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Understanding and controlling chondrocyte and cartilage metabolism in osteochondral tissues may facilitate
ex vivo maintenance and application, both for allografts and tissue-engineered grafts. The hypothesis of this study
was that maintenance of chondrocyte viability and matrix content and release of sulfated glycosaminoglycan
(sGAG) in the articular cartilage of joint-scale osteochondral fragments are temperature and metabolism depen-
dent. The aims were to assess, for adult goat joints, the effects of incubation temperature (378C vs. 48C) on cartilage
chondrocyte viability and tissue matrix content and mechanical function, and the effects of temperature and
cellular biosynthesis on sGAG release. Chondrocyte viability was maintained with 378C incubation for 28 days,
but decreased by *30% with 48C incubation. Concomitantly, with 378C incubation, cartilage sGAG was depleted
by *52% with the lost sGAG predominantly unable to aggregate with hyaluronan, whereas collagen content,
tissue thickness, and tissue stiffness were maintained. The depletion of sGAG was diminished by slowing me-
tabolism, with 48C decreasing release by *79% compared with 378C incubation, and cycloheximide inhibition of
cell metabolism at 378C decreasing release by *47%. These results indicate that the articular cartilage of joint-scale
grafts have enhanced chondrocyte viability with incubation at 378C, but may need anabolic stimuli or catabolic
inhibitors to maintain sGAG content.

Introduction

The repair of articular cartilage defects using os-
teochondral allografts and autografts is one option for

functional restoration, though the procedures are limited by a
lack of donor tissue. Cartilage repair and replacement treat-
ments are typically used for small and large cartilage defects
that have not yet progressed to the point where prosthetic
joint replacement is recommended.1,2 The shortage of avail-
able donor tissue3 has stimulated tissue engineering efforts to
generate large, appropriately shaped, joint-scale osteochon-
dral fragments.4–8 Allografts are currently stored at the joint
scale, and the properties of cartilage in such stored allografts
provide the standard for large tissue-engineered constructs.

The effects of storage conditions on cadaveric donor tissue
have typically been studied using small osteochondral cores
at 48C, although studies suggest that joint-scale storage at
378C may be beneficial. Tissue banks currently store tissue as
large osteochondral fragments at 48C in proprietary media
with 10% serum. Studies of storage conditions have typically
examined small osteochondral cores as a model system9–14 at
48C in media with 10% serum, with only a few studies ad-
dressing the practical storage in joint-scale fragments.15,16

Cartilage tissue structure, cell viability, and proteoglycan
(PG) metabolism can be maintained in explant culture at
378C in certain medium formulations,17–19 but have only
recently been investigated in the context of allograft storage,
using small cores.20

Viable chondrocytes are necessary for long-term function
of osteochondral grafts, and the viability of chondrocytes in
cultured cartilage is affected by the incubation medium,
temperature, and configuration (Table 1). In small osteo-
chondral cores, chondrocyte viability is higher with the ad-
dition of serum to the culture medium at 48C11,21 and also
with 378C compared with 48C incubation.17,21 Chondrocyte
viability at 48C follows similar trends in joint-scale osteo-
chondral fragments as in small cores, with significant loss
of viability over several weeks,15,16 although quantitative
viability results at 378C at the joint scale have not yet been
reported.

Understanding and controlling chondrocyte metabolism
in different tissue configurations facilitates ex vivo mainte-
nance of cartilage, and may be useful for storage of allografts
and osteochondral tissue. Although the collagen content of
cartilage explants and osteochondral cores remains relatively
stable during tissue culture, sulfated glycosaminoglycan
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(sGAG) content can be markedly influenced by metabolic
stimuli in the culture medium, such as serum, which pro-
motes biosynthesis of aggrecan,18,22,23 the major compressive
load-bearing component of cartilage.24 The first globular
domain of aggrecan mediates its association with hyalur-
onan (HA),25 stabilizing it within the cartilage matrix. Clea-
vage of aggrecan can disrupt this association with HA,
increasing the release of sGAG from cartilage. Aggrecan
metabolism and maintenance is important for tissue func-
tion, as tissue stiffness has been correlated with sGAG con-
tent.26–28 The metabolism of sGAG in cartilage is mediated
by biosynthetically active chondrocytes, as inhibition of cell
biosynthesis with cycloheximide (CX) diminishes both the
synthesis and the degradation of aggrecan.22,29,30 In the joint-
scale configuration of intact bovine calf sesamoid bones,
cartilage sGAG metabolism is affected by both static31,32 and
dynamic33,34 loading. The modulation of sGAG metabolism
in mature cartilage at the joint-scale with 378C incubation
remains to be investigated.

Thus, the hypothesis of this study was that maintenance of
chondrocyte viability and matrix content and release of sGAG
in the articular cartilage of joint-scale osteochondral frag-
ments are temperature and metabolism dependent. The spe-
cific aims were to assess the effects of adult goat joint-scale
culture temperature (378C vs. 48C) and duration (fresh, 12 or
28 days) on articular cartilage chondrocytes (viability and
DNA content) and tissue matrix (sGAG and collagen contents,
sGAG distribution, and stiffness), and the effects of temper-
ature (378C vs. 48C) and cellular biosynthesis (�CX) on matrix
depletion (sGAG release rate and aggregatability with HA).

Materials and Methods

Experimental design

A total of 42 distal humeri, harvested bilaterally from 22
adult goats, were used. The humeri harvested bilaterally
were always used for different experimental conditions. In
particular, 18 humeri from different goats were used as fresh
controls. The remaining 24 humeri were used for various
incubation conditions. (The 4 out of the 24 humeri that were
harvested bilaterally from 2 goats were used for different
incubation conditions.) This allowed efficient usage of the
available animal tissue. Groups included [1] fresh controls
(n¼ 18) or joints incubated for [2] 12 days (n¼ 6) or [3] 28
days (n¼ 5) at 378C without CX, for [4] 28 days (n¼ 4) at 48C

without CX, for 7 days at 48C and then 7 days at 378C (4=37)
[5] without CX (n¼ 3) or [6] with CX (n¼ 3), or for [7] 14
days at 378C with CX (n¼ 3) (Fig. 1A). Although the goats
were of two types, Boer males (16) and mixed-breed females
(6), they were of similar age and joint size, with average
cartilage thicknesses of (mean� standard deviation) 0.35�
0.05 mm and 0.34� 0.05 mm and average surface areas of
12.5� 2.5 cm2 and 11.2� 0.9 cm2, respectively. In addition,
type had no significant effect on the outcome variables de-
scribed below ( p¼ 0.18–0.86). The left and right limbs were
divided as evenly as possible into each group, with either the
same number of left and right limbs in each group or at most

Table 1. Osteochondral and Joint-Scale Culture: Effects of Temperature and Duration

on Chondrocyte Viability

Tissue Age

Conditions

Viability ReferenceT (8C) Days FBS

Small osteochondral core Mature 4 28 — 37–32% 11
21–44 10% 50–84% 21

Joint-scale fragmenta Mature 4 28–60 10% 50–77% 15,16
Small osteochondral core Mature 37 25 — 90–100% 17
Joint-scale fragment Inmature 37 1 5% — 36

Mature 37 10 10% Viable 31
28 10% —

aTypical tissue bank incubation configuration and condition.
FBS, fetal bovine serum.

FIG. 1. Schematic diagrams of (A) experimental groups, (B)
joint-scale bioreactor setup, and (C) core isolation locations
from the distal humerus. Color images available online at
www.liebertonline.com=ten.
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one more left or right limb in groups with an odd number of
samples.

Harvest and culture

Distal humeri were aseptically isolated, affixed to the lid of
a bioreactor, and suspended in media. Thoracic limbs were
received on wet ice within 24 h of animal sacrifice. Elbow
joints35 were aseptically isolated essentially as described
previously.36 Briefly, the mid-diaphyses of the radius and
ulna were exposed and transected. The bone marrow was
removed, and the cavities were rinsed with 3% hydrogen
peroxide and then with phosphate-buffered saline (PBS)
with 100 units=mL penicillin, 100 mg=mL streptomycin, and
0.25 mg=mL Fungizone (PSF). The distal humerus was ex-
posed, separated from the radius and ulna; soft tissue, in-
cluding the periosteum on the diaphysis, was removed. Each
humerus was suspended in a 250 mL polycarbonate jar
functioning as a bioreactor, with a stainless steel bolt affixed
to the lid and attached to the diaphysis with bone cement
(Osteobond; Zimmer, Warsaw, IN) by filling the diaphysis
with *10 mL of wet cement, inserting the bolt, and allowing
the cement to set for 15 min. For incubation at 378C, the bio-
reactor lids were modified to allow gas exchange via 0.45 mm
filters. Each bioreactor was filled with the medium, secured
with a lid, and placed at 48C or 378C. One hundred milliliters
of the medium was used per bioreactor (low-glucose Dul-
becco’s modified Eagle’s medium, 10 mM HEPES, 0.1 mM non-
essential amino acids, 0.4 mM L-proline, 2 mM L-glutamine,
PSF, and 25mg=mL ascorbic acid) (DMEMþ) supplemented
with 10% fetal bovine serum, and also with 0.5 mM CX to
inhibit biosynthesis30 in certain studies. The lid with sus-
pended distal humerus was screwed on to the bioreactor base
(Fig. 1B), and incubated at 378C within a humidified envi-
ronment at 5% CO2 or at 48C for the appropriate durations.
For joints incubated at 48C, the closed container effectively
maintained the CO2 environment since the bicarbonate-
dependent pH of the spent incubation medium was 7.40�
0.05. The medium was changed twice per week, and the spent
medium was collected and stored at �208C until processing.

Joint surface area

Joint surface area was estimated from geometries deter-
mined from photographs and a scaling factor determined
from three-dimensional (3D) surface scanning of selected
samples. Photographs of the articulating face of the distal
humerus of all joints were taken before core isolation with a
digital camera. The width of the humeral head, as well as the
diameters of the medial and lateral edges, was measured us-
ing ImageJ (National Institutes of Health, Bethesda, MD). The
shape of the humeral head was approximated as a truncated
hemicone with half of the circumferential face correspond-
ing to the surface area of cartilage, as calculated from the
diameters and width. To determine a scaling factor between
geometrical measures and cartilage surface area, three joint
surfaces were scanned in 3D (3D Desktop Scanner; NextEn-
gine, Santa Monica, CA), and cartilage surface areas were
determined directly from 3D reconstructions (ScanStudio;
NextEngine). The difference between surface area estimated
from the geometrical estimate and the direct measurement
was 6.6%� 3.2%. Thus, surface area was estimated routinely
by the geometrical estimate scaled up by 1.066.

Isolation of osteochondral cores for analysis

After harvest or incubation, eight 3.2-mm-diameter os-
teochondral cores were isolated with the articular cartilage
intact, and samples were prepared for analysis of viability and
histology or for analysis of stiffness and biochemistry. Cores
were isolated from four proximal (P1–P4) and four distal (D1–
D4) sites spanning the medial to lateral margin of the distal
humerus (Fig. 1C) using a custom stainless steel coring bit
under constant irrigation with PBS with PSF kept at 48C.
Cores from three positions (D1, D4, and P3) were placed in
DMEMþwith 10% fetal bovine serum for 1–2 h until viability
staining and analysis. The cores from the remaining five po-
sitions were rinsed in PBS with protease inhibitors (1 mM
phenylmethanesulfonyl fluoride, 2 mM disodium ethylene-
diamine tetraacetate, 5 mM benzamidine-HCl, and 10 mM
N-ethylmaleimide), for 1 h at 48C and then stored at �208C
until further processing.

Viability and histology

Cores from three positions (D1, D4, and P3) were bisected
axially with a razor blade and one half was analyzed for
chondrocyte viability. The half-cores were stained with Live=
Dead� (Molecular Probes; Invitrogen, Carlsbad, CA) and the
en face and vertical profiles were imaged at 10�with a fluo-
rescence microscope (Eclipse TE300; Nikon, Melville, NY).
Images were analyzed using a custom image-processing
routine in MATLAB� v7.5 to determine the percent of live
cells. The vertical profile was divided into superficial, middle,
and deep zones each comprising 15%, 30%, and 55% of the
total thickness based on cellular morphological features. Since
the superficial zone contained only one to three layers of cells,
viability estimates from vertical profiles were variable due to
the low number of cells observed in each field of view
(mean� standard deviation: 49� 21 cells). Instead, the via-
bility of the chondrocytes in the superficial zone was deter-
mined from en face views, which provided a larger numbers of
cells in each field of view (601� 156 cells).

The second half of each core was prepared for histology
and stained with Toluidine blue. The half-cores were fixed
in 4% paraformaldehyde in PBS for *1 week at 48C and then
decalcified in 1 mL of PBS with 15% ethylenediaminete-
traacetic acid (EDTA) on a rocker at room temperature. The
EDTA solution was changed every other day for *3 weeks
to allow decalcification. The decalcified cores were cryostat
sectioned at 10 mm, stained with 0.04% Toluidine blue, and
imaged at 10�magnification.

Core diameter, thickness, and indentation stiffness

Cores from the remaining five positions (D2, D3, P1, P2,
and P4) were analyzed for diameter and thickness. The di-
ameter of each core was measured using calipers (Mitutoyo,
Aurora, IL). For cartilage thickness, images were captured at
08, 608, and 1208 around the perimeter of the core, thickness
was measured from the images (ImageJ) at three locations per
angle, and the average of the nine measurements was used.

The short-time indentation stiffness was determined.
Samples were compressed at the articular surface by 20% of
cartilage thickness at a rate of 0.1 mm=s (over <1 s) with a
plane-ended, impermeable, 400-mm-diameter indenter tip,
and the load was measured using a mechanical testing
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apparatus (v500cs; BioSyntech Canada, Laval, Canada). The
tip was held at maximum displacement for 0.5 s, the load
recorded, and test repeated at three sites 400 mm apart on each
core. The average load for each core was divided by the in-
dentation depth to determine the indentation stiffness.

DNA, collagen, and sGAG contents

After indentation testing, the cartilage was analyzed for
content of DNA, collagen, and sGAG. For each core, cartilage
was removed from the bone and solubilized with proteinase
K at 608C for 16 h, and portions of the digests were analyzed
for DNA by the PicoGreen dye binding assay,37 sulfated
sGAG by the dimethylmethylene blue dye binding assay,38

and collagen by p-dimethylaminobenzaldehyde detection
of hydroxyproline.39 The hydroxyproline content was con-
verted to collagen content using a mass ratio of 7.25 collagen
to hydroxyproline.40,41 Biochemical measures were normal-
ized to core surface area to allow comparison between sGAG
in the tissue and released to the medium. Portions of the spent
medium were also analyzed for sGAG content and normal-
ized to joint surface area per day, as passive loss of cleaved
sGAG molecules from cartilage matrix in explants is a surface-
area-dependent phenomenon.42 Total sGAG in the culture
system was calculated by summing the mass of sGAG in the
spent medium over the culture duration normalized to joint
surface area, and adding that to the average sGAG per surface
area in the cores, scaled up to the joint surface area.

Aggregation of sGAG in conditioned medium with HA

The size and aggregatability with HA of sGAG in the
conditioned medium and from freshly extracted controls
were analyzed using gel electrophoresis. Pooled samples of
the conditioned medium from the initial days in culture of
joints incubated at 378C were concentrated to *1mg=mL
sGAG with a 100 kDa filter. As a control sample, cartilage was
harvested from one adult goat distal humerus and sGAG was
extracted43 (with an extraction efficiency of 97%). The ability
of aggrecan in the spent medium and in the cartilage extract
control to aggregate with HA was analyzed by the addition
of 5% (w=w) Healon and 5% (w=w) link protein (LP), iso-
lated from bovine calf cartilage.44 Samples were dissociated
by dialyzing against 4 M GuHCl and 0.1 M NaAc (pH 6.8)
overnight at 48C. Then, samples were allowed to associate by
dialysis against 0.1 M NaAc (pH 6.8) for 24 h at 48C. Subse-
quently, as a control for association mediated by HA, portions
of each sample were incubated with Streptomyces hyaluroni-
dase (10 units=mL in 0.1 M NaH2PO4 and 0.15 M NaCl, pH 6)
overnight at 378C to digest HA. Sample volumes with an
equivalent of 10mg of sGAG were electrophoresed in tris-
acetate-EDTA buffer (pH 8) in a 1% agarose gel; fixed; stained
in 0.2% (w=v) Alcian blue 8GX, 3% acetic acid, and 0.05 M
MgCl2, pH 245; destained; and imaged.

Statistics

Data are presented as mean� standard error of the mean.
The effects of incubation condition (fresh control, 12 days at
378C, 28 days at 378C, or 28 days at 48C) and position (P3, D1,
and D4) on en face, middle, and deep zone viabilities, and
remaining positions (P1, P2, P4, D2, and D3) on cartilage
thickness and stiffness, and DNA, sGAG, and COL contents

were determined by two-way analysis of variance with con-
dition as a fixed effect and position as a repeated measure.
Because humeri were distributed among the various experi-
mental conditions, with no two humeri from the same animal
being used for the same condition, the statistical model did
not attempt to account for animal donor effects. Viability data
were arcsine transformed to improve normality.46 The effects
of incubation condition (48C–CX, 4=378C–CX, 4=378CþCX,
378C–CX, or 378CþCX) and day (0:3.5:28) on sGAG in the
medium samples were determined by two-way analysis of
variance with condition as a fixed effect and day as a re-
peated measure on log10 transformed data to improve ho-
moscedasticity.46 Tukey post hoc comparisons were performed
to compare groups when significant differences ( p< 0.05)
were detected between conditions. Statistical analyses were
performed using Systat 10.2 (Systat Software, Chicago, IL).

Results

Viability

Chondrocyte viability was high in the en face view and
middle zone of fresh controls and joints incubated at 378C, but
lower in joints incubated at 48C, whereas no effect of condi-
tion was observed in the deep zone (Fig. 2). Quantitative
analysis was consistent with these observations, with a sig-
nificant effect of incubation condition on viability in the en face
( p< 0.05) and middle zone ( p< 0.05), though not in the deep
zone ( p¼ 0.98). A significantly lower percentage of viable
cells were present in joints incubated at 48C in the en face
profile (62%) compared with all other groups (86–95%,
Fig. 3A, p< 0.05) and in the middle zone (52%) compared with
fresh controls (84%) and joints incubated for 28 days at 378C
(88%, Fig. 3B, p< 0.05).

Thickness and stiffness

Cartilage thickness varied slightly with incubation condition,
though stiffness was not detectably affected. Average distal
humerus cartilage thickness ranged from approximately 0.3
to 0.4 mm, and varied slightly, but significantly, with incuba-
tion condition ( p< 0.01). There were no differences between the
thickness of fresh controls and any incubation condition
(Fig. 4A, p¼ 0.14–0.24), but slight differences between the 12
days at 378C group and 28 days at 378C ( p< 0.01) and 28 days
at 48C ( p< 0.05) groups. Average cartilage indentation stiff-
ness ranged from approximately 2.4 to 2.8 N=mm and did not
vary with incubation condition (Fig. 4B, p¼ 0.98).

DNA and collagen content

DNA and collagen contents of the cartilage digests were
not affected by incubation condition. DNA content averaged
18.8� 1.2 mg=cm2 and was not affected by incubation condi-
tion ( p¼ 0.12). Collagen content averaged 5.3� 0.4 mg=cm2

and was not affected by incubation condition ( p¼ 0.75). The
trends for DNA and collagen contents normalized to volume,
603� 38 mg=cm3 and 169� 13 mg=cm3, respectively, were
generally similar ( p¼ 0.06, 0.30).

sGAG content and distribution

sGAG content was decreased in joints incubated at 378C
compared with fresh controls. sGAG content was significantly
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affected by incubation condition ( p< 0.001). sGAG content
was significantly lower (*35%) in joints incubated for 12 days
at 378C compared with fresh controls ( p< 0.01) and com-
pared with 48C incubated joints (Fig. 4C, p< 0.01), and also
lower (*52%) in joints incubated for 28 days at 378C com-
pared with fresh control (Fig. 4C, p< 0.001) and compared
with 48C incubated joints ( p< 0.001). The same trends
were observed when normalizing core sGAG mass to tissue
volume instead of area, with a fresh control average of
49.1� 2.4 mg=cm3.

Representative histological sections of cartilage from cores
isolated for fresh control, 28 days at 378C, and 28 days at 48C
showed typical cartilage morphology and an intact surface
(Fig. 5). Qualitatively, the staining intensity overall was sim-
ilar in fresh controls and joints incubated at 48C, though
slightly less intense at 48C (Fig. 5A vs. 5C). However, the
staining intensity was decreased overall, and particularly in
the deep zone of sections of joints incubated for 28 days at
378C (Fig. 5B).

Quantity and aggregatability of sGAG released
into the medium

The amount of sGAG released into the medium varied
with incubation condition ( p< 0.01) and by day ( p< 0.001).
sGAG released during incubation without CX at 48C was
significantly lower at all time points than at 378C (Fig. 6A,
open triangles vs. open circles, p< 0.001–0.05). sGAG re-
leased during incubation for 7 days at 48C and then 7 days at
378C without CX was low and no different than other 48C
data at 3.5 days ( p¼ 0.42) and 7 days ( p¼ 0.46), but there
was a trend for it to be higher than other 378C data at 10.5
days ( p¼ 0.07) and it was significantly higher at 14 days
( p< 0.05, Fig. 6A, open squares). The addition of CX to the
4=378C condition resulted in a decrease in the amount of
sGAG released compared with without CX, starting with a
tendency for a 55% decrease at 10.5 days ( p¼ 0.61) that be-
came a significant 60% decrease at 14 days ( p< 0.05, Fig. 6A,
filled vs. open squares). Within each incubation condition,
the amount of sGAG released varied by day (Fig. 6A,
p< 0.001–0.01), except for 378C with CX ( p¼ 0.11). The

sGAG released during 7 days for each group, over 0–7 days
(Fig. 6B) and over 7–14 days (Fig. 6C), normalized to the
sGAG release from the 378C without CX group from 0 to 7
days, illustrated the effects of CX and temperature.

Total sGAG in the culture system, defined as sGAG in the
tissue plus that in the medium, summed over the incubation
duration, did not vary with incubation condition ( p¼ 0.16),
whereas the relative percentage remaining in the tissue did
vary with incubation condition (Fig. 7, p< 0.001). The per-
centage left in the tissue was significantly lower for joints
incubated 28 days at 378C than all other groups (34% vs.
60–83%, p< 0.001), and significantly higher for joints incu-
bated 28 days at 48C than all other groups ( p< 0.001–0.05),
except for joints incubated 14 days at 4=378CþCX ( p¼ 0.58).
The addition of CX to the medium of joints incubated for 12–
14 days at 378C resulted in an increased fraction (73 vs. 59%)
of sGAG remaining in the tissue ( p< 0.001), just as it resulted
in an increased fraction of sGAG (78 vs. 64%) for joints incu-
bated for 14 days at 4=378C ( p< 0.01).

Differences in PG size and aggregatability between sGAG
in the 378C conditioned medium and that from freshly
extracted cartilage were apparent from gel electrophoretic
analysis. Compared with the sGAG of freshly extracted car-
tilage (Fig. 8, lane 1), the major band of sGAG from the 378C
conditioned medium (Fig. 8, lane 4) had a higher electro-
phoretic mobility and an additional, highly mobile band was
visible, indicative of lower-molecular-weight sGAG mole-
cules. sGAG in the control extract was able to aggregate with
HA and LP, as indicated by the shift of the major sGAG band
to a lower mobility position (Fig. 8, lane 2). This shift de-
pended on intact HA, as digestion of the extractþHAþLP
sample with hyaluronidase resulted in a band distribution
(Fig. 8, lane 3) similar to control extract alone (Fig. 8, lane 1). In
contrast, the mobility of the sGAG in the 378C conditioned
medium was not affected by the addition of HA and LP or
digestion of HA (Fig. 8, lanes 4–6).

Discussion

The results of this study demonstrate that many properties
of articular cartilage can be maintained during incubation at

FIG. 2. Osteochondral cores
were analyzed for chondrocyte
viability by Live=Dead� fluores-
cence staining in the en face
(A–D) and vertical (E–H) pro-
files. Representative images of
cores from fresh control (A, E), 12
days at 378C (B, F), 28 days at
378C (C, G), and 28 days at 48C
(D, H) are shown. Scale bar:
100mm. Color images available
online at www.liebertonline
.com=ten.
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378C in a joint-scale configuration, although sGAG content is
affected in a metabolism-dependent manner. The viability of
chondrocytes was maintained during incubation at 378C,
whereas 48C incubation led to a loss in viability (Figs. 2 and
3A, B), while still maintaining tissue thickness and stiffness
(Fig. 4A, B), and DNA and collagen contents, suggesting that
osteochondral tissue stored for use in allograft procedures
may benefit in terms of viability from 378C storage. More
sGAG was depleted from the tissue and released during in-
cubation at 378C compared with 48C (Figs. 4C, 5, 6, and 7), and
the release was partially cell mediated (Fig. 6). The released

sGAG macromolecules were smaller than controls, and their
inability to aggregate with HA (Fig. 8) indicates that the sGAG
lost was likely actively cleaved from the tissue matrix. For
allograft storage and tissue-engineered grafts at the joint-scale
in the conditions used here, there may be a trade-off between
higher cell viability with 378C incubation, but loss of matrix
sGAG content.

A limitation of working at the joint-scale is that each sample
requires intensive preparation, limiting the number of sam-
ples that can be obtained in a given amount of time. In this
study, multiple small samples were taken across the joint

FIG. 3. Fluorescent Live=Dead images were analyzed for
percentage viable chondrocytes in the en face profile (A) and
the middle (B) and deep (C) zones of the vertical profile from
fresh control, 378C at 12 days, 378C at 28 days, and 48C at
28 days. #Significantly less than all other bars ( p< 0.05);
##significantly less than fresh control and 378C at 28 days
groups ( p< 0.05).

FIG. 4. Osteochondral cores from fresh control, 378C at 12
days, 378C at 28 days, and 48C at 28 days were analyzed for
thickness (A), indentation stiffness (B), and sGAG content
(C). **p< 0.01 and ***p< 0.001. sGAG, sulfated glycosami-
noglycan.
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FIG. 5. Sections of osteochondral cores from fresh control
(A), 28 days 378C (B), and 28 days 48C (C) were prepared
and stained with Toluidine blue. Scale bar: 200 mm. Color
images available online at www.liebertonline.com=ten.

FIG. 6. Conditioned medium samples collected every 3.5
days were analyzed for sGAG content and normalized to joint
surface area. Joints were incubated with (filled) or without
(open) 0.5 mM cycloheximide (CX) at 48C, 378C, or for 7 days
at 48C and then 7 days at 378C (4=378C) (A). Within each time
point, letters (a, b, and c) designate significantly different
groups ( p< 0.05), with a shared letter indicating no differ-
ence. *Initial time point not different from second point, but
different from the remaining time points ( p< 0.05), **Initial
time point different from the remaining time points ( p< 0.05).
Average sGAG release for each group over 0–7 days (B) and
7–14 days (C) was normalized to the sGAG release from the
37–CX group from 0 to 7 days to emphasize differences due to
CX and temperature.
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surface to account for regional variation. In addition, ana-
lyzing the entire joint surface for biochemical contents was
impractical as it would require accurately removing a thin
layer of cartilage from the entire irregularly shaped joint
surface. Thus, sample values were scaled to joint area to es-
timate properties of the full joint surface, assuming that the
values for individual cores were collectively representative
of the entire joint. Experiments at the joint-scale may be best
suited for translational studies after preliminary studies at a
smaller (e.g., tissue) scale. Still, despite the variability between
animals and limited sample numbers, there were clear dif-
ferences in viability, tissue sGAG content, and sGAG released
to the medium between incubation conditions.

The increased viability in 378C versus 48C storage suggests
that allograft tissue stored at 378C may have improved long-
term function. Graft retrieval studies after recipient death
have identified donor tissue cells or their progeny remaining
in the repaired cartilage defect 29 years after the surgical
procedure.47 Although preservation of the tissue structure is
important to the allograft procedure as it allows immediate
restoration of the weight-bearing function of the defected re-
gion, the tissue matrix will eventually degrade without the
presence of living cells synthesizing matrix constituents.48,49

Thus, maintaining the viability of allograft tissue is likely
critically important for the long-term success of a tissue
grafting procedure. Although the release of sGAG from the
tissue at 378C incubation reported here is not ideal for the
goal of tissue preservation, the increased viability of chondro-
cytes in the tissue stored at 378C versus 48C is likely more
important to long-term graft success.

The initial bolus release of sGAG from cartilage during
the first few days in 378C and experimental modulation of
that release (Fig. 6) suggest that a cell-mediated process is
responsible for aggrecan cleavage in and release from the
cartilage of such cultures. A product of chondrocytes may

cleave aggrecan directly or activate proteinases already
present in the matrix. Likely candidates mediating such ag-
grecan cleavage include the matrix metalloproteinase (MMP)
and a disintegrin and metalloproteinase with thrombo-
spondin motif (ADAMTS) families50,51 and reactive oxygen
species,52,53 such as hydrogen peroxide.54,55 MMP and
ADAMTS enzymes cleave the interglobular domain of ag-
grecan at various locations,25 resulting in large PG fragments
unable to aggregate with HA. The inability of the sGAG
fragments lost to the medium to aggregate with HA (Fig. 8)
suggests that these fragments lack this first globular domain,
consistent with the likely cleavage sites, though exposure of
PG aggregates to hydrogen peroxide also generates large
sGAG fragments that are unable to interact with HA.54 The
difference in magnitude of sGAG release at 378C versus 48C
and the delay of the large bolus release by 7 days in the joints
incubated for 7 days at 48C and then moved to 378C indicate
that the molecules participating in sGAG cleavage do not
simply diffuse away while they are inactive. Further analysis
is needed to clarify the mechanism of aggrecan degradation
and release from cartilage in the joint-scale culture configu-
ration so that appropriate catabolic inhibitors could be added
to the culture medium to reduce sGAG matrix depletion.

Adaptation of joint-scale culture techniques to other tis-
sues may require consideration of several factors that are
likely to affect the response seen here, including the maturity
of the tissue, tissue configuration, and the presence of serum

FIG. 7. Percentage of total sGAG content (sGAGtissueþ
sGAGmedia) detected in the core digests (dark gray) and cu-
mulative amount in the medium summed over the incubation
period (light gray). Incubation time, temperature (4=37 indi-
cates 1 week at 48C and then 1 week at 378C), and the presence
or absence of 0.5 mM CX are indicated. **p< 0.01; ***p< 0.001;
#different than all other groups, p< 0.001; ##different than all
other groups ( p< 0.001–0.05) except 14 days at 4=37 with CX
( p¼ 0.58).

FIG. 8. Fresh extract controls (lanes 1–3) and spent medium
(day 3.5 at 378C, lanes 4–6) samples were separated on a 1%
agarose gel and stained with Alcian blue.
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in the medium. Chondrocyte metabolism decreases with age,
making the use of adult tissue necessary to represent most
cadaveric allograft storage tissue. The anabolic stimulus in
this study was the addition of 10% serum to the incubation
medium. Assuming that the tissue had achieved a balanced
synthesis and release rate by the end of the 28-day culture
duration, the turnover rate or half-life of sGAG with 378C
incubation, in the order of 20 days, was comparable to re-
ports in the literature for cartilage explants,22,42 indicating
that after the initial bolus sGAG loss, the tissue achieved a
similar synthesis and degradation rate as in explant culture.
Preservation of sGAG content during incubation in a joint-
scale configuration might be achieved by including anabolic
stimuli in the culture medium, such as serum, insulin-like
growth factor-1,56,57 or transforming growth factor-b1,58 or
by providing mechanical stimuli, such as those that stimulate
chondrocyte sGAG biosynthesis.30,59

The lack of change in tissue stiffness despite the release
of sGAG was somewhat surprising, as matrix sGAG content
is generally correlated to tissue stiffness.26,27 The content of
sGAG in cartilage tissue provides the resistance to compres-
sion due to its high negative charge density, which creates a
swelling pressure that resists compression.60 One likely ex-
planation for this lack of stiffness change with sGAG release is
that the rapid indentation test is most sensitive to the region of
tissue immediately adjacent to the indenter, rather than the
deep zone where sGAG appears to be predominantly lost
(Fig. 4B). Also, since the deep zone is relatively stiff compared
with the overlying zones of cartilage,61 changes in deep zone
sGAG and stiffness properties may not be reflected by a sur-
face indentation stiffness measurement. More detailed char-
acterization of the cartilage portion of the osteochondral cores,
including the deep zone, could be attempted using compres-
sion testing, although determination of material properties is
complicated by depth-associated variations and would be
difficult for such thin cartilage. The thin cartilage also would
have made it difficult to remove the tissue from the under-
lying bone for traditional isolated tests.

The results of this study may have practical implications for
storage of osteochondral grafts and also provide directions for
future investigations. Incubation of joints at 378C may pro-
vide an alternative to the standard cartilage tissue culture
configurations especially to maintain chondrocyte viability in
osteochondral grafts. Delineation of the turnover of cartilage
PG in terms of the temperature and metabolism dependence
of matrix release and retention in a joint-scale configuration
provides a foundation for future investigations of cartilage at
the joint-scale. The techniques for joint-scale culture devel-
oped here could also be useful in the scale-up of tissue engi-
neering for the creation of joint surfaces, as well as for the
storage of joints before use. The storage conditions examined
in this study identify the importance of temperature and cell-
mediated metabolism for the maintenance of extracellular
matrix at the joint scale. The same principles may apply to
tissue-engineered cartilage in various shapes and sizes.
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