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Abstract

Background: Cel-based trestment approach using differenti-
ated mesenchymal stem cells (MSCs) and mature chondrocytes
has been considered as an advanced treatment for cartilage re-
pair. We investigated the differentiated level of these two cell
types that is crucid for ther repair capacity for cartilage defect
at a co-culture micro mass system.

Methods: Passaged-2 MSCs isolated from the mouse bone
marrow and the primary-cultured chondrocytes obtained from
rat costal cartilage were mixed at different ratios induding 1:1,
1:2, and 2:1, and cultivated in the micro mass culture systems
(experimenta groups). Both the MSCs and chondrocytes alone
in micro mass cultures were considered as the controls. After
21 days, the cultures were sectioned and examined by toluidine
blue staining. Furthermore, the cdls a different groups were
analyzed by semiquantitative reverse transcription-polymerase
chain reaction using the specific primers designed to detect the
expression of both mouse and rat cartilage-specific genes.

Results: According to the toluidine blue staining, metachro-
matic stain appeared to be more intense at 1:2 ratios than the
other groups. Based on semiquantitative andysis, al co
cultures possessed significantly more cartilage-specific gene
expression than the controls (P<0.01). While mouse aggrecan
and collagen Il genes had significantly more expression at 1.2
ratio, rat collagen 1l gene was expressed in higher rate at co-
culturewith 2:1 ratio (P<0.01).
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Introduction
ecent advances in biological sciences have generated
great interest in use of cell-based treatment of tissue
defects. It is particularly true for cartilage damages
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because the cartilage possess a limited repair
capacity mainly due to its avascular nature and
low mitotic potential of chondrocytes in vivo."™
To date, several attempts have been made to
reconstruct cartilage lesions by chondrocyte
transplantation alone or chondrocyte/scaffold
combination.>®

Several limitations, however, are associ-
ated with the use of chondrocytes in cartilage
damages, including difficulties in obtaining suf-
ficient number of chondrocytes for auto trans-
plantation. Furthermore, chondrocytes being
expanded in culture gradually undergo differen-
tiation loosing their morphological features as
well as specialized function, hence no longer
appropriate for transplantation purpose.”®

Mesenchymal stem cells (MSCs) are the
other cell source for cartilage repair. Nowa-
days, these cells have been considered as
more appropriate cellular material for cell ther-
apy because they display some valuable prop-
erties including long-term self-renewal potential
and multilineage differentiation capacity into
specialized cell types as bone cartilage and
adipose cells. Moreover, MSCs could easily be
accessed from multig)le sources such as bone
marrow aspirates.’®"

One method for chondrogenesis of MSCs is
using a co-culture system in which cell differ-
entiation could be improved by enhanced sig-
nal transduction and direct cell-to-cell con-
tact." It has been indicated that MSCs chon-
drogenesis could be improved in co-culture
with the synovial membrane macrophages as
well as the embryonic rat calvarial cells.”>*® A
disadvantage associated with such systems is
that differentiated MSCs could not be purified
from the co-culture cells.

To solve this problem, chondrocyte/MSCs
co-culture system can be considered as a suit-
able setting. This is because in such system
the co-cultured cells, i.e. chondrocytes, are
cartilage native cells; therefore, no longer cell
purification is needed. Co-culture of MSCs and
chondrocyte exhibit two potential advantages.
Firstly, it obviates the needs for in vitro multi-
plication of chondrocytes; because their low
division frequency can be compensated by
MSCs presence. And secondly, the presence
of chondrocytes in a co-culture system pro-
vides strong chondrogenic effects on MSCs
differentiation. In this system, two potential
candidates of cell therapy including chondro-
cytes and MSCs are present.

The aim of the present study was to inves-
tigate the expression levels of some cartilage-
specific genes as the outcome of the interac-
tions occurred between different ratios of these
two cell types and to find out the chondrogenic
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effects of the co-culture.
Materials and Methods

Murine MSCs Isolation

The present study was approved by the
Ethics Committee of Royan Institute. MSCs
were isolated and expanded according to our
previously published article.> In brief, the
mononuclear cell fractions from marrow of 6-8-
week-old mice (NMRI strain) were collected,
and counted with trypan blue in a Neubauer
chamber. The cells were then diluted to an
approximately 500 viable cells and plated in
the wells of 24-well plates using DMEM (Dul-
beco Modified Eagle Medium; Gibco, Ger-
many) supplemented with 100 IU/ml penicillin
(Sigma, USA), 100 mg/ml streptomycin
(Sigma, USA) and 10% fetal calf serum (FCS,
Gibco). The plates were kept in a humidified
incubator at an atmosphere of 5% CO, at 37 C
for two weeks during which several colonies of
fibroblastic cells emerged. These cells were
trypsinized and pooled together before they
were distributed in 6-well plates (Falcon,
Gibco, UK). These multiclonal cultures were
kept in an incubator for 7 days at the end of
which 70-80% confluence was attained. At this
point, the next passages were initiated, and the
cells were pooled and cultured in 75-cm? plastic
flasks (Falcon; Gibco, UK) as passage-2 cells.

Chondrocyte Culture

Ten Wistar rats aged 8 weeks and 200-250 gr
weight were euthanased by cervical disloca-
tion. Their costal cartilage were dissected un-
der sterile condition and placed in DMEM me-
dium containing antibiotics including 100 1U/ml
penicillin and 100 mg/ml streptomycin. The
cartilage tissue were then minced into pieces
of 2-3 mm dimensions, subjected to enzymatic
digestion using 0.2% collagenase | for 24 h at
37°C. At the end of this period, cartilage pieces
were placed in a 75-cm’ flask in a 15 ml
DMEM containing 15% fetal bovine serum
(FBS) as an explants culture system.

MSCs-Chondrocyte Co-Culture System

4x10° cells including chondrocytes from
primary culture and MSCs from passage 2
were combined. The co-culture was estab-
lished in a micro mass culture system by pal-
letizing the cells with centrifugation at 1200 g
for 5 minutes. The following mixtures were
then made: 1:1 ratio (one part of MSCs/one
part of chondrocytes), 1:2 ratio (one part of
MSCs/ two parts of chondrocytes), and 2:1
ratio (two parts of MSCs/one part of chondro-
cytes). The cell pellets were cultivated in



DMEM medium containing 5% FBS, 100 1U/ml
penicillin and 100 mg/ml streptomycin for 21
days at 37 °C in an atmosphere of 5% CO2.
The pellets of pure MSCs as well as pure
chondrocytes were also cultivated in a medium
containing chondrogenic inducers including 10
ng/ml transforming growth factor 33 (TGF R3,
Sigma, USA), 500 ng/ml bone morphogenetic
protein-6 (BMP-6, Sigma, USA), 100 nM dex-
amethasone (Sigma, USA), 50 pg/ml ascorbic
2-phosphate (Sigma, USA), 50 pg/ml Insulin-
Transferrin-Selenium (ITS, Sigma, USA) and
1.25 mg/ml bovine serum albumin (BSA,
Sigma, USA) as the control groups.

Evaluation of Cartilage Differentiation

Toluidine Blue staining: To examine
whether cartilage metachromatic matrix were
deposited among the cells, the pellets were
fixed with 4% paraformaldehyde for 2 hours,
dehydrated by ascending grades of ethanol,
and embedded in paraffin. Five micrometer
sections were then cut and stained with tolu-
idine blue solution. Since matrix could be se-
creted by either cell types, i.e. rat chondrocytes
and differentiating MSCs, semiquantitative po-
lymerase chain reaction (PCR) with specific
primers for either cell types was used to accu-
rately determine the share of each cell in ma-
trix production.

Semi-Quantitative Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) Analysis
Relative RT-PCR was performed to assess
the expression of a set of chondrocyte-related
genes in both cell types, i.e. mouse MSCs and
rat chondrocytes. Total RNA was isolated from
the cells at varying ratios of co-culture and the
control groups using the RNX-Plus™ kit
(RN7713C; CinnaGen Inc., Tehran, Iran).
Before reverse transcription, a sample of
the isolated RNA was treated with 1U/ul of
RNase-free DNasel (EN0521, Fermentas Life
Science, Lithuania) per 1 ug of RNA in order to
eliminate residual DNA in the presence of 40

Table 1: Primers used in the PCR analysis

Co-culture of MSCs and mature chondrocytes

U/l of ribonuclease inhibitor (E00311, Fer-
mentas Life Science, Lithuania) and 1x reac-
tion buffer with MgCl, for 30 min at 37 C. To
inactivate the DNasel, 1 pl of 25 mM EDTA
was added and incubated at 65 C for 10 min.
Standard RT reactions were performed with 2
pug total RNA using random hexamer as a
primer and a RevertAid™ First Strand cDNA
Synthesis Kit (K1622, Fermentas Life Science,
Lithuania) according to the manufacturer’s in-
structions. For every reaction set, one RNA
sample was prepared without RevertAidTMM-
MuLV reverse transcriptase (RT reaction) to
provide a negative control in the subsequent
PCR. To minimize variation in the RT reaction,
all RNA samples from a single experimental
setup were reverse transcribed simultaneously.
Reaction mixtures for PCR included 2 l
cDNA, 1xPCR buffer (AMS™; CinnaGen Co.,
Iran), 200 pM dNTPs, 0.5 pM of each an-
tisense and sense primer, and 1U Taq DNA
polymerase.

The PCR primers were designed specifically
for each strain. For this purpose, 3' end of prim-
ers was specific for each strain so one pair of
primer for a rats' gene did not amplify the same
gene from mouse. The PCR primers and the
annealing temperatures of the amplified prod-
ucts are shown in table 1. Nucleotides in red
show specific 3' end for each forward primer.

PCR reactions were performed on a Master
cycler gradient machine (Eppendorf, Ger-
many). Amplification conditions consisted of
initial denaturation, 94 C for 5 min followed by
35 cycles (25 cycles for B-Tubulin) of denatu-
ration at 94 C fqr 45 sec, annealing for 45 sec,
extension at 72 c for 30 sec, and a final po-
lymerization at 72 C for 10 min. Each PCR was
performed under linear conditions with B-
tubulin used as an internal standard. Products
were electrophoresed on 1.7% agarose gel.
The gels were stained with ethidium bromide
(0.5 mg/ml) and photographed on a UV transil-
luminator (Uvidoc, U.K.). Gel images were
analyzed using the UVI band map program

Accession number Gene name Primer sequence Annealing .
Temperature (C)
1 gi|70980519|ref[NM_031163.2 Mouse F: GGTGTGAAGGGTGAGAGT 62
Col2al R: TTACCCCGAGCACCAGC
2 gi|6978676|ref[NM_012929.1| Rat Col2zal F: GGTGTGAAGGGTGAGAGC 58
R: CCAGCAGCACCAGCAGG
3 (i|116875857|ref|[NM_007424.2| Mouse F: AAGTTCCAGGGTCACTGTTAC 60
Aggrecan R:TCCTCTCCGGTGGCAAAGAAG
4 gi|532343|gh|J03485.1| Rat F: CCAAGTTCCAGGGCCACTGTTAT 66
Aggrecan R:TCCTCTCCAGTGGCAAAGAAA
5 gi|27465534|ref|[NM_173102.1| Rat R-tub F: CTCACTGTGCCTGAACTC 58
R: GGAACATTGCCGTAAACTGC
6 gi|142374674|ref|[NM_011655.4 Mouse F: CTCACTGTGCCTGAACTT 56
R-tub R: GGAACATAGCCGTAAACTGC
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(Uvitec, Cambridge, U.K.). For semi-
quantitative determination of mRNA levels of
the candidate genes, transcript levels were
normalized to the corresponding B-tubulin.

Statistical Analysis

One-way analysis of variance (ANOVA)
was used to compare the values for mRNA
levels of the candidate genes using SPSS 13.0
for windows. A P value of <0.05 was consid-
ered to be statistically significant.

Results

MSCs Culture

By days 7-9, some fibroblastic colonies con-
sisting of a few spindly-shaped cells were ap-
peared in some wells and became larger by the
end of week 2 (figure 1A). These cells were
tripsinized, pooled together and sub cultured in a
25-cm? flask (figure 1B). Sufficient number of the
cells enough to conduct the next phase of the ex-
periment was achieved upon second subculture.

Chondrocyte Culture

A few days after culture initiation, chondro-
cytes migrated out of cartilage explants, ad-
hered on the culture plate surfaces and started
to proliferate (figure 1C). The cells first ap-
peared as elongated in morphology. Two
weeks after culture initiation, when the culture
achieved confluence, the cells tended to be
polygonal in appearance (figure 1D).

Toluidine Blue Staining
At the culture with 1:2 ratio, where the

—

number of chondrocytes was twice as MSCs,
intensive homogenous metachromatic matrix
was produced compared with other ratios as
well as the control cultures (figure 2A-E).

TR s L aaty WP W .
Figure 2: Toluidine blue staining for metachromatic carti-
lage matrix detection; A) 1:1 ratio (one part of mouse mes-
enchymal stem cells and one part of rat chondrocytes), B)
2:1 ratio (two parts of mouse mesenchymal stem cells and
one part of rat chondrocytes), C) 1:2 ratio (one part of
mouse mesenchymal stem cells and two parts of rat chon-
drocytes), D) Pure mouse mesenchymal stem cells, and E)
Pure rat chondrocytes.

Figure 1: Cell culture; A) Mouse bone marrow cells in low-density culture, B) Purified mouse mesenchymal stem cells, C) Cartilage
explant culture, and D) Confluent chondrocyte in primary culture.
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Semi Quantitative RT-PCR Analysis

Mouse cartilage-related gene expression:
Relative gene expression results of studied
groups were in accordance with the findings
obtained from toluidine blue staining. Mouse
aggrecan and collagen Il mRNA at co-culture
with 1:2 ratio tended to be produced more
than those at 1:1, 2:1 ratios and pure MSCs
cultures (P<0.01). The cartilage-specific
genes at co-cultures with 1:1 and 2:1 ratios
appeared to be expressed in higher levels
than those at pure MSCs micro mass culture
(P<0.005; figure 3A-C).
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Figure 3: Semiquantitative RT-PCR analysis of mouse
cartilage-relate gene expression; A) Aggrecan gene ex-
pression, B) Collagen Il gene expression. At 1/2 ratio,
relatively more cartilage-related genes were expressed,
and C) Representative PCR gel image. R: repeat; Col:
Collagen; Agr: Aggrecan ; MSC: mesenchymal stem cell.

Rat cartilage-related gene expression: The
expression level of rat aggrecan and collagen I
genes at different co-culture ratios and pure
chondrocytes micro mass culture were in a pat-
tern similar to those in mouse MSCs cultures.
However, 2:1 co-culture ratio showed higher
chondrogenic differentiation (figure 4A-C).

Discussion

In the present study, micro mass co-culture

Co-culture of MSCs and mature chondrocytes

system of rat mature chondrocytes with mouse
marrow-derived MSCs was established and
cartilage differentiation of the MSCs as well as
the cartilaginous phenotypes of the chondro-
cytes were investigated at co-culture conditions.
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Figure 4: Semiquantitative RT-PCR analysis of rat carti-
lage-relate gene expression; A) Aggrecan gene expres-
sion, B) Collagen Il gene expression. At 1/2 ratio relatively
more collagen Il gene was expressed, And C) Repre-
sentative PCR gel image. R: repeat, Col: Collagen, Agr:
Aggrecan , Chon: chondrocytes.

Our results showed that chondrocytes exhibited
strong chondrogenic effects on MSCs even
more than conventional chondrogenic medium
used at micro mass culture system.

In vitro differentiation of MSCs could be of
great clinical significance. In general, there are
two strategies in MSCs-mediated tissue re-
generation. The first approach uses the cells in
undifferentiated state, allowing them to be dif-
ferentiated in in vivo microenvironment. The
disadvantage of this approach is unwanted cell
differentiation- other than the desired cells-
transplantation site. For instance, if the cells
are to be regenerate cartilage tissue, other
cells such as bone cells may produce in the
site by unwanted differentiation. Therefore, the
alternative approach is to fully differentiate
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MSCs into the desired cells prior to their trans-
plantation. Such strategy could indeed guaran-
tee the administration of the differentiated cells
into the repair site. Therefore, the importance
of the in vitro differentiation of MSCs into carti-
lage tissue becomes obvious.*"*®

Our experimental setup indicated that co-
culture of MSCs with mature chondrocytes could
be used for differentiation of MSCs into cartilage.
MSCs differentiated in this system do not require
purification from co-culture cells since mature
chondrocytes are cartilage native cells.

MSCs have traditionally been known to be
able to differentiate into three mesenchymal
lineages of bone, cartilage, and adipose
cells. The ability of MSCs to differentiate into
the cells other than those of skeletal lineage,
i.e. differentiation into cardiomyocytes or
hepatocytes, has been referred to trans dif-
ferentiation."*

Previous studies have shown that MSCs
trans differentiation can be occurred following
their fusion with the mature cells in co-culture
systems and after transplantations.”*#* In the
present study MSCs were co-cultured with ma-
ture chondrocytes and our study indicated an
increased expression of cartilage specific
genes in the co-culture system. The mecha-
nism of differentiation was not examined in the
present study. MSCs are ancestor of mesen-
chymal cell lineages including cartilage cells
and they would truly be differentiated into
these cells in proper culture conditions. The
cell fusion mechanism that has been proposed
by some authors would be considered as an
explanation of MSCs trans differentiation into
non-skeletal cell lineages.

Our study is not the only investigation carried
out in this context. Kohei and co-workers stud-
ied human MSCs co-culture with bovine articu-
lar chondrocytes. Their results showed no dif-
ferentiation of MSCs into cartilage cells and no
chondrogenic effect of mature chondrocytes on
MSCs differentiation.” The discrepancy may be
explained by the cell type being used in the two
studies (human and bovine versus mouse and
rat cells). The other point is that we established
the co-culture system with DMEM medium with-
out chondrogenic supplement while Kohei and
colleagues cultured the cells in chondrogenic
medium. Chondrogenic medium contains induc-
ing substances for MSCs differentiation. Apply-
ing the chondrogenic medium in co-culture in-
terferes with MSCs differentiation into cartilage.
In a chondrogenic medium, mature chondro-
cytes may produce some inducing substances
that alter the concentration of the medium,
which is not appropriate for MSCs cartilage dif-
ferentiation.
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In a study by Mo and co-workers human
MSCs were mixed with rabbit articular cartilage
chondrocytes in different ratios and the cell mix-
tures were encapsulated in alginate hydrogel and
cultured under chondrogenic conditions.” In con-
trast to our results, Mo and colleagues observed
the upregulation of cartilage specific gene ex-
pression in co-culture systems with more propor-
tions of MSCs. This difference can be attributed
to the different cell sources and different culture
conditions used in the two studies.

In another study by Li and others fat-
derived multi potential cells from inguinal re-
gion of rabbit were co-cultured with interverte-
bral disc tissue.** The results demonstrated
that MSCs responded to soluble mediator from
the disk with increase in expression of type Il
collagen and aggrecan genes. In the present
study, we used a different cell type (costal
chondrocytes) to establish the co-culture sys-
tems. Moreover, in contrast to other studies,
we investigated reciprocal effect of MSCs on
mature chondrocyte phenotype in the co-
culture conditions.

According to the results obtained by tolu-
idine blue staining, metachromatic matrix de-
posited among the cells in co-culture pellets
could be resulted from secretive activity of ei-
ther differentiating MSCs or the mature chon-
drocytes. To find out the cell type contribution
in matrix deposition, we designed the specific
primers for cartilage-specific genes of both cell
types. Interestingly, the matrix deposition ap-
peared to be the result of both cell type activi-
ties. Indeed, differentiated MSCs may secrete
the cartilage matrix and chondrocytes also con-
tribute to matrix deposition because they main-
tained their phenotypes in co-culture system.

The co-culture with 1:2 (1 part of MSCs and
2 parts of mature chondrocytes) ratio was
more appropriate than the other ratios in pro-
moting MSCs differentiation into cartilage. The
synergistic effect of co-culture systems can be
mediated by two mechanisms; a) direct contact
of co-cultured cells with MSCs, b) soluble sub-
stances secreted by co-cultured cells.”®? In
our study, it seems that the synergistic effect is
stronger when the number of co-cultured cells
are twice as MSCs. Probably, an optimal direct
cell to cell contact and secretion of inducing sub-
stances were provided when 2 chondrocytes/1
MSCs mixed together in co-culture pellets.

According to previous investigations, chon-
drocytes lose their differentiated phenotypes at
monolayer culture and regain it upon cultiva-
tion in three-dimensional cultures.”®?"?® To
investigate the MSCs action on rat mature
chondrocyte in co-culture, we designed spe-
cific primers for rat cartilage-specific genes in



order to measure the level of differentiated
state of the chondrocytes. The results indi-
cated the higher differentiation levels of co-
cultured chondrocytes that could be attributed
to MSCs presence in co-culture system. In
other words, at co-culture conditions, MSCs
positively affected chondrocytes with a signifi-
cant maintenance of differentiated state in
chondrocyte population. This effect occurred
more intensely at 1:2 ratio (1 part of MSCs and
2 parts of mature chondrocytes), than 1:1 or
2:1 ratios.

Conclusion

We concluded that MSCs-chondrocyte co-
culture is an appropriate microenvironment for
the cells interactions. This system appeared to
be suitable for MSCs cartilage differentiation.
For more effective differentiation, the ratio of
co-cultured cells seemed to be a critical factor.
MSCs induced the chondrocytes to maintain
their cartilaginous phenotype.
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