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Regulation of Chondrocyte Differentiation Level
via Co-culture with Osteoblasts
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ABSTRACT

The close apposition of osteoblasts and chondrocytes in bone and their interaction during bone devel-
opment and regeneration suggest that they may each regulate the other’s growth and differentiation. In
these studies, osteoblasts and chondrocytes were co-cultured in vitro, with both direct and indirect
contact. Proliferation of the co-cultured chondrocytes was enhanced using soluble factors produced from
the osteoblasts, and the differentiation level of the osteoblasts influenced the differentiation level of the
chondrocytes. In addition, the chondrocytes regulated differentiation of the co-cultured osteoblasts using
soluble factors and direct contact. These data support the possibility of direct, reciprocal instructive
interactions between chondrocytes and osteoblasts in a variety of normal processes and further suggest
that it may be necessary to account for this signaling in the regeneration of complex tissues comprising

cartilage and mineralized tissue.

INTRODUCTION

REGENERATING TISSUES COMPRISING MULTIPLE CELL TYPES
with specific and complex organization is a major goal
of tissue-engineering studies.! There are still numerous is-
sues to be clarified before these types of tissues can be
regenerated, including understanding the interaction be-
tween the different types of cells, controlling signaling
cascades that regulate cell proliferation and differentiation,
and regulating the spatial distribution of the various cell
types. It has recently been reported that several tissues
composed of multiple different types of cells can be regen-
erated by transplanting the various cell populations together
on polymer scaffolds.>* For example, the co-transplantation
of rat calvarial osteoblasts (RCOs) and bovine articular
chondrocytes (BACs) on an appropriate carrier can lead to
the formation of a growth plate-like tissue in severe com-
bined immunodeficient (SCID) mouse.* The RCO and BAC
were randomly distributed inside the gels initially but reor-
ganized to form clearly separated bony and cartilage-

like tissues. The cartilage area of the tissue was composed
of normal and hypertrophic chondrocytes, and the spatial
localization of the different types of chondrocytes corre-
lated to the location of the mineralized tissue. This finding
suggested that there were interactions between the RCOs
and BACs that induced hypertrophic differentiation of the
BACs.

The growth plate is a highly organized structure com-
posed of chondrocytes at different stages of differentiation
between the epiphyseal and metaphyseal bone at the distal
ends of the bone. Various growth factors and hormones,
including fibroblast growth factors (FGFs), transform-
ing growth factors (TGFs), bone morphogenetic proteins
(BMPs), and parathyroid hormone-related protein (PTHrP),
regulate the growth and structure of the growth plate.” BMPs
have chondro-inductive effects on mesenchymal stem cells,
and FGFs and insulin-like growth factor (IGF) have been
reported to regulate chondrocyte proliferation, whereas
TGF-B and PTHrP inhibit chondrocyte maturation.”™ BMP
is also known to induce osteogenesis, and TGF- and FGFs
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are also recognized as important regulators of bone devel-
opment and growth.””'* We hypothesized that growth fac-
tors secreted by each cell type could regulate the formation
of the growth plate-like tissue after implantation of gels
containing RCOs and BACs. Because many of the relevant
growth factors can be secreted from osteoblasts and chon-
drocytes, co-culture of osteoblasts and chondrocytes could
potentially enhance chondrogenic differentiation as well
as osteogenic differentiation. It has been reported that
chondrocytes express soluble factors selectively promoting
osteogenesis of mesenchymal stem cells.'* However, the
effects of co-culture of osteoblasts on chondrocyte differ-
entiation have not been reported.

The effect of RCO and BAC co-culture in vitro on
the differentiation level of each cell type was investigated
in these studies. RCOs and BACs were cultured alone or
mixed in 12-well plates, and their differentiation level
was determined qualitatively and quantitatively. To more
directly assess the effects of soluble factors produced
from RCOs or BACs on the other cell type, a transwell
system was also used to co-culture RCOs and BACs while
avoiding their direct contact.

MATERIALS AND METHODS

Materials

Medium, fetal calf serum (FCS), antibiotics, and other
supplements for cell culture were purchased from Invitro-
gen Co. (Carlsbad, CA). All chemicals were purchased
from Sigma (St. Louis, MO) unless stated. All reagents and
primers for performing real-time polymerase chain reaction
(PCR) were obtained from Applied Biosystems (Foster
City, CA).

Cell culture

Primary RCOs were isolated from 1- to 2-day-old new-
born Lewis rats (Harlan Sprague Dawley, Inc., Indian-
apolis, IN) and maintained in alpha-minimum essential
medium (MEM) containing 10% FCS and 1% penicillin—
streptomycin.* Primary BACs were isolated from freshly
slaughtered calf forelimbs and maintained in Dulbecco’s
modified Eagle medium (DMEM)/F12 (1:1) containing
10% FCS and 1% penicillin—streptomycin.* The cells were
maintained in incubators under standard conditions (37°C,
5% CO,, 95% air, saturated humidity). The passage number
of RCOs and BACs used in this study did not exceed 3 and
4, respectively. Both cells were used for differentiation
studies when sub-confluent.

Co-culture study

The RCOs, the BACs, and a mixture (RCO:BAC =2:1)
were seeded in 12-well plates at the total density of 9x 10/
2mL medium/well using a 1:1 mix of alpha-MEM and
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DMEM/F12 containing 10% FCS (the area cell density was
2.4x10*cm?). Some studies were performed using the
medium containing 10 mM beta-glycerophosphate, ascor-
bic acid (50 pg/mL), and 10 M dexamethasone to deter-
mine the effects of RCO differentiation on BACs in the co-
culture. Cells were maintained in incubators under standard
conditions. In all assays, culture media were changed once
a week, and the cell numbers and differentiation levels
assessed every 2 weeks. To determine whether the effect of
RCOs and BACs on each other depended on direct cell—cell
contact, a Transwell system (Corning Costar Co., Cam-
bridge, MA) was also used for the co-culture experiments.
RCOs and BACs were separately seeded into the wells or
inserts and incubated for 4 weeks in those studies. The pore
size and the area of an insert of the Transwell were 0.4 pm
and 1.1cm? respectively. The total cell number and the
ratio of RCO and BAC seeded were kept similar to the
simple co-culture system described above (9x10%2mL
medium/total well, RCO:BAC =2:1). Therefore, the area
densities of RCOs and BACs in the bottom well were
1.6x10* and 0.8x 10%cm?, respectively. The area cell den-
sity in the insert well was adjusted to 2.7x10%cm? when
RCOs were cultured or to 5.4x10*cm? when BACs were
cultured in the bottom of the Transwell system.

The total cell number in each test well was determined
using a Coulter counter (Coulter Electronics Inc., Hialeah,
FL) after collecting cells. The cells were washed using
phosphate-buffered saline (PBS) and detached by adding
0.5 mL of 0.05% trypsin solution and 0.5 mL of collagenase
solution (Smg/mL, F. Hoffmann-La Roche Ltd, Basel,
Switzerland). After detachment, the cell number in the
suspension was determined.

Differentiation levels of RCOs were estimated from
changes in their alkaline phosphatase (ALP) activity, cal-
cium deposition, and osteocalcin production. Total ALP
activity of RCOs was estimated using the original proce-
dure of Ohyama et al.'® Briefly, RCOs or co-culture were
washed using PBS (-), followed by addition of 1mL
of 0.1M glycine buffer (pH 10.5) containing 10mM
magnesium chloride, 0.1 mM zinc chloride, and 4 mM
p-nitrophenylphosphate sodium salt. After incubating the
cells at room temperature for 7min, the absorbance of
the added buffer at 405 nm was detected using a microplate
reader to evaluate ALP activity. Calcium deposition during
the test period was qualitatively estimated using alizarin
red staining.'® To determine osteocalcin production from
the RCOs, their culture medium was replaced with fresh
medium without FCS 1 day before the desired sampling,
and the new medium was collected after 24h. The total
amounts of osteocalcin in this medium were estimated us-
ing an osteocalcin enzyme-linked immunosorbent assay kit
(Biomedical Technologies Inc., Stoughton, MA).

To determine effects of co-culture on the BAC differ-
entiation level, Alcian blue staining was applied as a
qualitative method to estimate production and deposition of
proteoglycans and glycosaminoglycans from BACs.'” In



REGULATION OF CHONDROCYTE DIFFERENTIATION BY OSTEOBLASTS

TABLE 1. SEQUENCES OF PRIMERS FOR DETECTION OF BOVINE
MESSENGER RIBONUCLEIC AcCID EXPRESSION BY REAL-TIME
POLYMERASE CHAIN REACTION

GAPDH Forward TCCCCACTCCCAACGTGT
Reverse ATCTCATCATACTTGGCAGGTTTCT
Type 11 Forward GCATTGCCTACCTGGACGAA
collagen Reverse CGTTGGAGCCCTGGATGA
Type X Forward CCTCTTTCTCAGGATTCTTGGTG
collagen Reverse TTCAAGCAGATTTGTGTTAGCTCG
Aggrecan  Forward GAGTGGAACGATGTCCCATGT
Reverse GCATTGATCTCGTATCGGTCC

some cases, proteoglycan-bound dye was extracted over-
night with 4 M guanidine hydrochloride at 4°C, and the
quantity determined from absorbance at 600 nm.'®'® For
quantitative analysis, a real-time PCR technique was ap-
plied. Briefly, total ribonucleic acid (RNA) from BACs was
collected using the Absolutely RNA Microprep kit (Stra-
tagene, La Jolla, CA). After its reverse transcription, real-
time PCR was performed to detect expression of aggrecan,
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type-Il and type-X collagen messenger RNA (mRNA)
using ABI Prism 7700 (Applied Biosystems). To normalize
the data, mRNA expression of a housekeeping gene,
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH),
was also determined. Sequences of primers for the mRNA
are shown in Table 1.

Gap junctional intercellular communication (GJIC) be-
tween cells was analyzed using fluorescene-activated cell
sorting (FACS) according to Diirig et al.”° Briefly, one cell
type, stained with calcein, was seeded in a culture dish
containing the other cell type that had already been stained
with the PKH 26 fluorescent dye. After incubation, all cells
were trypsinized to prepare a cell suspension and subjected
to FACS analysis to determine the ratio of exhibiting
fluorescence from both markers (PKH 26 and calcein) as an
estimate of the GJIC level between the 2 cell types.

STATISTICS

All data were expressed as mean =+ standard deviation.
The Fisher-Tukey criterion was used to control for multiple
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FIG. 1.

Change in differentiation level of rat calvarial osteoblasts (RCOs) and bovine articular chondrocytes (BACs) by their co-

culture in alpha-minimum essential medium/Dulbecco’s modified Eagle medium/F12 (1:1) containing 10% fetal calf serum with or
without osteogenic supplements [dexamethasone (10nM), beta-glycerophosphate (10 mM), and ascorbic acid (50 pg/ml)], which en-
hance osteoblast differentiation. Calcium deposited by RCOs and proteoglycan produced by BACs were qualitatively estimated using
alizarin red staining and Alcian blue staining, respectively. Results from a single culture of each type at the same time point are shown in
the left well. The number of each type on day O is indicated in the figure.
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comparisons and to compute the least significant difference
between means.

RESULTS

Direct co-culture studies

RCOs and BACs were first mixed in a ratio of 2:1 and
co-cultured in 12-well plates for 6 weeks. The effect of co-
culture was qualitatively analyzed using alizarin red and
Alcian blue staining (Fig. 1). Alcian blue staining indicated
that co-culture led to greater proteoglycan and glycosami-
noglycan deposition after 2-week culture, even though the
number of BACs on the starting day in co-culture was one
third of the control group containing BACs only. These
effects were maintained over time. The total cell number of
RCO-alone culture, BAC-alone culture, and co-culture
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after 6-week culture were approximately 7.7x10%, 15.8x 10°,
and 15.1x 10°, respectively. Similar to results obtained in the
absence of osteogenic supplements, co-culture with osteo-
genic reagents again enhanced BAC differentiation. In con-
trast, no enhancement of RCO differentiation with co-culture
was observed using alizarin red staining. Addition of osteo-
genic supplements enhanced RCO differentiation in solo
culture, but again co-culture appeared to have no effect on the
intensity of alizarin red staining. The total cell number of
RCO-alone culture, BAC-alone culture, and co-culture after
6-week culture with the supplements was approximately
1.0x10°, 1.1x10°% and 1.7x 10°, respectively.

The level of osteogenesis was next quantitatively ana-
lyzed for RCOs in co-culture and solo culture in the pres-
ence of osteogenic supplements. Figure 2 (A and B) shows
the ALP activity and the production rate of osteocalcin,
without normalization by cell number, in RCO solo culture
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FIG. 2. Effect of co-culture with bovine articular chondrocytes (BACs) on rat calvarial osteoblast (RCO) differentiation, estimated
from alkaline phosphatase activity expressed as the absorbance at 450 nm (A, C) and the amount of osteocalcin secretion into the
medium (B, D). RCOs (open column), BACs (closed column), and RCOs with BACs (gray column) were cultured in medium containing
10% fetal calf serum with the osteogenic supplements (A, B) or without the supplements (C, D). Data not normalized by the cell
number, *p < 0.05, **p < 0.01 against respective single RCO culture.
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FIG. 3. Change in expression level of type-II collagen, aggrecan, and type-X collagen messenger ribonucleic acid (mRNA), which
indicates the differentiation level of chondrocytes, during co-culture of bovine articular chondrocytes (BACs) with rat calvarial
osteoblasts (RCOs). Cells were cultured in medium with or without the osteogenic supplements (open column: BACs alone without the
supplements; striped column: co-cultured BACs without the supplements; gray column: BACs alone with the supplements; closed
column: co-cultured BACs with the supplements). All data were normalized using the expression level of glyseraldehyde-3-phosphate
dehydrogenase mRNA and expressed as a ratio of the expression level in the BAC-alone culture at 2 weeks without the osteogenic
supplements (*p < 0.01 against BAC-alone culture under the same condition).

and co-culture with BACs with osteogenic supplements.
The ALP activity detected in the RCO-alone culture was
always greater than that in co-culture system, irrespective
of incubation time (Fig. 2A). The magnitude of these ef-
fects appears reasonable, because the RCO number in the
co-culture is likely to be less than that in RCO-alone cul-
ture, as based on initial seeding densities. No measurable
ALP activity was noted in BAC-alone cultures. Similar to
the ALP activity, osteocalcin production from the co-cul-
ture system was less than with RCO-alone cultures. How-
ever, the amount of osteocalcin production in the co-culture
condition markedly and significantly increased after
4 weeks (Fig. 2B, p <0.01 against co-culture group at
2 weeks).

Quite different results on RCO differentiation were noted
when these analyses were performed on cells cultured

without osteogenic supplements. ALP activity in the co-
culture condition increased over time, whereas ALP de-
creased over time in RCO-alone culture, and ALP activities
were significantly greater in co-culture at the later time
points (Fig. 2C). Again, minimal ALP activity was noted
in BAC-alone cultures. The osteocalcin production from
RCOs in co-culture or single culture increased with time
but was low even after a 6-week incubation (Fig. 2D). Co-
culture of RCOs with BACs led to a 3-fold higher osteo-
calcin secretion rate at the last time point, although this
difference was not significant (Fig. 2D).

Total RNA from the co-culture was also extracted, and
the expression of mRNA for type-II and type-X collagen
and aggrecan was analyzed with or without osteogenic
supplements. When the cells were cultured without the
osteogenic supplements, mRNA for type-II collagen and
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TABLE 2. EFFECT OF 4-WEEK CO-CULTURE OF RAT CALVARIAL OSTEOBLASTS (RCOS) AND BOVINE ARTICULAR
CHONDROCYTES (BACs) oN CELL NUMBER AND ALKALINE PHOSPHATASE AcCTIVITY OF RCOs USING TRANSWELL CULTURE SYSTEM
TO AvoiD THEIR DIRECT CONTACT

Culture condition Cell number

ALP activity (per 1x10° cells)
(the absorbance normalized by RCO number)

Position  Cell type With osteogenic supplements With osteogenic supplements

Well RCO 5.55%10°£6.2x10° 7.21x10° £2.9%10* 0.056 =+ 0.003 0.349 +0.013
Insert RCO 240x10° £8.2x10° |#+  2.64x10° £2.3x10* 0.109 £ 0.004 ]** 0.531 £ 0.040
Well RCO 7.30x10° £3.4x10* — 8.00x10° +8.5x10* 0.035 £ 0.003 0.381+0.034
Insert BAC 5.25%x10° £4.3%x10* 8.97x10° +2.3x10* #|  Not detected Not detected
Well BAC 6.63x10° £4.0x10* — 1.12x10° £8.9x 10* Not detected Not detected
Insert RCO 3.90x10° £1.3x10° 2.05x10° £5.7x10* | 0.065 +0.014 0.462 +0.113
Well BAC 5.66x10° £6.6x10°> _| 1.02x10° +£4.3x10* Not detected Not detected
Insert BAC 2.71x10° £6.0x10° 6.14x10° £2.7x10* Not detected Not detected

p < 0.05, *5p < 0.01.

aggrecan were markedly enhanced in co-culture with RCOs,
even after only 2 weeks. In BAC-alone cultures, aggrecan
and type-X collagen mRNA expression in BAC slightly
increased after a 6-week incubation, whereas type-II col-
lagen mRNA expression was maintained at a low level
during the experimental period. A similar enhancement of
BAC differentiation with co-culture was noted when cells
were maintained in medium containing osteogenic sup-
plements, although the magnitude of BAC differentiation,
as measured according to type-II collagen and aggrecan
expression, decreased (Fig. 3). Expression of type-X col-
lagen mRNA was significantly enhanced after 4 to 6 weeks
in this condition.

Additional studies indicated that there were direct GJICs
between RCOs and BACs (data not shown), even though
the 2 cell types were isolated from different species, sug-
gesting that the RCOs and BACs might influence each
other through this mode of communication.

Co-culture using transwell system

In transwell co-culture experiments that allow cells to
share medium without direct contact, the number of RCOs
and BACs increased more than with a single-cell culture
after a 4-week incubation (Table 2). With osteogenic
supplements, however, the increase in the number of co-
cultured RCOs was not observed, and the increase in the
number of co-cultured BACs was smaller than the increase
in co-cultured BACs without the supplements. When cul-
tures were stained using Alcian blue after a 4-week incu-
bation, co-cultured BACs in the presence or absence of
osteogenic supplements were stained more intensely than
BAC-alone cultures under the same culture condition (Fig.
4A). Quantification of the Alcian blue dye extracted from
cultures demonstrated that more bound dye per BAC was
always present in co-cultures, but addition of osteogenic
supplements suppressed proteoglycan deposition (Fig. 4B).
Co-culture in the absence of osteogenic supplements in the
transwell system did not enhance RCO differentiation. The

RCO ALP level in co-culture normalized by cell number
was approximately two-thirds that in RCO-alone culture
(Table 2). When the osteogenic supplements were added to
the medium, however, the alizarin red stained co-cultured
RCOs more intensely than the RCO-alone culture (Fig. 4A).
Moreover, ALP activity in co-culture and RCO-alone
culture was similar in this condition (Table 2). The same
results were observed in these experiments regardless of
which cell type was placed in the bottom well or insert of
the transwell system (data not shown).

DISCUSSION

Because it was previously reported that a growth plate—
like tissue was regenerated when arginine-glycine-aspartic
acid (RGD)-modified alginate gel discs containing a simple
mixture of RCOs and BACs (ratio of 2:1) were implanted
into SCID mice for 26 weeks,4 unknown interaction be-
tween RCOs and BACs might play an important role in this
tissue regeneration. In vitro co-culture experiments in the
current study indicated that co-culture of BACs with RCOs
enhanced BAC proliferation and differentiation levels via
direct contact with RCOs and paracrine effects of soluble
factors secreted from the RCOs and that the phenotype of
the co-cultured RCOs influences the level of this en-
hancement. In addition, BACs regulate co-cultured RCOs,
although the effects are lower in magnitude.

Simple, direct co-culture of RCOs and BACs increased
the total cell number in the culture 1.5 to 2 times as much
as RCO- or BAC-alone (only when osteogenic supplements
were added) culture, although the contribution of each cell
type to the total cell number was not assessed. However,
transwell experiments (Fig. 4) suggested that the number of
RCOs and BACs increased in co-culture. The mechanism
of this effect must be clarified in future studies.

The results of this study indicated that not only cell
proliferation but also cell differentiation was enhanced
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using co-culture of chondrocytes and osteoblasts. BAC
differentiation level was first estimated from Alcian blue
staining (Fig. 1). Because Alcian blue molecules bind to
proteoglycans,'’'° the BAC differentiation level can be
estimated from the density of Alcian blue binding to pro-
teoglycans that are secreted from differentiated BACs. The
magnitude of this effect in the co-cultures depended on
whether osteogenic supplements were added to the me-
dium, indicating that the differentiation level of the co-
cultured RCOs influenced the BAC differentiation level.
When mRNA levels of type-II collagen, aggrecan, and
type-X collagen, which can be used as markers indicating
chondrocyte differentiation,?'** were measured using real-
time PCR, the expression of type-II collagen and aggrecan
in BAC decreased with addition of the osteogenic supple-
ments (Fig. 3). When BACs were co-cultured with RCO
without the supplements, mRNA of type-II collagen and
aggrecan were expressed 5 to 9 times as higher as those
expressed in a single BAC culture. When these mRNA
expression levels were quantified in BAC and RCO co-
culture with the supplements, the levels were lower than the
co-culture without the supplements. Alternatively, type-X
collagen was strongly expressed in the co-culture with the
supplements, and the level in this condition was 60 times as
high as the single BAC culture and 3 times as high as the
co-culture without the supplements. These findings suggest
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that co-culture of BACs with osteogenic supplements leads
to differentiation into a hypertrophic phenotype®® and in-
dicate that the differentiation level of the co-cultured RCOs
regulates the differentiation stage of the co-cultured BACs.
The studies using transwell culture (Fig. 4) further sug-
gested that soluble factors produced by RCOs are at least
partially responsible for the enhanced BAC proliferation
and differentiation level in co-culture, because there is no
direct contact between RCOs and BACs in this condition. It
has been previously demonstrated that many growth fac-
tors, including the TGFs, FGFs, and IGFs, play a role in
chondrocyte differentiation.”® One or two of these soluble
factors may be secreted from RCOs to induce BAC dif-
ferentiation. In addition, some components in FCS may
have an additional effect on the BAC differentiation in
concert with the cell-secreted soluble factors. The soluble
factors that mediate these effects remain to be identified.
Enhancement of RCO differentiation was not observed
with co-culture with BACs when analyzed using alizarin
red staining (Fig. 1). Although one probable reason for this
result was ascribed to the initially different RCO number in
the co-culture, the ALP activity after 2-week culture was
still lower than what would be expected based on the initial
seeding density of the RCOs. The ALP activity was also
suppressed in co-culture using the Transwell system even
after 4-week culture (Table 2). This suggests the co-culture

A
Well: RCO RCO BAC BAC
Insert: RCO BAC BAC RCO
Without osteogenic reagent
With osteogenic reagents
Alizarin Red Alcian Blue
B
The ratio of extracted alcian blue
Culture condition Without osteogenic supplements With supplements’
BAC-alone 1000 + 0.069 0441 = 0.141
BAC-RCO 2999 + 0,1653%% 1.144 + 0293*

FIG. 4. Effect of rat calvarial osteoblasts (RCOs) and bovine articular chondrocytes (BACs) co-culture on their differentiation using a
transwell system to avoid direct contact between the 2 cell types. RCOs and BACs were separately cultured for 4 weeks with or without
the osteogenic supplements. The differentiation level of RCOs and BACs in the bottom wells of the system were estimated using alizarin
red and Alcian blue staining, respectively (A). To determine the differentiation level of BACs, proteoglycan-bound Alcian blue dye was
extracted, and the absorbance of the extract was expressed as a ratio of the value obtained from BAC-BAC transwell culture without the
osteogenic supplements. All data were normalized using BAC number (per 1x10° cells) (B) (*p < 0.05, **p < 0.01 against BAC-BAC
culture in the same condition. "p < 0.01 against the same co-culture combination without osteogenic supplements).
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with BACs suppresses the differentiation of the RCOs in
the early stages. However, the ALP activity of the cells
in co-culture without the supplements increased as their
incubation time increased, whereas the activity of single-
RCO culture decreased over time. Because BACs appeared
to differentiate to a hypertrophic phenotype with time
(type-X collagen mRNA expression increased as incubation
time increased), this ALP increase in the co-culture may be
ascribed to an increase in ALP production from the hy-
pertrophic chondrocytes. However, the osteocalcin pro-
duction was increased after 6-week co-culture, although
its value was still less than the values found in co-culture
with the supplements (Fig. 2C, D). In addition, it has been
suggested that hypertrophic chondrocytes regulate endo-
chondral ossification.”>** Therefore, these findings suggest
that co-culture may enhance some measures of in vitro
RCO differentiation but not all. Expression of type-I col-
lagen mRNA in solo culture and co-culture should be ex-
amined in the future to analyze the effect of co-culture on
RCO differentiation in more detail, as well as to further
analyze the differentiation level of the BACs. Alternatively,
when ALP activity and osteocalcin production from the co-
culture with osteogenic supplements were measured, both
values were less than those from RCO-alone culture, irre-
spective of incubation time (Fig. 2A, B). These results
suggest that maximal enhancement of RCO differentiation
may be obtained with the supplements alone.

When results from simple co-culture of RCOs and BACs
were compared with those from their co-culture using the
transwell system, some inconsistencies between the results
could be observed. For example, Figs. 1, 2A, and 2B sug-
gest suppression in differentiation of RCOs co-cultured
with BACs and osteogenic supplements, whereas results
from transwell culture with supplements (Table 2 and Fig. 4)
indicate no suppression in their differentiation. Similarly,
BACs co-cultured with RCOs and the supplements in the
transwell system has decreased deposition of proteogly-
cans, although simple co-culture with the supplements en-
hanced deposition of proteoglycans. These inconsistencies
between direct and transwell co-culture could result from
direct interactions (e.g., GJIC) that differentially regulate
the phenotype of each cell type. The RCOs and BACs used
in these studies were derived from different species, rat and
bovine, and it was expected that there would be no direct
interaction between these cell types. When GJIC, which is
known to regulate homeostasis in cells and tissues*> 2 was
estimated, communication between RCOs and BACs was
observed (data not shown). Therefore, in addition to
unidentified soluble factors, this communication and other
direct interactions may play a role in controlling BAC and
RCO differentiation in the co-culture system and probably
in previous in vivo experiments. Clarifying these various
types of cross talk between RCOs and BACs, as well as
cross talk between these cells and stem cells in the future
may be essential to clinically regenerating growth plate
tissue effectively.

NAKAOKA ET AL.

The results of this study indicate direct, reciprocal in-
structive interactions between co-cultured osteoblasts and
chondrocytes. Therefore, it may be necessary to account for
this signaling to regenerate complex tissues composed of
several kinds of tissues and a mixture of various cell types,
including stem cells. Similar studies using human cells will
also be valuable to validate the importance of this work for
human disease and regeneration.
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