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Aged bovine chondrocytes display a diminished capacity to produce
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Abstract

Most fundamental studies in cartilage tissue engineering investigate the ability of chondrocytes from young animals to produce
cartilaginous matrix under various conditions, while current clinical applications such as autologous chondrocyte implantation, use
chondrocytes from donors that are decades past skeletal maturity. Previous investigations have suggested that several characteristics
of primary chondrocytes are age-dependent but none have quantified cell proliferation, proteoglycan synthesis and accumulation,
collagen synthesis and accumulation, compressive and tensile mechanical properties in order to examine the effects of donor age on
all of these parameters. We enzymatically isolated primary bovine chondrocytes from fetal, young and aged animals and cultured
these cells in agarose gels to assess the above-mentioned properties. We found that fetal and young (but still skeletally mature i.e. 18-
month-old bovine) chondrocytes behaved similarly, while aged chondrocytes (5- to 7-year-old bovine) displayed diminished prolif-
eration (�2· less), a slightly reduced proteoglycan accumulation per cell (�20%), and significantly less collagen accumulation per
cell (�55%) compared to the younger cells. Histological observations and mechanical properties supported these findings, where a
particularly significant reduction in tensile stiffness produced by aged chondrocytes compared to younger cells was observed. Our
findings suggest that donor age is an important factor in determining the outcome and potential success when tissue-engineered car-
tilage is produced from articular chondrocytes. More specifically, primary chondrocytes from aged donors may not possess sufficient
capacity to produce the extracellular matrix that is required for a mechanically resilient tissue.
� 2005 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

Mature articular cartilage has a limited self-repair
ability, and current surgical treatments fail to provide
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proven long term healing [20]. Among the techniques
under development for cartilage regeneration, certain
tissue engineering strategies combine primary chondro-
cytes with various scaffolds to grow tissue equivalents.
The effects of specific physical parameters [19,24,28,39]
and growth factors [5,12,40] have been widely studied
using these systems in order to produce a tissue con-
struct which, once implanted at the site of the cartilage
lesion, should lead to a well-integrated and functional
hyaline-like replacement tissue.
shed by Elsevier Ltd. All rights reserved.
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Characterization of human [2,13], equine [21], bovine
[1,7,11,35], rabbit [34] and mouse [25] cultured articular
cartilage explants revealed that intrinsic metabolism of
chondrocytes and their response to external factors vary
with animal age. It has also been shown that chondro-
cytes isolated from cartilage behave in an age-dependent
manner, although many of these studies involved mono-
layer culture [8,27,29,32,33], which induces dedifferenti-
ation of chondrocytes towards a more fibroblastic-like
phenotype.

The loss of chondrocyte phenotype can be avoided by
directly culturing isolated primary chondrocytes in three-
dimensional environments. In alginate and agarose cul-
tures, human chondrocyte proliferation observed by
Hauselmann et al. [15] was lower for a 66-year-old donor
versus a 14-year-old donor. Hauselmann et al. [15] also
reported that chondrocytes from the youngest donor
synthesized aggrecan molecules with higher average
molecular weights. In contrast, Verbruggen et al. [38]
did not observe any proliferation for 2- to 69-year-old
human chondrocytes embedded in agarose, but an in-
crease in donor age correlated with reduced aggrecan
synthetic rate and a smaller proportion of large aggre-
gates. Loeser et al. [26], by measuring sulfate and proline
incorporation in alginate culture, found a mitigated re-
sponse of macaque chondrocytes to IGF-1 with increas-
ing animal age. Kamada et al. [23] observed that primary
aged bovine chondrocytes in alginate proliferate less
than chondrocytes from young adults, but nonetheless
more than fetal chondrocytes. After 2 weeks of culture,
Kamada et al. [23] also observed that proteoglycan and
collagen concentrations decreased with cells from older
donors, while hyaluronic acid concentration increased.

Mechanical properties of native and engineered tis-
sues are important features to assess in determining
functionality. Aggregate modulus and hydraulic perme-
ability have already been determined for agarose con-
structs [3] by fitting a biphasic model [30] to the
stress–relaxation curves obtained in confined compres-
sion. Unconfined compression avoids some of the draw-
backs of confined compression [4] and, combined with
the fibril-reinforced biphasic model [36], has been used
to describe intrinsic biomechanical properties of articu-
lar cartilage [10]. To date, this latter model has not been
applied to tissue engineered constructs.

In the present study, bovine articular chondrocytes
from three age groups were embedded in agarose to test
the following hypotheses: (1) cell proliferation, extracel-
lular matrix (ECM) synthesis and accumulation are
reduced with increased age of the donor, (2) these age-
dependent variations in chondrocyte performance result
in corresponding differences in construct biomechanical
properties, and (3) equilibrium modulus and hydraulic
permeability of these constructs correlate with glycosami-
noglycan (GAG) content, while the tensile fibril modulus
of these agarose cultures correlates with collagen content.
Materials and methods

Reagents were obtained from Sigma–Aldrich (St. Louis, MO,
USA) unless otherwise indicated.
Chondrocytes in agarose

Articular cartilage was shaved from humeral heads of Fetal (last
trimester), Young (1- to 2-year-old adolescent) and Aged (5–7 years
old) bovine shoulder joints. Good cell viability (>95%) was confirmed
with Calcein AM and Ethidium Homodimer (Molecular Probes, Eu-
gene, OR, USA) as described in Dumont et al. [9]. Chondrocytes
were enzymatically released with protease type XIV at 56 U/mL high
glucose DMEM (H-DMEM) (Gibco, Gaithcrsburg, MD, USA) for
40 min, and collagenase CLS2 (4177, Worthington Biochemical,
Lakewood, NT, USA) at 752 U/mL H-DMEM supplemented with
5% FBS (Gibco, Gaithersburg, MD, USA) for 3.5 h, according to
previously described methods [3]. Low melting temperature agarose
(MC50101; Mandel Scientific, Guelph, ON, Canada) was dissolved
at 4% (w/v) in cell culture tested PBS (without calcium chloride
and magnesium chloride), then sterilized by heating 30 min in a boil-
ing water bath (20 min with stirring, 10 min without stirring to get rid
of the bubbles). For each donor age group, chondrocytes in 6.5 mL
media were mixed with an equal volume of the agarose solution at
37 �C to produce 1 · 107 cells/mL in 2% (w/v) agarose, then poured
in a 100-mm diameter Petri dish. After gelling at room temperature
for 5 min and at 4 �C for 1 h, 6-mm diameter disks of 1.8–2.0 mm
thickness were cored from the slab gel using a stainless steel biopsy
punch (4410025, Ultident Scientific, St-Laurent, Quebec, Canada).
The chondrocyte-agarose disks were subsequently cultured in 48-well
culture plates (Corning, Acton, MA, USA), on top of 1 mm-thick
nylon mesh (Spectrum, Rancho Dominguez, CA, USA) to aid nutri-
ent diffusion. Each day, samples were transferred to a new plate filled
with complete media: H-DMEM, 3.7 g/L sodium bicarbonate, Pen-
Strep, 10% FBS, non-essential amino acids (1 · NAA), 2 mM L-gluta-
mine and 0.4 mM L-proline. After the first night of culture, media
was supplemented with 30 lg/mL fresh sodium L-ascorbate, unless
otherwise mentioned.
Electron microscopy

The fixative used was 4% (w/v) paraformaldehyde and 1% (w/v)
glutaraldehyde (Cedarlane, Hornby, Ontario, Canada) in 0.1 M so-
dium cacodylate (Fisher, Hampton, NH, USA), pH 7.3. Samples
were immersed in fixative for 1 h at room temperature, then over-
night at 4 �C in fresh fixative. Fixed samples were dehydrated
through a graded ethanol series and embedded in LR White acrylic
resin (London Resin Company, Berkshire, UK). Following a 2-day
polymerization of the resin at 55 �C and trimming, thin sections
(80 nm) were cut using a diamond knife and an ultramicrotome. Sec-
tions were mounted on nickel grids and conventionally stained with
uranyl acetate and lead citrate. Transmission electron microscopy
was performed using a JEOL JEM-2000FX TEM (Tokyo, Japan)
operated at 80 kV.
Determination of DNA, collagen and glycosaminoglycan contents

Disks were removed from culture on days 1, 13 and 26, weighed
and then stored frozen (�80 �C). Sample volumes were calculated from
mass assuming a specific volume of 0.99 lL/mg for 2% (w/v) agarose.
Biochemical analysis was performed according to previously described
methods [17]. Samples were papain-digested, and agarose disks were
crushed with a pestle and melted at 70 �C for 10 min to release trapped
DNA. Aliquots of the papain digest were immediately diluted in PBE
buffer to quantify DNA content by the fluorometric Hoechst 33258 as-
say. GAG content was measured by the spectrophotometric DMB as-
say. Hydroxyproline residues from hydrolyzed aliquots of the papain
digest were oxidized with chloramine-T hydrate and quantified follow-
ing the colorimetric reaction with Ehrlich�s reagent. Collagen contents
were evaluated assuming that 13.2% of collagen mass originated from
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hydroxyproline residues [16,37]. Aliquots from identically processed
agarose disks, but without cells, were added to standard curves to ac-
count for any potential interference from agarose hydrogel.
Histology

Fixation was the same as for electron microscopy (above), but glu-
taraldehyde was replaced by 2.5% (w/v) cetylpyridinium chloride for
GAG-stained samples. Fixed samples were embedded in paraffin
and sectioned (6 lm thick). Sections were stained for GAG with
0.1% (w/v) Safranin-O for 3 min. Sections were stained for collagen
following GAG digestion with 0.1% (w/v) pronase (12 min at room
temperature) and 2.5% (w/v) hyaluronidase (30 min at 37 �C), with
1% (w/v) Fast Green for 1 h. Images were acquired with a CCD cam-
era (Micropublisher 3.3 RTV; Q Imaging, Burnaby, ON, Canada)
and Northern Eclipse software (Empix Imaging, Mississauga, ON,
Canada) using an Axiolab microscope (Carl Zeiss Canada, Toronto,
ON, Canada).
35S-sulfate and 14C-L-proline incorporation

On day 20, disks were cultured for 24 h in the presence of 20 lCi/
mL 35S-sulfate or 5 lCi/mL 14C-L-proline (SJ162 and CFB71, Amer-
sham Biosciences, Piscataway, NJ, USA). As performed by Hausel-
mann et al. [15], incorporation in macromolecules was determined by
subjecting labeling media, dissociative extracts (GuCl extraction buf-
fer) and solubilized residues to PD-10 columns (Amersham Biosci-
ences, Piscataway, NJ, USA) to obtain the macromolecular fraction
that was subjected to liquid scintillation (Fisher, Hampton, NH,
USA).
Mechanical testing

Mechanical properties were assessed on days 2, 14 and 21 via
stress–relaxation tests in uniaxial, unconfined compression using the
Mach-1 micromechanical testing system (BioSyntech, Laval, QC, Can-
ada). Sample diameter and thickness were determined using a digital
caliper (Mitutoyo Canada, Mississauga, ON, Canada). Two successive
compression ramps, each with amplitude corresponding to 10% of the
sample thickness, were applied at a strain rate of 1% s�1. After each
ramp, stress–relaxation continued for 20 min. Using the Mach-1 Anal-
ysis software (BioSyntech, Laval, QC, Canada), stress–relaxation
curves were fit to the fibril-reinforced biphasic model [36] to determine
compressive equilibrium modulus (Em), hydraulic permeability (k) and
tensile fibril modulus (Ef). Mean values of these parameters from the
first and second steps were used for further analysis.

On the days of mechanical tests, additional samples were papain-
digested and assessed for GAG and collagen contents using methods
described above. Mean values of Em, k and Ef were plotted versus
the mean values of GAG and collagen contents to correlate these
parameters. In order to obtain constructs with different biochemical
compositions, both ascorbate-supplemented (50 lg/mL) and ascor-
bate-free conditions were used, the latter being known to induce under-
hydroxylation and major reduction of collagen secretion without
greatly affecting proteoglycan secretion [31]. Agarose plugs without
cells were also included as controls.
Statistical analysis

Statistical analysis was performed with STATISTICA 6.1 (StatSoft
Inc., Tulsa, OK, USA). Significant differences between age groups in
cell density, GAG and collagen concentrations, as well as sulfate
and proline incorporation rates were determined by ANOVA followed
by the Tukey/Unequal N HSD post hoc test. Significant differences be-
tween age groups in mechanical parameters were determined by
MANOVA, using the general linear model routine with age as cate-
gorical predictor and culture time as continuous predictor. The degree
of linear relationship between ECM contents and mechanical proper-
ties was assessed by the Pearson product–moment correlation coeffi-
cient (r).
Results

Efficiency of chondrocyte isolation

We initially verified that the enzymatic digestion
method was adequate for both aged and fetal cartilage.
We initially determined that most GAG was released
during the first 40 min of protease XIV digestion
(Fig. 1A) for both age groups. Then, for tissue already
treated with protease for 40 min we found almost com-
plete release of cells during the first 3.5 h (210 min) of
collagenase digestion (Fig. 1B) for both age groups.
Electron microscopy of freshly isolated chondrocytes
(40 min protease, 3.5 h collagenase) cultured for only
12 h following seeding in agarose further confirmed
effective enzymatic removal of pericellular matrix for
both fetal (Fig. 1C) and aged (Fig. 1D) chondrocytes,
since pericellular matrix could not be observed at this
time. Aged chondrocytes cultured for 21 days were sim-
ilarly imaged, ensuring our ability to detect pericellular
matrix (Fig. 1E).

Cell, GAG and collagen contents

Cell density (Fig. 2A), GAG content (Fig. 2B) and
collagen content (Fig. 2C) for aged samples were all sig-
nificantly lower than younger samples during the cul-
ture. Only collagen content (Fig. 2C) differed between
young and fetal samples. Once normalized to cell den-
sity, GAG concentration (Fig. 3A, left) was the same
for all age groups on day 13, and was 22% lower in aged
samples than in fetal samples on day 26. Endpoint nor-
malized collagen concentration (Fig. 3A, right) in aged
samples was 60% and 46% lower than in fetal and young
samples, respectively.

Sulfate and proline incorporation

We did not measure any significant difference with
age either in total sulfate incorporation (Fig. 3B, left)
nor in the sulfate-labeled macromolecules released in
media (which was 11.4% of the total on average). Total
proline incorporation (Fig. 3B, right) was significantly
reduced in aged samples compared to fetal and young
samples (15.9 compared to 19.2–21.9 nmol/106 cells/
day). The proportion, but not the absolute value, of
incorporated proline found in the media was higher in
aged than in younger samples (30.9% compared to
24.0–26.8%).

Histology

No differences in staining patterns or intensities were
observed when comparing different positions in the
radial and axial directions in these cylindrical disks,
for any of the three age groups and for both stains



Fig. 1. (A) Kinetics of GAG release during pronase digestion of fetal and aged fresh articular cartilage were similar, taking into account the greater
GAG content of fetal. GAG concentration in the pronase solution was evaluated by the DMB assay. (B) Kinetics of cell release during collagenase
digestion of fetal and aged articular cartilage, following a 40 min pronase digestion, were also similar and reflected a greater cell density in fetal tissue.
Cells from the collagenase solution were counted with a hemocytometer. Electron micrographs of enzymatically isolated (C) fetal or (D) aged
chondrocytes after 12 h of culture in agarose, indicating an absence of pericellular matrix. (E) Electron micrograph of an aged chondrocyte after 3
weeks of culture in agarose, showing abundant secreted pericellular matrix. Nu, nucleus; PM, pericellular matrix. Scale bar = 1 lm.
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(Safranin-O and Fast Green). Safranin-O staining for
proteoglycan was intense around the fetal (Fig. 4A)
and young (Fig. 4C) chondrocytes, and also around
some of the aged chondrocytes (Fig. 4E). Safranin-O
staining in interterritorial compartments was absent
from freshly seeded samples (not shown), but was pres-
ent for all age groups at the end of the culture. Fast
Green staining for collagen was intense and sharp
around the edge of fetal chondrocyte islets in a cap-
sule-like fashion (Fig. 4B), while it was less intense
and more diffuse in the young (Fig. 4D) and barely
detectable for aged chondrocytes (Fig. 4F).

Mechanical properties

For cultures with media containing 50 lg/mL ascor-
bate, fibril modulus (Fig. 5A), equilibrium modulus
(Fig. 5B) and hydraulic permeability (Fig. 5C) of the
cell-seeded disks were comparable to the controls
disks on day 2. On day 14, all three mechanical para-
meters were more significantly evolved for young
compared to aged chondrocytes (Fig. 5). On day 21,
equilibrium modulus (Fig. 5B) and hydraulic permeabil-
ity (Fig. 5C) of disks containing aged chondrocytes had
almost caught up to those containing young chondro-
cytes, however the age-dependent difference in fibril
modulus continued to increase with time in culture
(Fig. 5A).

As expected, culturing chondrocytes in ascorbate-free
media had a greater inhibitory effect on collagen content
(Fig. 6A, crosses; non-detectable level of hydroxylated
collagen) than on GAG content (Fig. 6B and C, crosses;
reduction of 38% in average). Fibril modulus corre-
lated more strongly with collagen content (r2 = 0.95,
Fig. 6A) than with GAG content (r2 = 0.66, plot not
shown). Conversely, equilibrium modulus and hydraulic
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permeability correlated more strongly with GAG con-
tent (r2 = 0.86, Fig. 6B; r2 = 0.94, Fig. 6C) than with
collagen content (r2 = 0.77 and r2 = 0.57, plots not
shown).

In an additional culture, fibril modulus was also low-
er in aged compared to fetal samples (p < 0.005, MAN-
OVA, n = 6 per age group) and, again, correlated better
with collagen content (r2 = 0.95 with p < 0.005) than
with GAG content (r2 = 0.46 with p > 0.05).
Discussion

Using the agarose culture system, we first confirmed
the hypothesis that aged bovine articular chondrocytes
(5–7 years old) have a reduced capacity to proliferate,
and to synthesize and accumulate extracellular matrix
compared to young (1–2 years old) and fetal bovine
articular chondrocytes. We found that collagen accumu-
lation by aged compared to young and fetal chondro-
cytes was reduced in the most pronounced manner
(Fig. 2). Lower GAG content in aged samples was
mostly accounted for by lower proliferation resulting
in lower cell density (Fig. 3A). In contrast, collagen con-
centration showed a large decrease in aged samples even
after normalization to cell density (Fig. 3A), and was
accompanied by reduced proline incorporation
(Fig. 3B). Secondly, we showed that these effects of
donor age on ECM composition had an impact on bio-
mechanical properties, shown by lower fibril and equi-
librium modulus and higher hydraulic permeability for
aged chondrocytes compared to younger chondrocytes
(Fig. 5). Finally, we confirmed that fibril modulus corre-
lated strongly with collagen content, whereas equilib-
rium modulus and hydraulic permeability were more
clearly correlated with GAG content (Fig. 6).

Verbruggen et al. [38] noted that human chondro-
cytes (2–69 years old) do not proliferate at all once
embedded in 1.5% autoclaved agarose, whereas Hausel-
mann et al. [15] observed that human chondrocytes pro-
liferate in 1% agarose, and proliferate more for younger
donors, similar to our results (Fig. 2A). Agarose concen-
tration, site of donor tissue, method of digestion for cell
isolation, frequency of medium change, ascorbic acid
concentration, and the choice of serum supplement are
all potential parameters that could lead to the discrepan-



Fig. 4. Paraffin sections showing the histology of chondrocytes and surrounding pericellular matrix after 25 days of culture in agarose. (Left)
Safranin-O stained sections of (A) fetal, (C) young and (E) aged chondrocytes. (Right) Fast-Green stained sections of (B) fetal, (D) young and (F)
aged. Scale bar = 100 lm.
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cies between the results of Verbruggen et al. [38] versus
Hauselmann et al. [15] and the results of our study.
Kamada et al. [23] observed an age-dependence in pro-
liferation of bovine chondrocytes embedded in alginate,
but they noted that fetal chondrocytes proliferate less
than aged ones, a result different from our study. These
contradictory results could be caused by differences in
the nature of the gel used, in the cell isolation protocol,
and in ascorbic acid and serum supplementation. These
differences could also come from the fact that Kamada
et al. [23] took fetal cartilage from shoulder, hip and
knee joints, although they obtained adult and aged
cartilage from metacarpophalangeal joints. These in-
ter-study differences also underscore the importance of
specific culture conditions that may accentuate or elim-
inate age-related differences.
We measured GAG and collagen concentrations
(7.8 mg/mL and 5.0 mg/mL, respectively, for fetal chon-
drocytes cultured 26 days in agarose) that are compara-
ble to those measured in other studies using agarose
culture (6–16 mg/mL and �10 mg/mL for GAG and
collagen respectively after 20–36 days) with calf chon-
drocytes from carpometacarpal joint [28] or from the
femoropatellar groove [3,18]. Sulfate and proline incor-
poration (respectively 22 and 28 nmol/106 cells/day for
young adult chondrocytes on the 20th day of culture)
were also similar to previously reported data (37 and
25 nmol/106 cells/day on the 36th day of culture for
calf chondrocytes) [3]. GAG concentration in alginate
obtained by Kamada et al. [23] is also very close to
our measurements for fetal chondrocytes. However,
Kamada et al. [23] observed a large decrease (�75%)
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in GAG content comparing aged to fetal chondrocytes,
while we found only a slight decrease (�22%). It is pos-
sible that aggrecan, which is known to display reduced
molecular size [15] and decreased capability of assem-
bling large molecular size aggregates [38] in aged tissue,
is retained less in 1.2% alginate than in 2% agarose for
bovine aged chondrocytes. We found a level of aggrecan
loss to the medium similar to that of a previous study
using agarose culture [3] (data not shown). Collagen
contents obtained by Kamada et al. [23] are very similar
to our measurements and displayed a similar decrease
for aged compared to fetal chondrocytes (�60% reduc-
tion on average), again confirming the effect of increased
age in diminishing the ability of chondrocytes to pro-
duce a collagen-rich ECM. Although we could not mea-
sure collagen loss to the media due to an interfering
colorimetric signal in the hydroxyproline assay, we can
assert that the primary deficit in aged chondrocytes is re-
duced collagen synthesis rather than increased loss to
the media, given the parallel reduction in collagen con-
tent and total proline incorporation for aged versus
younger cells.
Equilibrium, or Young�s, modulus for our culture
(32 kPa for young adult chondrocytes on the 14th day
of culture) was very close to values reported by others
for similar culture conditions (�33 kPa) [28]. The
hydraulic permeability of agarose measured directly
using permeation [22], once corrected for a 15% com-
pression [14], also gives a value (�0.3 mm4/MPa/s for
2% agarose) in the same range as the value we measured
at the beginning of the culture and for controls without
cells (�0.11 mm4/MPa/s). After 3 weeks of culture, the
hydraulic permeability in our cultures dropped by a fac-
tor of 3 for the samples cultured with chondrocytes, as
previously observed [3]. For calf articular cartilage, fibril
modulus obtained by unconfined compression [10] was
found to be very close to dynamic peak modulus ob-
tained during uniaxial tension testing [6]. In the same
manner, the fibril modulus obtained for our samples,
ranging from 0.12 MPa initially to 0.55 MPa after 3
weeks of culture, is similar to the reported tensile peak
modulus of 0.16 MPa for 2% agarose gel submitted to
a 15% stretch [41]. Thus even though the homogeneous
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nature of the fibril-reinforced biphasic model does not
exactly represent the composite structure of our gels
where chondrocyte islets are embedded in an agarose
gel, its parameters are expected to reflect average bulk
properties. For example, in our cultures, mechanical
parameters correlated well with GAG and collagen con-
tents and allowed us to correlate age-dependent changes
in mechanical properties with biochemical composition.
Nonetheless we do not always expect that changes in
mechanical properties are explained solely by variations
of the major ECM components bulk concentrations, but
might also be modulated by minor ECM components
and assembly. For example, Mauck et al. [28] observed
that dynamic loading can increase the mechanical stiff-
ness of agarose constructs, without affecting their
GAG and collagen bulk contents. We also point out
that biomechanical characterization of chondrocyte-
seeded constructs, if applied to long-term cultures, will
have to take into account two additional factors: (1) a
fixed relaxation time such as that used for this study
(20 min) may not be long enough to obtain equilibrium
for samples with high GAG content but low collagen
content, and (2) matrix growth at the external surface
of these disks [3,18,28] will more greatly influence the
interpretation of measured parameters. However, these
two factors were negligible in our 3-week cultures for
biomechanical analysis.

Our study has shown that, in the agarose culture sys-
tem, aged chondrocytes display a reduced intrinsic
capacity to synthesize and accumulate a collagenous
matrix compared to younger chondrocytes. Along with
reduced proteoglycan synthesis and reduced cell prolifer-
ation, this globally reduced performance in the ability to
make new cartilage was reflected in diminished mechan-
ical properties of chondrocyte-agarose constructs con-
taining aged versus younger chondrocytes. Analysis of
these mechanical properties using current fibril-rein-
forced biphasic models also identified the primary source
of diminished mechanical performance as due to a less
developed collagen network. An important ancillary
conclusion from our studies is that 18-month-old bovine
chondrocytes do not behave in a similar manner as 5- to
7-year-old adult bovine chondrocytes and should not be
used a model for adult cells. It would be interesting in fu-
ture studies to refine these observations by examining
various ages between these two limits. Based on these re-
sults and those of others that are consistent with our
findings, it is suggested to carefully evaluate the effect
of donor age when functional properties or behavior of
chondrocytes is to be assessed.
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