frequency
f 0.01 Hz, while, at a higher frequency of 0.1 Hz, stim-
lation was only seen at peripheral radial positions.
rofiles of radial solid matrix deformation and inter-
titial fluid pressure and velocity predicted to be oc-
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urring across the radius of the disk during sinusoidal
oading were estimated using a composite poroelastic

odel. Tissue regions experiencing high interstitial
uid velocities corresponded to those displaying in-
reased aggrecan synthesis. These results reinforce
he role of load-induced flow of interstitial fluid in the
timulation of aggrecan production during dynamic
oading of cartilage. © 1999 Academic Press

Key Words: autoradiography; proteoglycan; chon-
roitin sulfate; aggrecan; cartilage; chondrocyte; me-
hanical stimulation; mechanotransduction.

Cartilaginous tissues play roles in the development
f the muscoloskeletal system (1), long bone growth (2),
one fracture repair (3), the function of synovial joints
4), and degenerative joint disorders such as osteoar-
hritis (5). Metabolic regulation of cartilage in these
arying environments can occur through a combina-
ion of biological (6) and physical processes (7), which
re coupled in order to allow this tissue to fulfill the
readth of its physiological functions. Articular carti-
age of the synovial joint, for example, experiences
oading conditions which can produce tissue stresses
xceeding hundreds of atmospheres (8), requiring
hondrocytes and their extracellular matrix to with-
tand and biologically respond to these physical forces
n order to maintain and remodel articular cartilage to

eet functional requirements.
Recent studies have established trends in the biolog-

cal response of cartilage to mechanical loads. Studies
haracterizing changes in the synthesis and deposition
f extracellular matrix constituents in response to al-

ered loading environments have been carried out at
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2 BUSCHMANN ET AL.
nimal, tissue, and cell levels. Whether in animal (9,
0) or tissue explant (11–14) studies, loading condi-
ions which do not contain dynamic time-varying com-
onents were seen to reduce synthesis and deposition
f matrix molecules. In contrast, dynamic time-varying
oads in animals (15, 16) and in tissue explants (17–22)
an stimulate chondrocytes to increase matrix synthe-
is and deposition. Studies focusing on dynamic com-
ressive loading of cartilage tissue explants in vitro
ave further specified certain frequencies and ampli-
udes of dynamic compression which are stimulatory
nd others which are not (18, 19, 21). Additionally,
hen stimulated biosynthesis is observed, it often var-

es spatially within the tissue, in a systematic manner,
epending on tissue type and dimensions and on the
etails of the boundary conditions of the applied load
20, 21, 23). In addition to directly affecting biosynthe-
is, mechanical loads can influence chondrocyte differ-
ntiation and potentially promote commitment of plu-
ipotential stem cells to the chondrocyte lineage (24).
lucidation of the pathways involved in the chondro-

yte response to load could therefore be significant in
everal areas of cartilage biology, including cell-based
artilage repair (25) where the influence of the me-
hanical environment may play a decisive role in the
uccess or failure of these therapeutic approaches.
Studies relating biological and physical stimuli at

he cellular level to the load-induced biological re-
ponse of chondrocytes, such as altered secretion of
atrix macromolecules, could provide key information

n understanding cartilage remodeling processes. The
requency-, amplitude-, and spatially dependent re-
ponse found in previous studies could be the result of
egulatory mechanisms including cell deformation,
ell–matrix interactions near the cell membrane, con-
ective transport of soluble mediators, and load-in-
uced electrical fields (or streaming potentials). In the
ase of static compression, dose-dependent alterations
n cell structure (26, 27) and matrix structure near
ells (28) have been correlated to the inhibition of syn-
hesis of aggrecan, the large aggregating extracellular
roteoglycan. Previous studies using stimulatory dy-
amic compression have hypothesized that all four
echanisms listed above could be operative, depending

n the tissue system and loading conditions (18, 22, 29,
0).
Our study was designed to measure spatially local-

zed changes of aggrecan synthesis in response to cyclic
echanical load in calf cartilage explants. We aimed to

haracterize these local changes by loading groups of
artilage disks at different frequencies in the presence
f radiolabeled sulfate and counting autoradiography
rains, representing newly synthesized aggrecan, at
ifferent radial positions. In order to gain insight into
hysical mechanisms which could be responsible for

ltered aggrecan synthesis, we used a composite poro- d
lastic model to describe the observed mechanical be-
avior and to predict the amplitudes of spatially and
requency-dependent intratissue physical factors such
s interstitial fluid velocity and pressure and the de-
ormation of the solid extracellular matrix. From this
omparison, a tendency for stimulated aggrecan syn-
hesis to occur in tissue regions experiencing high in-
erstitial fluid velocities emerged.

ATERIALS AND METHODS

Isolation and culture of cartilage disks. Cylindrical cartilage
isks, 3 mm in diameter and 1 mm thick, were explanted from the
emoropatellar groove of 1- to 2-week-old calves and incubated in
edium (Dulbecco’s modified essential medium (DMEM)3 with 10
M Hepes, 10% (v/v) fetal bovine serum, 0.1 mM nonessential amino

cids, an additional 0.4 mM proline, and 20 mg/ml ascorbate)
hanged daily, as described previously (18). The cutting of collagen in
he explanting process results in some swelling of the disks, due to
he high proteoglycan content and its associated swelling pressure
26, 31). After 1 day of culture, the disks acquired a relatively
niform thickness of 1.25 to 1.5 mm, with little curvature. Previous
tudies (18, 26, 28) showed that these young cartilage explants
ontained an essentially uniform, homogeneous distribution of cells,
atrix, and biosynthetic activity, in the unloaded free-swelling state,
ithout the depth-dependent variations typically found in adult
rticular cartilage.
Dynamic compression, radiolabeling, and fixation. On each of

ays 3, 4, 5, and 6 of culture, 24 cartilage disks were placed between
wo impermeable platens in culture medium inside a chamber de-
igned for radially unconfined compression of cartilage disks (18, 22,
9). In this unconfined geometry, the radial periphery of each disk
an expand upon application of compression and can recoil during a
elease period (32). Previous equilibration in the incubator assured
hat the medium and chamber temperature were at 37°C when
artilage disks were placed therein. All 24 disks were first statically
ompressed to their cut-thickness of 1 mm (from ;1.25 to 1.5 mm).
he 12 experimental disks in the chamber were then subjected to a
inusoidal dynamic displacement of amplitude 50 mm, for 23 h, at a
requency of 0.01 Hz for the experiments of days 4 and 6 and at 0.1
z for the experiments of days 3 and 5. During the last 8 h of

ompression, culture medium was exchanged for medium supple-
ented with 10 mCi/ml [35S]sulfate. The control and experimental

pecimens were then washed in DMEM four times over 1 h to remove
ree label (22) and then were removed from the chambers. The disks
ere then fixed under free-swelling conditions in 0.05 M Na-cacody-

ate buffer containing 2% (v/v) glutaraldehyde and 2.5% (w/v)
etylpyridinium chloride. After fixation at room temperature over
6 h, the disks were washed with 0.1 M Na-cacodylate buffer four
imes over 2 h, and then stored for up to 4 weeks in 70% ethanol at
°C.
Quantitative autoradiography. Embedding, sectioning, and

uantitative autoradiography followed in detail a method described
reviously (33). Since we wished to preserve spatial information
egarding the depth and radius within cartilage disks from which
utoradiographical measurements were made, we obtained vertical
ections along the axis of disks. The fixed disks were therefore axially
isected with a razor blade, dehydrated in a graded series of increas-
ng ethanol concentrations, and embedded in Epon 812, which was
olymerized at 60°C. Semithin 1-mm sections, obtained with an
ltramicrotome, were taken from the cut face of one of the halves and

3 Abbreviation used: DMEM, Dulbecco’s modified essential me-

ium.
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3LOCAL STIMULATION OF BIOSYNTHESIS IN CARTILAGE
ere therefore rectangular in shape with a width equal to the disk
iameter (;3 mm) and a height equal to the free-swelling disk
hickness (1.25–1.5 mm). Slides containing the sections were dipped
n emulsion, exposed for 2 weeks, developed, and fixed. Sections were
ightly stained with 0.008% toluidine blue in buffer (2% boric acid,
% sodium tetraborate, pH 7.6) and viewed on a light microscope
sing a high-power (1003) oil immersion objective, and images were
igitized and transferred to a personal computer via a CCD color
amera. For each disk, a sequential series of 12–15 images in 100-mm
ncrements was captured from the specimen center to the radial
eriphery. This radial series of images was centered on the axial
idpoint. The number of grains in each image was found by (i)

hresholding the image on the blue channel to isolate silver grains,
ii) determining the average area of a single grain in the image using
he lowest section of the histogram of grain size, and (iii) dividing
otal grain area by the average size of a single grain. By comparison
o scintillation counts, it was previously demonstrated that each
isintegration occurring within the section during the exposure time
esulted in 0.67 6 0.21 grains (mean 6 standard deviation, n 5 58),
ndependent of the density of grains (33). The average grain density
or a particular image is therefore a direct measure of the amount of
ggrecan synthesized and deposited during the 8-h labeling period

IG. 1. Light micrographs of autoradiography sections from carti
ontrols (A and B) held at a common offset compression. A and C c
eripheral regions (r ' 1.0 mm) of the disks. Local grain densities ar
z caused an approximately uniform, i.e., radially independent, sti

hese regions and other regions were used to count grains and quanti
he disks (Fig. 3A). Bar, 20 mm.
ithin the section volume associated with that image. The sequen- i
ial series of digitized images allowed the characterization of aggre-
an synthesis as a function of radial position within disks. These
ethods have been further refined recently to obtain information

egarding the spatial distribution of newly synthesized aggrecan
round individual cells and load-induced alterations of this distribu-
ion (28).

Mechanical properties of cartilage explants. Mechanical proper-
ies of explanted disks were characterized by placing disks after 6
ays of culture in an unconfined compression testing chamber con-
aining culture medium and mounted in a Dynastat mechanical
pectrometer (IMASS, Hingham, MA). After obtaining equilibrium
t a 1-mm static offset thickness, a series of sinusoidal displacements
f 5 mm amplitude in the frequency range 0.001–1.0 Hz was applied,
he sinusoidal load and displacement were digitized, and the dy-
amic stiffness was calculated as previously described (34). Poisson’s
atio was measured by placing disks into a compression device, filled
ith phosphate-buffered saline, which was mounted onto the stage of
light microscope to allow optical visualization of the disk peripheral
oundaries before, during, and after application of a 5% step com-
ression. After equilibrium was obtained at the 1-mm static offset, a
0-mm step compression was applied in less than 1 s and a series of

e disks which were sinusoidally loaded at 0.01 Hz (C and D) and
espond to central regions (radius ' 0) and B and D correspond to
roportional to local rates of aggrecan synthesis. Stimulation at 0.01
lation in aggrecan synthesis and deposition. Digitized images from
the amount of aggrecan synthesized as a function of position within
lag
orr
e p

mu
tate
mages was captured once every 2 s for time-lapse imaging of lateral
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4 BUSCHMANN ET AL.
xpansion and recoil of the cartilage disks during stress relaxation.
he results were analyzed as described previously (32) to obtain the

nstantaneous (,1 s postcompression) and equilibrium Poisson’s ra-
io (;30 min postcompression), defined as the ratio of average (sur-
ace-to-surface) lateral strain to the applied (surface-to-surface) 5%
xial strain.

Profiles of solid deformation, fluid pressure, and fluid velocity.
adial profiles of solid deformation, fluid pressure, and fluid velocity
ccurring in the cartilage disks during dynamic compression were
redicted using a composite poroelastic model describing uniaxial
nconfined compression with frictionless platens (35, 36). This model
equires specification of a nonlinear fibril network elastic rigidity (Ef)
n addition to parameters describing a biphasic matrix (Em, vm, k).
he matrix modulus Em was determined from the equilibrium
tress–strain curve and vm was set to zero. The remaining model
arameters, the tensile modulus of the fibril network, Ef, and the
ermeability of the matrix, were found by fitting the amplitude of the
easured dynamic stiffness to the model. Model parameters were

nserted into expressions (36) predicting the radial profiles of solid
adial strain, interstitial fluid pressure, and interstitial fluid velocity
relative to the solid) for sinusoidal compression at the frequencies
.001, 0.01, and 0.1 Hz, and these profiles were compared with the

IG. 2. Light micrographs of autoradiography sections from cartilag
A and B) held at a common offset compression. A and C correspond
egions (r ' 1.0 mm) of the disks. Stimulation at 0.1 Hz caused a non
eposition, where significant stimulation was confined to peripheral r
o count grains and quantitate the amount of aggrecan synthesized
rofiles of aggrecan synthesis obtained by autoradiography. t
ESULTS

ynamic Sinusoidal Compression Stimulates
Aggrecan Synthesis in a Frequency-Specific
and Spatially Specific Manner

Tissue sections processed for autoradiography sug-
ested that dynamic sinusoidal compression stimu-
ated aggrecan synthesis, as indicated by higher grain
ensities on autoradiography sections (Figs. 1 and 2).
his stimulation of aggrecan synthesis appeared to be
patially homogeneous with respect to radial position
t 0.01 Hz (Fig. 1) but spatially inhomogeneous at 0.1
z with little or no stimulation in disk centers but

elatively large stimulation at disk peripheries (Fig. 2).
o variation in grain density in controls or dynami-

ally loaded samples was noted along the axial direc-
ion in these disks excised from the large transitional
one of young calf femoropatellar groove articular car-
ilage. Biosynthetic changes on autoradiography sec-

isks which were sinusoidally loaded at 0.1 Hz (C and D) and controls
central regions (radius ' 0) and B and D correspond to peripheral

form, i.e., radially dependent, stimulation in aggrecan synthesis and
ns. Digitized images from these regions and other regions were used

a function of position within the disks (Fig. 3B). Bar, 20 mm.
e d
to

uni
egio
ions were quantified by a previously developed grain
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5LOCAL STIMULATION OF BIOSYNTHESIS IN CARTILAGE
ounting procedure (33). Specimens which were dy-
amically loaded at 0.01 Hz exhibited an approxi-
ately uniform stimulation of aggrecan synthesis of
45% at all radial positions (Fig. 3); disks stimulated
t the higher frequency of 0.1 Hz exhibited little
hange in aggrecan synthesis in the central region
;10% increase) within 0.6 mm of the disk center but
50% increase in biosynthesis in the peripheral region

urther away than 0.6 mm from the center of the ;1.5
m radius disk (Fig. 3). Control disks displayed some

adial heterogeneity in aggrecan synthetic rates due to
he imposed static compression offset to the original
-mm cut thickness as observed previously (26); syn-
hesis in controls was uniform in the region r , 1.2
m, but slightly increasing toward the periphery for
. 1.2 mm. Dynamically loaded disks were initially

IG. 3. Spatially and frequency-dependent synthetic rates of ag-
recan in dynamically compressed cartilage disks as a function of
adial position (0 mm 5 disk center, 1.4 mm 5 disk periphery). A
rain-counting procedure was applied to digitized images, similar to
hose of Figs. 1 and 2, to estimate aggrecan synthetic rate as a
unction of radial position in compressed cartilage disks. The grain
ensities were normalized to the average grain density in the control
isks for each frequency (0.01 Hz in A and 0.1Hz in B). Sinusoidal
ompression at 0.01 Hz uniformly stimulated synthesis by ;45%,
hile compression at 0.1 Hz produced little stimulation (;10%) in

entral areas but stimulation similar (;50%) to disks loaded at the
requency of 0.01 Hz in the peripheral (r . 0.6 mm) areas. ‚ indi-
ates a P value of ,0.1 and * a P value of ,0.05 from a two-tailed t
est comparing experimental to control at that particular radial
osition. When data from radial positions 0.1 mm # r # 0.6 mm are
rouped together and those from 0.7 mm # r # 1.3 mm are also
rouped together to represent central and peripheral regions respec-
ively, experimental synthetic rates are signifcantly stimulated at
.01 Hz in both regions (P 5 0.004 and P 5 0.0001, respectively) but
nly in the peripheral region at 0.1 Hz (P 5 0.18 and P 5 0.00001,
espectively). Previously published data have shown a lack of stim-
latory effect at the lower frequency of 0.001 Hz (22).
ompressed to the same 1-mm thickness before appli-
m
k

ation of sinusoidal displacement, and we found abso-
ute increases in aggrecan synthesis in the dynamically
oaded disks compared to control disks in the region

. 1.2 mm were of similar magnitude to absolute
ncreases in more central regions, down to r 5 0.06 mm
n the 0.1-Hz case but all the way to the disk center for
he 0.01-Hz case.

timulation of Aggrecan Synthesis Occurs in Tissue
Regions Where Predicted Interstitial Fluid
Velocities Are High

Theoretical radial profiles of radial solid deforma-
ion, interstitial fluid pressure, and relative interstitial
uid velocity occurring during dynamic sinusoidal
ompression were estimated using a composite poro-
lastic model for the frequencies 0.001, 0.01, and 0.1
z. Material parameters found from experimental
ata were Em 5 0.47 6 0.10 MPa (mean 6 SD, n 5 6),
.46 6 0.04 (mean 6 SD, n 5 12) for the instantaneous
oisson’s ratio, and 0.11 6 0.02 (mean 6 SD, n 5 12)

or the equilibrium Poisson’s ratio. The model param-
ters, Ef 5 17.9 MPa and k 5 1.68 3 10215 m4/Nzs, were
btained from the best fit of the dynamic stiffness (Fig.
) after having fixed the equilibrium Poisson’s ratio to
ero.
Radial profiles of solid strains normalized to axial

train (Fig. 5A) suggested that at frequencies above

IG. 4. Best fit of a composite poroelastic model to the measured
ynamic stiffness of cartilage explants. The fibril network elastic
tiffness, Ef, and the matrix hydraulic permeability, k, were found
sing a best fit of the model to the data, after having set the matrix
odulus, Em, to the mean of that found by the equilibrium stress–

train curves and fixing the matrix Poisson’s ratio to zero. Resulting
odel parameters were {E 5 0.47 MPa, v 5 0.0, E 5 17.9 MPa,
m m f

5 1.68 3 10215 m4/Nzs}.
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6 BUSCHMANN ET AL.
nd including 0.01 Hz, most of the cartilage disk expe-
iences little dilatation throughout a sinusoidal cycle,
s evidenced by normalized values of strain close to 0.5.
t 0.001 Hz and below significant tissue dilatation is
redicted to occur during each sinusoidal cycle (nor-
alized strain ! 0.5), with loss of volume during com-

ression, via bulk exudation of fluid, and increase of
olume during the release phases, via bulk imbibe-
ent of fluid. Fluid pressure profiles demonstrated
igher pressures in disk centers than near disk periph-
ries (Fig. 5B). At the low frequency of 0.001 Hz the
ressure falls nearly linearly with radial position and
as a maximal value at the disk center of ;0.1 MPa.
or higher frequencies of 0.01 and 0.1 Hz, fluid pres-
ures obtain values near 0.5 MPa at the disk center
hich eventually fall to the ambient pressure at the
isk periphery. Fluid velocity at the low frequency of

IG. 5. Profiles of radial solid matrix strain (A), interstitial fluid
ressure (B), and fluid velocity (relative to the solid) (C) calculated
rom the composite poroelastic model across the radius of the disk
sing best-fit parameters (see legend to Fig. 4). All tissue regions
hich showed stimulated aggrecan synthesis due to dynamic loading

0.001 Hz nowhere, 0.01 Hz throughout, and 0.1 Hz in peripheral
egions in Fig. 3) also experienced relatively large interstitial fluid
elocities (greater than 0.25 mm/s shaded region in C) according to
he model predictions. The magnitudes of these predicted fluid ve-
ocities are known to increase transport of soluble macromolecules in
artilage matrix.
.001 Hz was predicted to vary linearly with radial d
osition with a maximal value at the disk periphery of
0.3 mm/s (Fig. 5C). At the intermediate frequency of
.01 Hz, fluid velocity was still proportional to radial
osition but obtained larger values, reaching 2 mm/s at
he periphery. At a frequency of 0.1 Hz, fluid velocity
as predicted to diminish at the disk center compared

o 0.01 Hz but continues to increase at the disk periph-
ry, compared to 0.01 Hz. It is noteworthy that arbi-
rary variations of the model parameters by 610% of
he quoted values did not significantly alter the char-
cteristics of the profiles of strain, pressure, and fluid
elocity as described above.

ISCUSSION

In the present study we used a quantitative autora-
iography procedure to indicate regions of stimulated
ggrecan synthesis in cartilage disks undergoing dy-
amic compression. We found that aggrecan synthesis
as stimulated uniformly at an intermediate fre-
uency of 0.01 Hz but only at peripheral radial posi-
ions at a higher frequency of 0.1 Hz. Previous work
as shown a lack of response at a low frequency of
.001 Hz. When these observations are compared to
he predictions of physical events occurring with these
isks during loading, a pattern emerges of stimulated
ggrecan synthesis in tissue regions experiencing high
nterstitial fluid velocities during loading. The dy-
amic-load-induced stimulation of biosynthesis ap-
eared to be of an on–off nature, dependent on the
ttainment of a certain threshold of interstitial fluid
elocity (not exhibiting a dose dependence on velocity),
s has been observed with respect to sinusoidal dis-
lacement amplitude in previous studies (18, 22). This
rigger-like response to a window of mechanical stimuli
as also been suggested to be a general trend in the
ellular response to mechanical stimuli (37). Using our
odel calculations as an example, all tissue regions
here fluid velocities were predicted to exceed 0.25
m/s (shaded region in Fig. 5C) showed stimulation of
ggrecan synthesis with no apparent dose dependence
Fig. 3). In particular, calculated fluid velocities at disk
enters were larger at 0.01 Hz than at the other fre-
uencies of 0.001 and 0.1 Hz, consistent with the bio-
ynthetic stimulation at disk centers seen at 0.01 Hz
ut not at 0.1 Hz (Fig. 3). The hypotheses that increas-
ng levels of fluid pressure and strain in the solid

atrix are stimulatory for biosynthesis is not sup-
orted by our study since both of these factors are
redicted to decrease toward peripheral regions,
hereas biosynthesis increases (Fig. 5). It should be
oted that our model does not predict any variation in
hysical parameters in the axial direction for uniaxial
nconfined compression of a homogenous material
ith frictionless platens, consistent with the lack of

etectable variation in grain density in the axial direc-
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7LOCAL STIMULATION OF BIOSYNTHESIS IN CARTILAGE
ion. Also, previous work has demonstrated the spatial
onuniformity of the inhibition of biosynthesis by
tatic compression of cartilage explants in unconfined
eometry (26) seen again in our present work (Fig. 3,
ontrols). Furthermore, recent experiments have
hown radial gradients in matrix compression at the
issue and cell levels that may be responsible for this
patially heterogeneous inhibitory response to static
ompression (28).

The correlation between high local fluid velocities
nd stimulated aggrecan synthesis provides further
vidence supporting mechanisms of regulation, includ-
ng convective transport of soluble mediators, convec-
ive transport of newly synthesized matrix molecules
way from cells, generation of streaming potentials
ear the chondrocyte, and fluid-flow-generated shear
tress or other forces near the cell membrane. Al-
hough it is not possible to specify at the current time
he specific nature and molecular mediators of a flow-
nduced stimulation in cartilage, increased concentra-
ions of soluble factors near the chondrocyte membrane
y convective transport is compatible with previous
tudies of transport through cartilage tissue. For ex-
mple, electroosmotically induced fluid velocities in the
ange (1–2 mm/s) of those predicted in our study (Fig.
C) across a cartilage disk were found experimentally
o enhance bulk transport of small molecules such as

35SO4 by ;23 (38) and larger molecules such as insu-
in-like growth factor-I by ;253 (39). Further studies
nvestigating this type of stimulatory mechanism re-
uire the development of experimental methods and
ystems capable of monitoring and modulating specific
vents such as molecular diffusion and reaction, fluid
ow, electrical potentials, and cellular responses in
artilage.

EFERENCES

1. Hall, B. K. (1983) Cartilage, Academic Press, New York, NY.
2. Hunziker, E. B. (1994) Microsc. Res. Technique 28, 505–519.
3. Ostrum, R. F., Chao, e. Y. S., Bassett, C. A. L., Brighton, C. T.,

Einhorn, T. A., Lucas, T. S., Aro, H. T., and Spector, M. (1994) in
Orthopaedic Basic Science (Simon, S. R., Ed.), pp. 277–323,
American Academy of Orthopaedic Surgeons.

4. Mankin, H. J., Mow, V. C., Buckwalter, J. A., Iannotti, J. P., and
Ratcliffe, A. (1994) in Orthopaedic Basic Science (Simon, S. R.,
Ed.), pp. 1–44, American Academy of Orthopaedic Surgeons.

5. Poole, A. R. (1993) in Arthritis and Allied Conditions: A Textbook
of Rheumatology (McCarty, D. J., and Koopman, W. J., Eds.),
12th ed., Vol. 1, pp. 279–333, Lea and Febiger, Philadelphia.

6. Adolphe, M. (1992) Biological Regulation of the Chondrocytes,
CRC Press, Boca Raton.

7. Sah, R. L., Grodzinsky, A. J., Plaas, A. H., and Sandy, J. D.
(1992) in Articular Cartilage and Osteoarthritis (Kuettner, K. E.,
Schleyerbach, R., Peyron, J. G., and Hascall, V. C., Eds.), pp.
373–392, Raven Press, New York.

8. Hodge, W. A., Fijan, R. S., Carlson, K. L., Burgess, R. G., Harris,
W. H., and Mann, R. W (1986) Proc. Natl. Acad. Sci. USA 83,

2879–2883.
9. Akeson, W. H., Woo, S. L., Amiel, D., Coutts, R. D., and Daniel,
D. (1973) Clin. Orthop. 93, 356–362.

0. Kiviranta, I., Jurvelin, J., Tammi, M., Saamanen, A. M., and
Helminen, H. J. (1987) Arthritis Rheum. 30, 801–809.

1. Jones, I. L., Klamfeldt, A., and Sandstrom, T. (1982) Clin. Or-
thop. 165, 283–289.

2. Schneiderman, R., Keret, D., and Maroudas, A. (1986) J. Orthop.
Res. 4, 393–408.

3. Gray, M. L., Pizzanelli, A. M., Grodzinsky, A. J., and Lee, R. C.
(1988) J. Orthop. Res. 6, 777–792.

4. Urban, J. P., and Bayliss, M. T. (1989) Biochim. Biophys. Acta
992, 59–65.

5. Caterson, B., and Lowther, D. A. (1978) Biochim. Biophys. Acta
540, 412–422.

6. Kiviranta, I., Tammi, M., Jurvelin, J., Saamanen, A. M., and
Helminen, H. J. (1988) J. Orthop. Res. 6, 188–195.

7. Palmoski, M. J., and Brandt, K. D. (1984) Arthritis Rheum. 27,
675–681.

8. Sah, R. L., Kim, Y. J., Doong, J. Y., Grodzinsky, A. J., Plaas,
A. H., and Sandy, J. D. (1989) J. Orthop. Res. 7, 619–636.

9. Larsson, T., Aspden, R. M., and Heinegard, D. (1991) Matrix 11,
388–394.

0. Korver, T. H., van de Stadt, R. J., Kiljan, E., van Kampen, G. P.,
and van der Korst, J. K. (1992) J. Rheumatol. 19, 905–912.

1. Parkkinen, J. J., Lammi, M. J., Helminen, H. J., and Tammi, M.
(1992) J. Orthop. Res. 10, 610–620.

2. Kim, Y. J., Sah, R. L. Y., Grodzinsky, A. J., Plaas, A. H. K., and
Sandy, J. D. (1994) Arch. Biochem. Biophy. 311, 1–12.

3. Kim, Y. J., Bonassar, L. J., and Grodzinsky, A. J. (1995) J. Bio-
mech. 28, 1055–1066.

4. Elder, S. H., Kimura, J. H., Soslowsky, L. J., and Goldstein, S. A.
(1998) Trans Orthop. Res. Soc. 23, 912.

5. Brittberg, M., Lindahl, A., Nilsson, A., Olhsson, C., Isaksson, O.,
and Peterson L. (1994) N. Engl. J. Med. 331, 879–895.

6. Buschmann, M. D., Hunziker, E. B., Kim, Y. J., and Grodzinsky,
A. J. (1996) J. Cell Sci. 109, 499–508.

7. Guilak, F., Ratcliffe, A., and Mow, V. C. (1995) J. Orthop. Res.
13, 410–421; 499–508.

8. Quinn, T. M., Grodzinsky, A. J., Buschmann, M. D., Kim, Y. J.,
and Hunziker, E. B. (1998) J. Cell Sci. 111, 573–583.

9. Buschmann, M. D., Gluzband, Y. A., Grodzinsky, A. J., and
Hunziker, E. B. (1995) J. Cell Sci. 108, 1497–1508.

0. Suh, J.K. (1996) Biorheology 33, 289–304.
1. Buschmann, M. D., and Grodzinsky, A. J. (1995) J. Biomech.

Eng. 108, 1497–1508.
2. Jurvelin, J. S., Buschmann, M. D., and Hunziker, E. B. (1997)

J. Biomech. 30, 235–241.
3. Buschmann, M. D., Maurer, A. M., Berger, E., and Hunziker,

E. B. (1996) J. Histochem. Cytochem. 44, 423–431.
4. Frank, E. H., and Grodzinsky, A. J. (1987) J. Biomech. 20,

615–627.
5. Soulhat, J., Buschmann, M. D., and Shirazi-Adl, A. (1997) Trans.

Orthop. Res. Soc., 822.
6. Soulhat, J., Buschmann, M. D., and Shirazi-Adl, A. (1999) J.

Biomech. Eng., in press.
7. Brand, R. A., and Stanford, C. M. (1994) Med. Hypotheses 42,

99–104.
8. Garcia, A. M., Grimshaw, P. E., Jen, M. C., and Grodzinsky, A. J.

(1995) Trans. Orthop. Res. Soc., 198.
9. Garcia, A. M., Lark, M. W., Trippel, S. B., and Grodzinsky, A. J.
(1996) Trans. Orthop. Res. Soc., 12.


	MATERIALS AND METHODS
	FIG. 1
	FIG.2

	RESULTS
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	REFERENCES

