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Abstract

Introduction: The zone of calcified cartilage (ZCC) anchors articular cartilage (AC) to subchondral bone through a layer of
intermediate stiffness. The regulation and functional consequences of cartilage calcification may vary with depth from the
articular surface. The hypothesis of this study was that the in vitro calcification of immature AC occurs selectively in the
deep region and is associated with a local increase in stiffness. Methods: AC and growth plate cartilage (GPC) from calves
were incubated in DMEM, 1% fetal bovine serum, 100 pg/mL ascorbate, and £10 mM [-glycerophosphate (3GP) for up to
3 weeks. To assess the time course and effects of cell viability and BGP, full-depth strips of AC and GPC were analyzed
by histology, indentation, and *Ca** uptake. To assess the effect of tissue zone, disks harvested from surface and deep
zone AC and from reserve and hypertrophic zone of GPC were incubated independently and analyzed by compression
and for *Ca*™ uptake and biochemical components. Results: The deep ~20% of immature AC calcified within 3 weeks,
with calcification dependent on cell viability and BGP. Mineral was deposited continuously around cells in AC but only
between cell columns in GPC. The deep zone of AC exhibited a compressive modulus of 0.53 MPa after BGP-induced
calcification, ~4-fold stiffer than AC incubated without BGP. Conclusions: Cartilage explants exhibit inherent zone-specific
calcification processes, resulting in an increase in stiffness associated with cartilage calcification. Such properties may be
useful for engineering a biomimetic ZCC tissue to integrate cartilaginous tissue to bone, thereby forming a mechanically
functional osteochondral unit.
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Introduction .
postnatal growth, chondrocytes near the articular surface

The zone of calcified cartilage (ZCC) is a specialized struc-
ture at the native osteochondral junction that functions as a
biomechanical connection between articular cartilage (AC)
and underlying subchondral bone."* The ZCC is 100- to 300-
um thick and is bound on one side by the tidemark, the
gently undulating interface with uncalcified cartilage, and on
the other side by the cement line, the highly interdigitated
interface with subchondral bone. The intermediate stiffness
of the ZCC can facilitate load transfer at the interface
between cartilage and bone by reducing stress concentrations
that would otherwise occur from the discontinuity in mate-
rial stiffness of cartilage and bone.*” The ZCC is composed
of chondrocytes expressing the hypertrophic phenotype,
which are enveloped in a calcified hyaline matrix.*’

The native ZCC is formed through the calcification of
immature AC matrix during postnatal development. During

proliferate gradually while forming new cartilage.®’
Concomitantly, chondrocytes in the deep region near the
subchondral bone also proliferate and form new cartilage,
some of which becomes calcified and is resorbed and
replaced by ingrowing bone advancing toward the articular
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surface."® This process of new cartilage formation and
resorption slows after puberty and achieves a steady state
with skeletal maturity.® In the mature skeleton, deep zone AC
is joined to the underlying bone through the ZCC, with the
ZCC normally persisting throughout adulthood. Studying
calcification of cartilage in immature AC that does not yet
have a fully formed ZCC may provide insight into the factors
involved in balancing bone ingrowth with the maturation of
the calcified cartilage matrix into the ZCC.

Calcification of AC may occur through a mechanism
similar to that in the terminal stages of endochondral ossi-
fication of growth plate cartilage (GPC) during long bone
growth. Growth plate chondrocytes progressively differen-
tiate while transitioning from the resting zone to the prolif-
erative and hypertrophic zones, eventually undergoing
apoptosis with matrix calcification, vascular invasion, and
bone ingrowth and remodeling.”'" In the lower hyper-
trophic zone, calcification initiates in the territorial matrix
close to chondrocytes and spreads throughout the matrix of
the longitudinal septa between columns of lower hyper-
trophic chondrocytes."!

The coordinated expression of inhibitory and stimula-
tory factors by cells in different tissue zones'> may be
involved in the regulation of cartilage calcification to form
the ZCC. Chondrocytes isolated from the deep zone of
immature AC readily calcify during in vitro culture, stimu-
lated by factors such as bone morphogenetic proteins
(BMPs), thyroid hormone, and organic phosphate."*'®
Chondrocytes from the superficial zone secrete soluble fac-
tors that can inhibit mineralization by deep zone chondro-
cytes during in vitro co-culture,” but it remains unclear
how readily such factors would be transported from the
superficial zone to the deep zone through the cartilage
matrix in vivo. Using cartilage explants sectioned vertically
to preserve full-thickness zonal structure or sectioned hori-
zontally to separate zones and disrupt zonal cross-talk, the
effects of the superficial zone on matrix calcification of
deep zone AC can be assessed within the transport limita-
tions of the normal tissue environment. Cartilage explant
cultures can expand on chondrocyte cultures by analyzing
how calcification is coordinated with remodeling of the
existing extracellular matrix. Cartilage explants have been
used to study matrix remodeling for integrative repair
between cartilage surfaces'” and may also be useful for
studying the relationship between matrix calcification and
mechanical function.

The mechanical properties of cartilage may be affected
by the extent of its mineralization. For compact bone,
the Young’s modulus in tension has a strong positive
relationship with mineral content, even for bones with
different porosities and structures,'® and Young’s modulus
may increase substantially with even a relatively small
increase in mineral content.'’ For calcified cartilage, the

nanoindentation modulus is positively related to the local
mineral content, although lower for calcified cartilage than
for subchondral bone for the same mineral content.***' The
culture of cartilage explants in vitro has been useful to elu-
cidate the mechanisms and consequences of cartilage cell
and matrix metabolism as related to proteoglycan depletion
in osteoarthritis and the balance between proteoglycan and
collagen metabolism during growth.”** Previous cultures
of explants have focused on the regions near the articular
surface; those extending to the deep layers may elucidate
the composition-metabolism-function relationships between
progressive mineralization of cartilage, mineral content, and
mechanical properties of a calcified cartilage matrix.

The hypothesis of this study was that the in vitro calci-
fication of immature AC occurs only in the deep zone and
is associated with a local increase in mechanical stiffness.
The objectives of this study were to determine the effects
of 1) culture duration, 2) cell viability and medium sup-
plementation with B-glycerophosphate (BGP), and 3) sepa-
ration of surface and deep zone cartilage on the in vitro
calcification of immature bovine AC.

Materials and Methods
Experimental Design

Experiment |. The zonal variation and time course of in
vitro calcification were assessed by comparing groups ana-
lyzed fresh and after 1, 2, or 3 weeks of incubation in
medium with addition of BGP. Cartilage strips encompass-
ing the full zonal structure (n = 6-8) were assessed by his-
tology, indentation, and **Ca"" uptake (Fig. 1).

Experiment 2. The effects of cell viability and BGP on in
vitro calcification were analyzed by killing cells prior to
incubation with BGP, along with live cartilage strips incu-
bated with or without fGP for 3 weeks. Samples (n = 6-8)
were analyzed by histology, indentation, and **Ca™" uptake.

Experiment 3. The effect of zone on in vitro calcification
was assessed by separate incubation of surface and deep
zone cartilage for 3 weeks with or without BGP. Samples (n
= 6-10) were analyzed fresh and after culture by uncon-
fined compression, *Ca’™ uptake, and assays for sulfated
glycosaminoglycan (GAG), collagen, and DNA content.
Immature bovine GPC was used as a positive control tissue
for calcification in all experiments.

Cartilage Explant Preparation and Culture

For AC, full-thickness cartilage blocks were harvested from
the patellofemoral groove of 1- to 3-week-old calves (8 ani-
mals; Fig. 1A). For GPC, cartilage blocks were harvested
from the distal radius of third-trimester fetal calves from the
region between the epiphyseal bone and the metaphyseal
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Figure |. Sample harvest for articular cartilage (AC) and growth plate cartilage (GPC) explants (A) and experimental design (B).

bone* (7 animals). GPC was harvested from fetal calves
because at this age, the distal radius growth plate was still
sufficiently thick (~3 mm) to enable parallel harvest proce-
dures and experiments with AC samples. For experiments 1
and 2, AC and GPC blocks were sectioned and cut into strips,
preserving full zonal structure (5 x 1 x 1 mm® for AC, 3 x 1
x 1.7 mm’ for GPC). For experiment 2, some strips were
frozen at —80 °C for 4 hours and thawed prior to culture. Loss
of cell viability was confirmed using the Live/Dead Viability/
Cytotoxicity Kit (Invitrogen, Carlsbad, CA). For experiment
3, full-thickness cartilage blocks were cut into 1-mm-thick
sequential transverse slices (parallel to the cartilage-bone
interface for AC or to the metaphyseal bone for GPC), result-
ing in 5 slices for AC and 3 slices for GPC. From the top and
bottom slices, disks (3-mm diameter) were punched. Samples
were incubated in medium consisting of DMEM with 1%
fetal bovine serum, ascorbic acid (100 pg/mL), 0.5 pCi/mL
#Ca™, antibiotics, amino acids, and HEPES buffer solution
at 37 °C and 5% CO,. After 3 days, some cultures were sup-
plemented with the addition of 10 mM BGP. Medium was
changed every 3 days until sample termination.

Histology

Upon termination, samples were fixed in 4% paraformalde-
hyde in phosphate-buffered saline (pH 7.0) for 18 hours,
embedded in OCT, and sectioned at 8-um-thickness unde-
calcified using a cryostat. To assess cell and tissue mor-
phology, sections were stained with hematoxylin and eosin
(H&E). To localize calcification, sections were stained with
2% Alizarin Red S (pH 4.2) for 2 minutes.*

Biomechanics

Indentation. Each sample strip was subjected to short-
duration indentation testing. Using a benchtop mechanical
tester (Mach-1™ V500; BioSyntech Canada, Montreal) fit-
ted with a flat-ended indenter tip (0.4-mm diameter) as
described previously,” indentation was performed to a
depth of 0.2 mm at a rate of 0.1 mm/s at sites spaced 0.25
mm apart down the centerline of each sample. Indentation
load-displacement curves were approximately linear (R* =
0.96), and the indentation stiffness at each site was obtained
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by dividing the peak load by the indentation depth. To nor-
malize for strip length, samples were binned into 5 seg-
ments or layers, each encompassing 20% of the total strip
length, and stiffness values within each layer were
averaged.

Compression. Sample disks were subjected to radially
unconfined compression between an impermeable
stainless-steel post and test chamber bottom surface
attached to a mechanical spectrometer (Dynastat; IMASS,
Accord, MA), using a loading configuration and setup sim-
ilar to that described previously.”” Briefly, sample disks
were subjected to static compression at amplitudes of 15%,
30%, and 45% of the uncompressed thickness, and equilib-
rium stress-strain data were used to estimate, using least-
squares analysis, the equilibrium modulus, E.

Biochemistry

Sample strips in experiments 1 and 2 were cut into seg-
ments of equal length (5 segments for AC or 3 segments for
GPC) to allow separate biochemical analysis of different
tissue layers. The number of layers was chosen to corre-
spond to the initial length of the strips (5 mm for AC, 3 mm
for GPC), and layer 1 was defined to start from the articular
surface for AC and from the epiphysis for GPC. Sample
strip layers and whole disks from experiment 3 were solu-
bilized by digestion with proteinase K (Roche Diagnostics,
Indianapolis, IN) in 5% EDTA at 60 °C for 18 hours.
Portions of the sample digests were mixed with EcoLume
scintillation fluid and assessed for calcium uptake by scin-
tillation counting for incorporated **Ca™ radioactivity
using a LKB/Wallac RackBeta 1214 Liquid Scintillation
Counter, which has been correlated with total mineral accu-
mulation.”®* A portion of radiolabeled medium (with
known calcium concentration) was analyzed for **Ca’™
radioactivity to estimate a conversion factor between counts
and absolute calcium content. For experiment 3, portions of
the sample tissue digest were analyzed to quantify content
of sulfated GAG,” hydroxyproline,”’ and DNA.*> DNA
was converted to cell number using a conversion constant
of 7.7 pg DNA per cell,*® and hydroxyproline was con-
verted to collagen by assuming a mass ratio of
collagen:hydroxyproline equal to 7.25:1.%

Statistics

Data are presented as mean + SEM and were log-10 trans-
formed for statistical analysis. In experiments 1 and 2,
analysis of variance (ANOVA) was used to assess effects
with a fixed factor of tissue layer (1-5 for AC, 1-3 for GPC)
and a repeated factor of culture duration (0, 1, 2, or 3
weeks) or culture condition (dead tissue with BGP, live tis-
sue with no BGP, live tissue with BGP). In experiment 3,

ANOVA was used to assess effects with a fixed factor of
tissue layer (1 or 5 for AC, 1 or 3 for GPC) and repeated
factor of culture condition (freshly isolated, culture with no
BGP, culture with BGP). The relationship between equilib-
rium modulus and calcium, water, GAG, and collagen
content in experiment 3 was analyzed using linear regres-
sion. Tukey’s post hoc comparisons were used, with P
values less than 0.05 considered significant.

Results
Experiment |: Time Course with BGP

During the 3-week culture period, AC and GPC samples
developed an orange-brown pigmentation that appeared
during the culture period in regions of calcification (Fig.
2A iv.a, B iv.a). In AC, the orange-brown coloration was
evident in the deep region of samples by week 2 and
remained in the deep ~25% of tissue. In GPC, the orange-
brown pigmentation appeared on both the metaphyseal and
epiphyseal ends during week 1 of culture and advanced
toward the middle to cover about ~50% of the sample area
by week 3. The source of the pigmentation is unclear but is
not associated with tissue fixation.

Histological staining with H&E and Alizarin Red S
showed different calcification patterns for AC and GPC
(see Figs. 2, 3, Supplementary Figure S1). In AC, enlarged
chondrocytes and calcified matrix were localized to the
deep ~25% of AC. Chondrocytes appeared to be randomly
organized (Figs. 2A iv.d, 3A) with Alizarin Red-stained
matrix completely surrounding the cells (Fig. 2A iv.e, 3B).
For GPC, there was a different pattern of calcification for
the epiphyseal and metaphyseal ends. At the epiphyseal
side, the organization of cells and mineral was similar to
deep AC (Fig. 2B iv.b, 2B iv.c, 3CD), whereas at the meta-
physeal side, the chondrocytes were stacked in columns
(Fig. 2B iv.d, 3E) with Alizarin Red-stained matrix
between cell columns (Fig. 2B iv.e, 3F).

Indentation stiffness was dependent on culture duration
for both AC and GPC (P < 0.01), with a significant interac-
tion with tissue layer for AC (P < 0.005) but not for GPC
(P=0.071 Figs. 4 A and B; Table 1). For AC, the indenta-
tion stiffness of layer 5 (deep 20%) at week 3 was 2.9 N/
mm, 4-fold higher than its stiffness at week 1 (P < 0.05).
For GPC, the indentation stiffness of layer 3 at week 3 was
1.1 N/mm, 3-fold higher than at week 1 (P < 0.05).

Ca'"" uptake was dependent on culture duration for both
AC and GPC (P <0.001), with a significant interaction with
tissue layer for AC (P < 0.001; Figs. 4 C and D). For AC,
Ca"" uptake by layer 5 increased 6-fold from 1.2 pmol to 6.6
umol Ca™" between week 1 and 3 (P <0.01). Similarly, Ca™
uptake by layer 3 of GPC increased from 1.2 umol to 6.7
umol Ca™" between weeks 1 and 3 (P < 0.05).
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Figure 2. Macroscopic and microscopic views of (A) articular cartilage (AC) and (B) growth plate cartilage (GPC), (i) fresh and (ii)
after 3-week incubation of dead tissue in medium supplemented with 10 mM B-glycerophosphate, (iii) live tissue in medium with 0 mM
B-glycerophosphate, and (iv) live tissue with 10 mM B-glycerophosphate. Micrographs are of regions indicated: s, b, e, m. Arrows indicate

areas of calcification.

Experiment 2: Effects of Cell Viability and BGP

The effects of cell viability and PGP were evident in the
macroscopic appearance of AC and GPC samples. Dead
AC samples did not change in appearance from time of
harvest (Fig. 2A ii.a), whereas AC with no PGP had some
orange pigmentation at the deep edge that did not extend
into the tissue (Fig. 2A iii.a). For GPC, both dead samples
and samples with no BGP developed orange pigmentation
on the epiphyseal and metaphyseal edges that did not
extend into the tissue (Fig. 2B ii.a, iii.a). Histological stain-
ing revealed similar cell and mineral organization as
described in experiment 1.

Indentation stiffness was dependent on cell viability and
BGP for AC (P < 0.01) with a significant interaction with
tissue layer (P <0.01; Figs. 4E and F; Table 1). The stiff-
ness of layer 5 of AC was ~3-fold lower for dead samples
and samples without BGP than for samples with BGP (P <
0.05; Fig. 4E). Indentation stiffness of GPC layers 1 and 3
followed a similar trend (Fig. 4F).

Ca'" uptake was dependent on cell viability and BGP for
AC (P <0.001) and for GPC (P < 0.001), with a significant
interaction with tissue layer for AC (P < 0.001; Figs. 4 G
and H). Ca™" uptake by layer 5 of AC was 10-fold lower
for dead samples and samples with no BGP than for sam-
ples with BGP (P < 0.05; Fig. 4G). Ca"" uptake by GPC
layers 1 and 3 followed a similar trend (Fig. 4H).

Experiment 3: Effects of Zone and GP

The effects of tissue zone and BGP were evident in the
macroscopic appearance of AC and GPC disks. Disks from
AC layer 5 and from GPC incubated with PGP became
orange-brown in color, whereas disks from AC layer 1
remained white and glossy. Samples incubated with no GP
did not change in appearance from time of harvest.

The equilibrium unconfined compressive modulus was
dependent on PGP for both AC (P < 0.01) and GPC (P
<0.001), with an interaction with tissue zone for AC (P <
0.01; Figs. 5 A and B; Table 1). For layer 1 of AC, BGP did
not affect the modulus, which was ~0.1 MPa either with or
without BGP. For layer 5 of AC, samples with PGP had a
modulus of 0.53 MPa, 9-fold higher than samples without
BGP (P <0.001). For GPC, both layer 1 and 3 had a higher
modulus with BGP.

Ca"" uptake was dependent on PGP for both AC (P <
0.001) and GPC (P <0.001), with an interaction with tissue
zone for AC (P <0.01) (Fig. 5CD). Ca"" uptake results fol-
lowed similar trends as described in experiments 1 and 2.

Water content was dependent on BGP for AC (P <0.001)
and GPC (P < 0.001), with an interaction with tissue zone
for AC (P < 0.05; Figs. 5 E and F). For AC samples, layer
5 AC with BGP had 5% lower water content than samples
without PGP (P < 0.05), but there was no difference for layer
1. Water content of both layers 1 and 3 GPC decreased with
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Figure 4. (A, B, E, F) Indentation stiffness and (C, D, G, H) Bca™ uptake by (A, C, E,
G) articular cartilage (AC) and (B, D, F, H) growth plate cartilage (GPC) as a function
of tissue layer and culture duration up to 3 weeks, n = 6-8 (A-D) and as a function of
tissue layer, cell viability, and media supplementation with 3-glycerophosphate (BGP) after
incubation for 3 weeks, n = 6-8 (E-H). Significant differences from (A-D) t = | week or
(E-H) from live tissue with 10 mM BGP addition are indicated by a (P < 0.05), b (P < 0.01),
and c (P <0.001).

BGP (P < 0.001). Biochemical con-
tent, including GAG, collagen, and
cell number, did not change with BGP
for AC or GPC (Fig. 5 G-L). GAG,
collagen, and cell content were higher
in layer 1 of GPC than in layer 3 (P <
0.05).

The equilibrium modulus corre-
lated positively with Ca™" content
for AC (P < 0.001, R* = 0.70) and
for GPC (P < 0.01, R* = 0.30) and
correlated negatively with water
content for AC (P < 0.01, R =0.18)
and for GPC (P < 0.001, R* = 0.44).
For fresh samples and samples incu-
bated without PGP, equilibrium
modulus correlated positively with
collagen content for AC (P < 0.001,
R? = 0.49) and with both GAG and
collagen content for GPC (P <0.001,
R*=0.71).

Discussion

The results presented here indicate
that the deep ~20% of immature AC
can undergo calcification within 3
weeks of in vitro explant culture,
with functional biomechanical con-
sequences related to the extent of
calcification as governed by cell
viability and medium supplementa-
tion with BGP as a phosphate source.
Compared with fresh tissue, incuba-
tion of cartilage in medium without
BGP resulted in lower tissue stiffness
and compressive modulus for all tis-
sue zones, whereas incubation in
media with BGP resulted in calcifi-
cation and markedly higher tissue
stiffness and modulus (2-fold higher
than fresh tissue and 4-fold higher
than tissue incubated without BGP)
in specific regions of AC and GPC.
The regions of cartilage that calci-
fied in vitro were the 1 mm of AC
adjacent to the subchondral bone
(layer 5) and 1 mm from each end of
GPC adjacent to the epiphyseal and
metaphyseal bone (layers 1 and 3).
Zonal variations in calcification
were maintained whether zones were
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Table I. Indentation Stiffness and Equilibrium Modulus of AC and GPC, Fresh and After 3 Weeks of Culture with Either no

B-glycerophosphate (BGP) or 10 mM BGP

Indentation Stiffness (N/mm)

Equilibrium Modulus (MPa)

Tissue Layer Fresh 0 mM BGP 10 mM BGP Fresh 0 mM BGP 10 mM BGP
Articular
cartilage | 1.85 1.03 091 0.24 0.12 0.13
2 2.46 1.00 0.86 — — —
3 2.37 0.80 0.87 — — —
4 2.15 0.71 1.58 — — —
5 1.84 0.55 2.93 0.33 0.057 0.53
Growth plate
cartilage | 1.60 0.44 0.82 0.23 0.064 0.64
2 1.13 0.29 0.71 — — —
3 0.44 0.16 1.05 0.035 0.006 0.16

incubated together as intact tissue (experiments 1 and 2) or
incubated separately (experiment 3). Calcification patterns
in AC and GPC had a distinct structure of mineral organiza-
tion around cells, consistent with their expected in vivo
phenotypes. In the deep immature AC, mineral was depos-
ited around cells, similar to the organization seen in epi-
physeal GPC but different from metaphyseal GPC, in
which mineral was deposited primarily between cell col-
umns. Such structure-metabolism-function relationships
have implications for the mechanisms and consequences of
native cartilage maturation, as well as strategies for tissue
engineering to establish the ZCC.

The results of the study reflect, in part, various param-
eters chosen for study in explant culture, including the use
of PGP as a phosphate source in the calcifying medium to
modulate mineral deposition in the cartilage matrix.
Medium supplementation with 10 mM BGP has been com-
monly used in studies of osteoblast cultures to promote
calcium phosphate deposition in vitro,”® with BGP acting as
a source of phosphate because of its efficient hydrolysis by
the alkaline phosphatase secreted by cells and present in
serum.>>* In cultures of cells such as osteoblasts, the use
of BGP exceeding 2 mM may result in supraphysiological
levels of medium phosphate (compared with physiological
levels of 1.0-1.5 mM phosphate and ~3 mM organic phos-
phate),”® leading to nonspecific precipitation of mineral in
vitro. In the present study, the low serum concentration
(1%) and a relatively low rate of alkaline phosphatase
secretion by chondrocytes within cartilage explants, along
with the hindered transport of macromolecules within car-
tilage, may have maintained a physiological process of
mineral precipitation in the cartilage matrix.

The calcified cartilage formed in vitro from deep imma-
ture AC had an equilibrium modulus of 0.53 MPa in uncon-
fined compression, 4-fold higher than the modulus for
cartilaginous calcified tissue formed in vitro by AC deep

zone chondrocytes in a previous study.’” The higher stiffness
of calcified explants may be due to higher Ca”™ content as
well as higher collagen content from using the native
matrix rather than building a new cartilaginous matrix. The
equilibrium modulus of calcified metaphyseal GPC was
0.16 MPa, 3-fold lower than calcified deep zone AC despite
having similar Ca"™ uptake. This can be attributed to the
lower collagen and GAG content in the GPC matrix com-
pared with the AC. The stiffness of in vitro mineralized
explants in the present study was still lower than that of
native ZCC in bovine femur, which has an elastic modulus
of 320 MPa estimated in 3-point bending.**

The selective in vitro calcification of immature deep
zone AC over 3 weeks is consistent with previous studies
and extends those findings by providing a tissue-level view
of in vitro calcification. The calcification of the deep 20%
of AC explants in vitro in the presence of BGP supports
previous findings that deep zone articular chondrocytes
cultured in monolayer or at high density mineralize under
stimulatory conditions, whereas superficial zone chondro-
cytes can resist mineralization.'*'® Unlike monolayer
chondrocyte cultures, which are subject to dedifferentia-
tion* and may have effects on cell hypertrophy and miner-
alization, explant cultures maintain the chondrocyte
phenotype because the cells remain within their native
extracellular matrix. In the present study, the surface region
(layer 1) of AC resisted mineralization in the presence of
BGP but did not inhibit mineralization of the deep zone
when incubated together as intact full-thickness samples.
Further investigation is needed to determine whether any
inhibitory factors were secreted by the superficial zone
chondrocytes and whether such factors were unable to
inhibit mineralization in the deep zone because of hindered
transport through the cartilage matrix.

In the present study, incubation of deep zone AC for 3
weeks in medium with BGP resulted in a Ca™" content of
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Figure 5. (A, B) Unconfined compressive equilibrium modulus,
(C, D) ®Ca"™ uptake, (E, F) water content, and (G, H) sulfated
glycosaminoglycan content, (I, J) collagen content, and (K, L) cell
number for (A, C, E, G, I, K) articulated cartilage (AC) and (B, D,
F, H, ), L) growth plate cartilage (GPC), as a function of tissue layer
and media supplementation with BGP, n = 6-10. Significant differences
from tissue with f-glycerophosphate or between tissue layers | and
5 (or 3) are indicated by a (P < 0.05), b (P < 0.01), and c (P < 0.001).

7.1 umol per disk, or 8.4 wt% Ca"". This is similar to the
Ca"" content of 9.1 wt% found for the ZCC of 9-month-old
bovine™ but lower than the 21 wt% in the ZCC of a 2-year-
old bovine® and the 24 wt% in ZCC of mature human
patella.*' In mineralizing chondrocyte cultures, deep zone
chondrocytes can form mineral deposits within 1 day after
addition of calcification medium, with progressive miner-
alization and accumulation of up to 6.5 wt% Ca"" content
after 8 weeks of culture.">' Incubation of AC explants for
longer times in vitro may result in mineral content approach-
ing levels found in native mature ZCC.

The form of mineral deposited in the deep layer of
immature AC explants and in GPC explants remains to be
established. The calcification endpoint measures of “Ca"™
uptake and Alizarin Red S staining were chosen to provide
complementary information; however, they do not differen-
tiate between different mineral phases because they are
both indices of calcium bound in the cartilage matrix. It
remains to be determined whether the deposited mineral
was composed of amorphous calcium deposits or a more
mature phase such as hydroxyapatite.

The use of young animals in the present study may have
affected the type of calcified cartilage matrix that was
formed. In immature AC in which the ZCC has not yet
developed, full-thickness AC explants include the articular
epiphyseal complex cartilage, which normally becomes
replaced by bone to expand the secondary ossification
center and provide radial growth.* Thus, the calcification
of deep immature AC in the present study is not necessarily
equivalent to the formation of mature ZCC in vivo, which
is likely a late event in the terminal differentiation of
chondrocytes deriving from the superficial zone.” The use
of immature AC may serve as a model to study transplanta-
tion of engineered cartilaginous tissues, which would likely
resemble immature cartilage in terms of cellularity and
matrix content and may respond similarly to in vitro stimuli
as immature AC. In addition, the calcification of immature
cartilage matrix in vitro could be applicable to form a ZCC-
like tissue that can be functionally equivalent to the native
ZCC in an engineered osteochondral graft.

The modulated increase in stiffness associated with tis-
sue calcification may be useful for tissue-engineering
methods to create a ZCC-like tissue to facilitate the bio-
mimetic attachment of a cartilaginous tissue to a bony
substrate. Anchoring cartilaginous tissue to bone is an
important step toward the ultimate goal of fabricating a
large osteochondral graft capable of withstanding physi-
ological joint articulation soon after implantation. The in
vitro culture of AC explants is useful not only for provid-
ing insight into critical biological questions in the devel-
opment of the native osteochondral interface, but also for
designing methods to integrate the cartilage-bone inter-
face in chondral and osteochondral graft treatments for
damaged cartilage or osteoarthritis.
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Note

Figures 1-3 appear in color in the online version of this article.
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