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Abstract

Biological integration of cartilage grafts with subchondral bone remains a significant clinical challenge. We hypothesize that interac-
tion between osteoblasts and chondrocytes is important in regenerating the osteochondral interface on tissue-engineered osteochondral
grafts. We describe here a sequential co-culturing model which permits cell–cell contact and paracrine interaction between osteoblast and
chondrocytes in 3-D culture. This model was used to determine the effects of co-culture on the phenotypic maintenance of osteoblasts
and chondrocytes. It was found that while chondrocytes synthesized a type II collagen and glycosaminoglycan (GAG) matrix, GAG
deposition was significantly lower in co-culture. Alkaline phosphatase activity was maintained in osteoblasts, but cell-mediated miner-
alization in co-culture was markedly lower compared to osteoblast controls. These results collectively suggest that interactions between
osteoblasts and chondrocytes modulate cell phenotypes, and the importance of these interactions on osteochondral interface regenera-
tion will be explored in future studies.
� 2005 Elsevier Inc. All rights reserved.
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Osteoarthritis is the most common form of arthritis,
with over 20 million Americans suffering from this degener-
ative condition [1]. During routine physical activities, artic-
ular cartilage breaks down and its continued wear exposes
the subchondral bone to the synovial environment. If left
untreated, the sustained physiological loading results in
symptomatic pain, swelling, and eventually the loss of joint
motion. Due to the limited regenerative capacity of adult
articular cartilage, surgical intervention is required to treat
osteoarthritis [2].

Existing treatment options for the repair of focal lesions
and damage to the articular surface have had limited suc-
cess [2]. Traditional methods such as debridement, sub-
chondral bone drilling, and microfracture typically result
in fibrocartilage formation at the defect site [2]. Other
methods, such as autologous cell or tissue transfer via
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periosteal grafts and tissue adhesives, have poor long-term
outcomes and are associated with severe side effects [3].
Autologous chondrocyte implantation involves the isola-
tion and expansion of chondrocytes in culture and injection
of these cells under a periosteal flap at the defect site [3].
Wider application of this procedure is restricted by the lack
of inter-patient consistency, as evidenced by a recent long-
term in vivo animal study which revealed little difference
from the control group [4]. None of the existing cartilage
grafting methods have been able to demonstrate stable
integration either with the surrounding cartilage tissue or
with the subchondral bone. Thus, the regeneration of the
native osteochondral interface remains a significant clinical
challenge.

Additional treatments for cartilage focal lesions with
promising initial results are autologous osteochondral
grafting procedures such as Mosaicplasty and Osteochon-
dral Autolograft Transfer System. In these procedures,
osteochondral columns from a non-load bearing region
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are surgically removed and transplanted into the defect
site. While these grafts have shown good clinical results,
they are limited by supply and donor site morbidity [2].
The ideal graft for the treatment of articular cartilage
defects should be mechanically functional and able to
structurally and functionally integrate with the host tissue
[5]. Due to limitations with current treatment options for
cartilage defects, there is a sustained interest in tissue-engi-
neered solutions for cartilage repair and regeneration [6–
15]. Several groups have reported on the development of
tissue-engineered osteochondral grafts, which may have
application in a clinical setting [16–23]. The long-term suc-
cess of such grafts will depend largely on their ability to
integrate with host tissue and to regenerate the osteochon-
dral interface.

Currently, it is not well understood how the interface
between bone and cartilage can be regenerated during car-
tilage repair. We hypothesize that the interaction between
osteoblasts and chondrocytes is important in initiating
the events which lead to interface regeneration. The poten-
tial of osteoblasts to regulate chondrocyte metabolism was
first reported by Lacombe-Gleize et al. using a monolayer,
trans-well insert co-culture model. It was found that osteo-
blasts up-regulated the mitotic potential of chondrocytes
through TGF-b1 secretion [24]. Further interpretation of
these results was limited by the fact that chondrocytes in
this study were grown in monolayer instead of 3-D culture.
A significant challenge in osteoblast–chondrocyte co-cul-
ture is that, unlike osteoblasts which are anchorage-depen-
dent, chondrocytes de-differentiate and lose their
phenotype in monolayer cultures [25].

Therefore, to test our hypothesis that chondrocytes and
osteoblasts will modulate each other�s phenotypic respons-
es under physiological conditions, we have designed a sim-
ple and reliable 3-D co-culture model to study the
Fig. 1. (A) Schematic of the co-culture model of osteoblasts and chondrocyt
chondrocyte suspension (2 · 107 cells/mL) on pre-sterilized coverglass. The ch
osteoblast suspension (5 · 106 cells/mL) was added to the chondrocyte microm
another hour prior to the addition of media. (B) Cross-sectional H&E stainin
interaction between osteoblasts and chondrocytes. In this
co-culture model (Fig. 1), a sequential culturing protocol
is used whereby chondrocytes are initially seeded in high
density micromass cultures, after which osteoblasts are
introduced and allowed to directly adhere to the chondro-
cyte micromasses. This novel co-culture model also mimics
the initial point of contact between a tissue-engineered car-
tilage construct populated with chondrocytes and the sub-
chondral bone upon implantation. The objectives of this
study were (1) to validate the co-culture model; (2) to eval-
uate the effects of co-culture on the growth and phenotypic
maintenance of osteoblasts and chondrocytes. It is antici-
pated that osteoblasts and chondrocytes can be co-cultured
together in direct physical contact while maintaining their
respective phenotype. Results of this study will support
the efforts to elucidate the mechanism of regenerating the
osteochondral interface on tissue-engineered grafts.

Materials and methods

Cells and cell culture. Primary bovine articular chondrocytes and
osteoblasts were utilized in this study. Bovine articular chondrocytes were
isolated from full-thickness articular cartilage of carpometacarpal joints of
2- to 6-month-old calves from a local abattoir (Green Village, NJ).
Articular cartilage tissue was excised from the exposed carpometacarpal
joint surface and minced into small pieces. Chondrocytes were obtained
following serial enzymatic digestions of the cartilage tissue by modifying
the method described by Mauck et al. [11]. The tissue was first digested for
1 h in a 0.25% protease (Calbiochem, San Diego, CA) solution dissolved in
Dulbecco�s modified Eagle�s medium (DMEM, Cellgro-Mediatech,
Herndon, VA), followed by 4 h of 0.05% collagenase (Sigma, St. Louis,
MO) digestion. The isolated chondrocytes were maintained in fully sup-
plemented medium, which consisted of DMEM with 10% fetal bovine
serum (FBS, Cellgro-Mediatech), 1% non-essential amino acids, and
antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, Cellgro-
Mediatech).

Primary bovine osteoblast cultures were established from explant
cultures of long bone fragments taken from the same joint used for
es. The chondrocyte micromass is first formed by plating a high density
ondrocytes were allowed to adhere for 1 h, after which a drop of bovine
ass. The osteoblasts were then allowed to adhere on the micromass for an
g to visualize cell distribution.



764 J. Jiang et al. / Biochemical and Biophysical Research Communications 338 (2005) 762–770
chondrocyte isolation, following the methods of Spalazzi et al. [26].
Briefly, the bone fragments were excised from the tibia of the same calves
using a bone cutter. The fragments were washed twice with phosphate-
buffered saline (PBS) and cultured in supplemented DMEM. Cell out-
growth was generally observed after 1 week of culture and only cells from
the second migration were used for the study, as they are reported to be
more osteoblast-like and homogeneous in culture [27]. All cell cultures
were maintained under humidified conditions at 37 �C and 5% CO2.

Osteoblast–chondrocyte co-culture model. The primary osteoblast–
chondrocyte co-culture model developed in this study is based on the
combined culture of a high density chondrocyte micromass and a mono-
layer of osteoblasts. As shown in Fig. 1A, a high density micromass of
chondrocytes was first formed, followed by adhesion of osteoblasts on top
of the micromass. Chondrocyte micromasses were established following
the methods of Ahrens et al. [28]. Specifically, chondrocytes were tryp-
sinized and re-suspended in the culturing media at a concentration of
2 · 107 cells/mL. For each individual micromass, chondrocytes (10 lL)
were first plated on pre-sterilized coverglass (VWR, West Chester, PA)
and then incubated for 1 h. Subsequently, bovine osteoblasts (10 lL at
5 · 106 cells/mL) were seeded directly on top of the chondrocyte micro-
mass. The osteoblasts were allowed to adhere onto the chondrocyte
micromass for an additional hour, after which supplemented DMEM with
50 lg/mL L-ascorbate (Sigma) was added to the culture.

To better emulate the physiological environment, an alternate model
which reverses the order of cell seeding was also examined in this study. In
this second co-culture model, the chondrocyte micromass was formed atop
a pre-existing osteoblastic monolayer. The osteoblasts and chondrocytes
were plated at the same density as in the first model. For both co-culture
models, chondrocyte micromasses alone and osteoblast monolayers seeded
in tissue culture plates at a density of 1.5 · 104 cells/cm2 served as controls.

In order to validate the co-culture model and to determine the
respective location of each cell type, osteoblasts were pre-labeled with the
CM-DiI cell tracking dye (Molecular Probes, Eugene, OR) using manu-
facturer�s recommended protocol. Cell distribution was imaged at specific
time points using fluorescence microscopy after nuclear counterstain with
4 0,6-diamidino-2-phenylindole (DAPI, Sigma). All samples were grown in
supplemented DMEM with 50 lg/mL of ascorbic acid (Sigma). For
mineralization, 3.0 mM of b-glycerophosphate (b-GP, Sigma) was added
to the co-culture experimental group, chondrocyte micromass, and
osteoblast monolayer control on day 7. The samples were harvested at 1,
3, 7, 14, and 21 days.

Cell proliferation–DNA quantification. Cell proliferation (n = 5) was
determined by measuring total DNA per sample using the PicoGreen
dsDNA assay (Molecular Probes) following the manufacturer�s suggested
protocol. Briefly, at the designated time points, the cells were lysed with
distilled water and then homogenized. Fluorescence of the samples was
measured with a microplate reader with excitation and emission wave-
lengths of 485 and 535 nm, respectively. The total number of cells in the
sample was determined by converting the amount of DNA per sample to
cell number using the conversion factor of 7.7 pg DNA/cell reported for
bovine chondrocytes [29].

Gene expression. Gene expression was measured using the reverse-
transcription polymerase chain reaction (RT-PCR, primers listed in Table
1). Total RNA was isolated using the Trizol (Invitrogen, Carlsbad, CA)
extraction method. The isolated RNA was reverse-transcribed into cDNA
using the SuperScript First-Strand Synthesis System (Invitrogen), and the
Table 1
List of oligonucleotide primers used

Gene Sense

GAPDH GGTGATGCTGGTGCTGAGTA
Aggrecan CACTGTTACCGCCACTTCCC
ALP CTTCAGACTCTCAACACCAA
Type I collagen TGCTGGCCAACCATGCCTCT
Type II collagen ATGACAACCTGGCTCCCAAC
Type X collagen TCCAAAATACAGGTCTGAGC
cDNA product was amplified using recombinant Taq DNA polymerase
(Invitrogen). All genes were amplified for 40 cycles in a thermal cycler
(Eppendorf Mastercycler gradient, Brinkmann, Westbury, NY).

Sulfated glycosaminoglycan deposition. Glycosaminoglycan (GAG)
content (n = 5) was quantified using the Blyscan 1,9-dimethylmethylene
blue (DMMB) assay kit (Accurate Chemical, Westbury, NY) following
the manufacturer�s suggested protocol. Specifically, the samples were
digested overnight at 60 �C in 2% Papain (Sigma). After digestion, 100 lL
of the digest was added to 1 mL of the Blyscan assay dye agent and mixed
for an hour. The mixture was then centrifuged for 20 min at 10,000g. After
removing the supernatant, the precipitate was re-suspended in 1 mL of
Blyscan dissociation solution and the absorbance was measured at 620 nm
using a microplate reader.

Alkaline phosphatase activity. Sample alkaline phosphatase (ALP)
activity was determined using an enzymatic assay based on the hydrolysis
p-nitrophenol phosphate (pNP-PO4) to pNP [30]. Briefly, at the designated
time points, cells were first lysed with Millipore filtered distilled water and
then homogenized. Aliquots of the sample homogenate (25 lL) were
added to 75 lL of 10 mM pNP-PO4, and the solution was then incubated
at 37 �C for 30 min. The reaction was terminated by addition of 100 lL of
0.1 N NaOH, and absorbance was measured at 410 nm using a microplate
reader.

Extracellular matrix composition and distribution. Matrix composition
and distribution were assessed using histological and immunohistochem-
ical methods. For histological analysis, the samples were rinsed twice with
PBS and then fixed in neutral formalin (Fisher Scientific, Tustin, CA). For
paraffin-embedded samples, 7 lm cross-sections were sectioned and
mounted prior to staining. For cellular distribution, all samples were
stained with hematoxylin and eosin (H&E). GAG distribution was
determined using Alcian blue staining [31]. Mineralization was ascertained
using Alizarin red S staining [32]. Qualitative ALP activity was visualized
on whole mount samples using an ALP cytochemistry kit (85L-2, Sigma)
following manufacturer�s suggested protocol.

For immunohistochemistry, samples were rinsed with PBS, fixed in
acid formalin, and then embedded in paraffin. The paraffin blocks were
sectioned as above. For collagen staining, samples were rehydrated and
rinsed with PBS, and treated with 0.5 mg/mL hyaluronidase (Sigma) for
30 min to digest the GAG matrix and expose the collagen epitopes. The
samples were swelled in 0.5 N acetic acid (Fisher Scientific) for 2 h at 4 �C.
The samples were then blocked with 10% goat serum (Sigma) for 30 min
and incubated at 4 �C overnight with primary antibodies to types I col-
lagen (MAB3391, Chemicon, Temecula, CA) and type II collagen (II-
II6B3, Developmental Studies Hybridoma Bank, Iowa City, AI). After
rinsing with PBS, the samples were then stained with Alexa fluor-488
conjugated secondary antibodies (Molecular Probe) for 1 h at room
temperature. Nuclear counterstaining with propidium iodide (Molecular
Probes) was used to visualize the location of cells with respect to the
matrix. The samples were imaged using confocal microscopy (Olympus
IX70, Melville, NY) with dual excitation wavelengths at 488 and 568 nm.

Statistical analysis. Data are presented as means ± standard deviation.
For statistical analysis, a two-way analysis of variance was performed to
determine the effect of culture condition and time on cell number, GAG
content, and ALP activity. A Tukey–Kramer post hoc test was used for all
pairwise comparisons and statistical significance was set at p < 0.05. All
statistical analyses were performed using the JMP statistical software
package (SAS Institute, Cavy, NC).
Antisense Size

ATCCACAGTCTTCTGGGTGG 305
GACATCGTTCCACTCGCCCT 303
CCTCGATGTCCTTAATGTTG 524
TTGCACAATGCTCTGATC 489
GCCCTATGTCCACACCGA 359
CCTGTTAATTGTCAGAACAG 247
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Results

Osteoblast–chondrocyte co-culture model

As shown in Fig. 1A, the osteoblast–chondrocyte co-
culture model developed in this study combines 3-D culture
of chondrocytes with an osteoblast monolayer. Fig. 1B
shows H&E staining of a cross-section of the co-cultured
system in which osteoblasts were seeded on top of the
chondrocyte micromass. The order of cell seeding during
co-culture had no measurable effect on the overall cellular
response evaluated in this study. A monolayer of elongated
cells was observed on the top layer of the micromass, while
chondrocytes within the micromass maintained a spherical
morphology. The entire micromass was comprised of about
five to ten cell layers, and cells on the bottom of the micro-
mass also assumed an elongated morphology. To defini-
tively identify the location of osteoblasts with respect to
chondrocytes, cell tracking confirmed that osteoblasts were
found only atop the micromass and they were localized in
the monolayer region after 1 week of culture (Fig. 2).

Cell proliferation

Total cell number within the micromass remained rela-
tively constant over time for both the chondrocyte micro-
mass control and the co-cultured samples (Fig. 3) [33].
Fig. 2. Cross-section of co-cultured micromass. (A) H&E staining for
visualization of cellular distribution within the micromass. Cells within the
micromass exhibited a spherical morphology while cells at both the surface
and surrounding monolayer were elongated (day 11). (B) Osteoblasts were
tracked with CM-DiI dye (orange), and nuclei were stained with DAPI
(blue). Osteoblasts were only seen as a thin layer on top of the micromass
(day 7). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)
No statistical difference was observed between the control
and co-culture group. The osteoblast monolayer control
group proliferated over the 3-week culture period, and cells
reached confluence by day 7. Cells at the edge of the micro-
mass proliferated and migrated from the culture over time.
An observable monolayer surrounded the micromass at
day 3, and a confluent monolayer was observed in the cul-
ture dish around day 10.

Gene expression

The effect of co-culture on the transcription of both
chondrocyte- and osteoblast-specific markers was exam-
ined over time. Type II collagen gene expression was only
observed in co-culture and chondrocyte micromass control
groups with no visible difference between these two groups.
Aggrecan expression was seen in all three groups, while
type X collagen expression was not seen in any of the
groups during the experiment.

Collagen deposition

As shown in Fig. 4, during co-culture, osteoblasts pro-
duced a predominantly type I collagen matrix (Fig. 4A)
and chondrocytes within the micromass continued to pro-
duce type II collagen (Fig. 4B). Type I collagen deposition
was limited to the top of the micromass where osteoblasts
were located, while type II collagen was seen primarily
within the micromass during co-culture. Type I collagen
was found in the monolayer surrounding the micromass
(Fig. 4A) and in the osteoblast monolayer control. Mini-
mal background staining for type II collagen (Fig. 4B)
was observed in the monolayer surrounding the micromass.

Total GAG deposition

As shown in Fig. 5, chondrocyte micromass controls
continued to produce GAG, with proteoglycan deposition
peaking at day 7. In contrast, significantly lower (p < 0.05)
GAG content was measured for the co-cultured group over
the 3-week period. As expected, minimal GAG content was
measured for osteoblast control group.

Deposition of GAG matrix was visualized via Alcian
blue staining. Both whole mount and cross-sections of
the co-culture and control micromasses were examined.
As seen in Fig. 6A, the highest GAG staining intensity
was observed in the day 7 chondrocyte control. With the
exception of day 1, GAG staining intensity was visibly low-
er in the co-culture group compared to the control. These
findings are consistent with the quantitative GAG results
(Fig. 5). Alcian blue staining of the cross-sections of the
co-culture samples revealed characteristic peri-cellular
GAG deposition within the chondrocyte micromass, while
little or no positive staining was observed on the top por-
tion of the sample where the osteoblasts were located
(Fig. 6B). GAG was not detected in the monolayer sur-
rounding the micromass in co-culture.



Fig. 3. Effects of co-culture on cell growth, measured with total DNA content (7.7 pg DNA/cell). Cell number within the micromass remained relatively
constant over time.

Fig. 4. Type I (A) and II (B) collagen distribution within the co-cultured
micromass (day 11). Type I collagen was mainly deposited at the top
surface and the surrounding monolayer, where cells had flattened. Type II
collagen was distributed within the micromass and only minimal back-
ground staining was seen in the surrounding monolayer. Propidium iodide
(red) nuclear stain was used to visualize cells. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this paper.)
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Alkaline phosphatase activity and mineralization

As shown in Fig. 7, the average ALP activity in the co-
cultured group was higher than chondrocyte control for the
duration of the experiment. As expected, the chondrocyte
micromass control showed minimal ALP activity. When
b-GP was added to the media at day 7, while there was a
measurable increase in ALP activity in the chondrocyte
micromass control group, the level of ALP activity was sig-
nificantly lower than the co-cultured group (p < 0.05). In
the co-cultured group, there was an initial increase in
ALP activity, reaching a maximum at day 11 and decreas-
ing thereafter. A similar trend was observed for the osteo-
blast monolayer control.

The effects of co-culture on the formation of a mineral-
ized matrix are presented in Fig. 8. The ALZ staining inten-
sity for the osteoblast control became increasingly positive
over time while background level staining was observed for
micromass group. Since the micromass is of five to ten cell
layers in thickness, the background staining intensity was
considerably higher compared to the positive control
(osteoblast monolayer). Moreover, similar staining intensi-
ty was observed for the co-cultured micromass (Fig. 8B)
compared to the whole mount chondrocyte micromass
control (Fig. 8A) which does not mineralize. The staining
intensity of the both chondrocyte control and co-culture
group remains relatively constant over time, whereas the
osteoblast control stained increasingly positive for a miner-
alization matrix.



Fig. 6. Alcian blue staining for GAG deposition within the micromass.
(A) Whole mount staining displayed an increase in intensity with time,
which reached a maximum at day 7. (B) Cross-section of a co-cultured
micromass at day 14. Notice the characteristic peri-cellular distribution of
GAG within the micromass. Chondrocyte controls showed more intense
staining compared to co-culture experimental groups after 3 days.

Fig. 5. Total GAG content within the micromass normalized to total cell number. A maximum was found on day 7. Chondrocyte control had significantly
greater GAG content compared to experimental group after 3 days. Osteoblast control showed minimal GAG deposition.
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Discussion

The objective of this study was to develop a physiolog-
ically relevant co-culture model that can be used to evalu-
ate interactions between osteoblasts and chondrocytes. We
have described here a co-culture model which allows for
direct cell-to-cell contact as well as paracrine signaling
between osteoblasts and chondrocytes. This model was
subsequently used to examine osteoblast and chondrocyte
interaction, and it was found that cell–cell interactions
had marked effects on matrix production and the expres-
sion of cell-specific markers.

The co-culture model presented here is based on the
establishment of an osteoblastic monolayer over a high
density chondrocyte micromass. The micromass culture
system was chosen because it has been shown to preserve
chondrocyte phenotype and induce the chondrogenic phe-
notype [34,35]. High density micromass culture is a simple
and elegant model that permits the maintenance of chon-
drocyte morphology and differentiation in the absence of
a three-dimensional scaffold. It was first used by Ahrens
et al. [28] to examine the chondrogenic potential of limb-
bud mesenchymal cells in vitro, and the chondrogenic
potential of pluripotent cells has since been validated in vi-
tro using the micromass system [33,34,36–38].

In this study, no significant effect on cell proliferation
was observed due to co-culture. Although cells did not
proliferate within the micromass, they migrated from the
micromass and proliferated in monolayer after 7 days of
culture. Co-culture of osteoblasts and chondrocytes
resulted in selective maintenance and suppression of cer-
tain chondrocyte- and osteoblast-specific markers. In co-
culture, chondrocytes within the micromass elaborated
GAGs and type II collagen. Similarly, osteoblasts pro-
duced type I collagen and maintained ALP activity in
co-culture. Nevertheless, both quantitative and qualitative
GAG analyses revealed that co-culture significantly
reduced the production of proteoglycans by chondrocytes
in comparison to chondrocyte controls. Osteoblast miner-
alization was also suppressed in co-culture. There was
limited mineralization in the co-cultured group, while
the osteoblast control stained increasingly positive for cal-
cium over time. Thus, co-culture with chondrocytes may
have delayed osteoblast-mediated mineralization. As the
ratio of osteoblasts to chondrocytes in the co-culture
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Fig. 7. Alkaline phosphatase activity normalized to total cell number. Active ALP was highest in the co-culture experimental group with b-GP. The
experimental micromass group showed an initial increase that reached a maximum at day 11, and decreased thereafter. Osteoblast controls showed a
similar trend.

Fig. 8. Whole mount Alizarin red S staining. (A) Chondrocyte micromass control with b-GP. (B) Co-cultured experimental group with b-GP. No
difference was seen between chondrocyte micromass and co-culture experimental groups. Stain intensity remained relatively the same through out the
experiment for all micromass groups.
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model was 1:4, we believe that the majority of the
response in terms of GAG production can be attributed
to chondrocytes, while ALP activity and mineralization
can be attributed to osteoblasts. These findings collective-
ly suggest that osteoblast–chondrocyte interactions regu-
late the metabolic activity, matrix production, and
maintenance of specific cell phenotypes.

As type I and II collagen were both detected at the sur-
face, it is possible that due to co-culture, chondrocytes and
osteoblasts are forming an osteochondral-like interface at
the surface interaction zone. The findings of this study sug-
gest that during co-culture, rather than maintaining their
individual phenotypes, osteoblasts and chondrocytes are
instead responding to the presence of the other cell type.
Osteoblast–chondrocyte co-culture may lead to the secre-
tion of factors by either osteoblasts or chondrocytes which
can in turn affect the response of neighboring cells that are
responsible for the formation of the osteochondral inter-
face. Still, it is not possible at this time to discern whether
our findings are a direct result of cell–cell contact or of par-
acrine signaling between the adjacent osteoblast and chon-
drocyte populations.

While the primary focus of this study was to establish a
co-culture model and examine the initial consequence of
osteoblast and chondrocyte interactions, we also evaluated
gene expression for type X collagen, which was not detect-
ed in any of the experimental groups. One limitation of the
micromass system is that the 3-D culture of chondrocytes
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cannot be maintained after 2 or 3 weeks of culture, largely
due to cell migration out of the micromass and onto the
coverslips. Therefore, micromass cultures in general do
not exceed 3 weeks. Long-term co-culture models to test
the expression of specific interfacial markers such as type
X collagen will be explored in future studies. The co-culture
model will also be utilized in future studies to study the
effects of cell–cell interactions on the development of inter-
face-specific markers.

Conclusions

Our results demonstrate a heterogeneous effect on both
osteoblastic and chondrogenic phenotypes due to co-cul-
ture. The co-culture model permits physical interactions
between osteoblasts and chondrocytes, while maintaining
the chondrogenic phenotype within the micromass. It was
found that co-culture had no effect on type I collagen pro-
duction by osteoblasts, but interactions with chondrocytes
may have delayed osteoblast-mediated mineralization. The
effects of co-culture on chondrocytes were evident at the
surface interaction zone, particularly in GAG and collagen
deposition. Future studies will utilize this co-culturing sys-
tem to investigate the relevance of osteoblast–chondrocyte
interactions in the regeneration of the osteochondral
interface.
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