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ABSTRACT.	 This study investigated the effects of culture time on phenotype stability of canine 
articular chondrocytes (CACs) in non-passaged long-term monolayer culture. Third passage (P3) 
CACs isolated from four cartilage samples were seeded at three different initial seeding densities 
(0.2 × 104, 1.0 × 104 and 5.0 × 104 cells/cm2) and maintained in monolayer condition up to 8 weeks 
without undergoing subculture after confluence. The characteristic changes of chondrocytes 
during the culture period were evaluated based on the cell morphology, cell proliferation, 
glycosaminoglycans (GAGs) content, DNA quantification, mRNA expression and ultrastructure of 
chondrocytes. Chondrocytes maintained under post-confluence condition exhibited a capability 
to grow and proliferate up to 4 weeks. Alcian blue staining and Dimethylmethylene blue (DMMB) 
assay revealed that the extracellular matrix (ECM) synthesis was increased in a time-dependent 
manner from 2 to 8 weeks. The chondrocyte mRNA expression profile was dramatically affected 
by prolonged culture time, with a significant downregulation of collagen type I, whereas 
the expression of collagen type II, aggrecan, Sox9 and matrix metalloproteinase 13 (MMP-13) 
were significantly upregulated. In addition, transmission electron microscopy (TEM) result 
indicated dilation of rough endoplasmic reticulum (RER) in these long-term monolayer cultured 
chondrocytes. These findings demonstrate that the chondrocytes phenotype could be partially 
redifferentiated through the spontaneous redifferentiation process in long-term cultures using 
standard culture medium without the addition of chondrogenic supplements or tissue-culture 
scaffolds.
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Articular cartilage is hyaline cartilage, which is composed of few cellular components and dense extracellular matrix (ECM) 
comprising of water, collagens, glycosaminoglycans (GAGs), proteoglycans and other non-collagenous proteins. Cartilage has 
a unique structure that lacks blood vessels and nerve supply, while consisting of only a single type of cellular component called 
chondrocytes [2, 41]. Chondrocytes are low proliferative cells responsible for cartilage homeostasis by regulating and producing 
ECM contents [35, 46]. This unique and complex structure of cartilage has resulted in limited self-regeneration capacity, where 
traumatic injuries or diseases could cause a permanent defect on cartilage. Furthermore, the effective treatment or restoration 
of defect cartilage is currently very limited [20, 28]. Tissue engineering is a prospective strategy whose primary objective is to 
provide an alternative solution to restore the structure and function of cartilage defects. Currently, cell-based approaches used in 
the treatment of cartilage defects include microfracture, autografts and autologous chondrocyte implantation [12, 29, 30].

The cultivation of chondrocytes plays a vital role in both therapeutic interventions and research purposes, particularly in 
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cell-based therapy, which requires a large number of cultured chondrocytes [7]. Chondrocytes cultured in two-dimensional 
(2D) monolayer may be the most common method for cell expansion in-vitro, as it is simple, less time consuming and a large 
amount of cell could be obtained. However, a large scale of the cell expansion process involves an extended culture period and 
multiple passaging which is directly related to the dedifferentiation process of chondrocytes [7, 11, 22, 42]. As a result of this 
dedifferentiation process, chondrocytes grown in monolayer are unable to maintain their phenotype and rapidly dedifferentiate to 
a fibroblastic-like phenotype. After repeated passaging in monolayer cultures, chondrocytes appearance changes from round or 
polygonal to a fibroblastic-like morphology [32, 44]. The expression of important ECM components particularly collagen type II 
and aggrecan are drastically reduced, while the expression of collagen type I is increased [7, 11, 22, 32]. This dedifferentiation 
process of chondrocytes is a significant limitation on their use in tissue engineering applications.

To overcome the limitation of conventional 2D monolayer culture, high-density monolayer and three-dimensional (3D) cultures 
have been used as alternative culture models. It is well documented that high density and 3D cultures are beneficial to decelerate 
the dedifferentiation process as well as support the redifferentiation process of dedifferentiated chondrocytes [7, 14, 22, 32, 45]. 
Although various culture techniques and tissue scaffolds have been established and used in tissue engineering approaches, the 
principle behind these methods is similar. The culture condition of these models is capable of promoting cell-cell and cell-
matrix interactions, which mimic the microenvironment of chondrocytes in native articular cartilage [15, 38, 43]. However, 3D 
culture requires more handling technique, needs an additional cost and may limit cell number due to lower capability to promote 
chondrocytes proliferation, compared to conventional 2D culture [29, 32, 44]. Thus, expanded chondrocytes from 2D culture are 
commonly redifferentiated through 3D culture to maximize both the quality and quantity of cultured chondrocytes.

The present study focused on a strategy of expanding isolated canine articular chondrocytes (CACs) in conventional 2D culture 
using self-synthesis ECM and high density of cells to provide a cartilage-like condition in-vitro. This culture system imitates the 
microenvironment of native articular cartilage, which is more suitable for redifferentiation process of proliferated chondrocytes. 
In general, cultured cells should be passaged during the log phase, prior to reaching confluence. However, this study attempts to 
prolong the culture period beyond the confluence condition to generate high density pack of cells and an accumulation of ECM. We 
hypothesized that long-term culture of CACs in conventional 2D monolayer could redifferentiate the dedifferentiated chondrocytes 
back to their low proliferative phenotypically stable nature and ECM-rich. The purpose of this study was to investigate the effect of 
culture time on phenotype of cultured articular chondrocytes using CACs in non-passaged long-term monolayer culture.

MATERIALS AND METHODS

Isolation and expansion of CACs
Canine articular cartilage samples were isolated with owners’ formal consent from the femoral head of four dogs (age range 

2–11 years, mean ± SD 6.3 ± 4.9; breed: 2 Beagle, 1 Pomeranian and 1 Shetland sheepdog) at Hokkaido University Veterinary 
Hospital. The 2 Beagles were experimental dogs that were euthanized at the end of an experimental study not related to this 
study, while Pomeranian and Shetland sheepdog were undergoing femoral head and neck ostectomy due to traumatic coxofemoral 
luxation. The use animal samples were in accordance with Hokkaido University Institutional Animal Care and Use Committee 
guidelines (approval #12-0059). Chondrocytes were released from articular cartilage by dissection and digestion in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 0.3% collagenase type I (Wako Pure 
Chemicals Industries, Osaka, Japan) for 18 hr. The released chondrocytes were filtered through a nylon filter, then primary 
chondrocytes were expanded at a density of 1.0 × 104 cells/cm2. The culture medium used for all cultures in this study was DMEM 
containing 10 mM HEPES (Dojindo, Kumamoto, Japan), 25 mM NaHCO3 (Wako), 100 U/ml penicillin G potassium (Wako), 
73 U/ml streptomycin sulphate (Wako) and supplemented with 10% fetal bovine serum (Nichirei Biosciences Inc., Tokyo, Japan). 
Chondrocytes were passaged at 80–90% confluence by washing with phosphate-buffered saline (PBS) and released from culture 
dishes using 0.05% trypsin (Wako) in PBS.

Chondrocytes culture
In this study, third passage (P3) CACs were seeded and cultured as monolayer at different initial seeding densities of 0.2 × 104 

(Low seeding density; LD), 1.0 × 104 (Normal seeding density; ND) and 5.0 × 104 cells/cm2 (High seeding density; HD) in 12-well 
polystyrene culture plates (Corning, Lowell, MA, USA) at 37°C and 5% CO2 with DMEM containing 10% fetal bovine serum. 
The culture medium was changed twice per week and cultures were maintained under these conditions up to 8 weeks without 
subculturing. To confirm proliferative activity of the cells after 8 weeks, chondrocytes were subcultured once to forth passage (P4) 
at 1.0 × 104 cells/cm2. Total cell count and cell viability were evaluated by trypan blue staining every 4 weeks. Cell morphology 
and confluency of cultured chondrocytes were observed under a light microscope.

Chondrocyte growth curve
The growth curve of cultured chondrocytes was evaluated by 3-(4,5-dimehylthiazolyl-2) 2,5-diphenyltetrazolium bromide (MTT; 

Dojindo) colorimetric assay. Chondrocytes were seeded in 96-well polystyrene culture plates (Corning) and cultured up to 168 hr. 
MTT assay was performed every 24 hr as follows: the cells were washed with PBS and replaced with MTT solution (0.5 mg/ml) 
prepared in DMEM, then culture plates were incubated for 4 hr at 37°C. The solution was then aspirated and dimethyl sulfoxide 
(Wako) was added to dissolve formazan crystals. The absorbance of each well was quantified at 570 nm using a microplate reader 
(Multiskan FC, Thermo Scientific, Vantaa, Finland). Each sample was assessed in quintuplicate at each time point.
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Biochemical analysis
Cell lysates of cultured chondrocytes were collected from 12-well polystyrene culture plates every 2 weeks during the culture 

period for quantification of total DNA and GAGs content. After culture media was removed and washed with PBS, papain solution 
containing 300 µg/ml papain (Sigma-Aldrich, St. Louis, MO, USA) in 20 mM Na2HPO4 (Wako), 2 mM dithiothreitol (Wako) and 
1 mM EDTA (Dojindo) was added to perform cell digestion. Digested chondrocytes were incubated with papain solution for 18 hr 
at 60°C. The total DNA content was quantified by Hoechst 33258 assay (Wako) with a calf thymus DNA as a standard (Sigma-
Aldrich) and detected with 350/460 nm filter set. Total GAGs content quantification was performed with cell lysate and culture 
media to evaluate both GAGs accumulation and GAGs released in culture media. Dimethylmethylene blue (DMMB) assay (Sigma-
Aldrich) was used with chondroitin sulphate as a standard (Wako) and absorbance was measured at 525 nm, then normalized with 
DNA content. Microplate reader (Infinite M200 Pro, Tecan, Männedorf, Switzerland) was used for measurement in both assays.

Identification of ECM
Alcian blue staining was performed in 12-well polystyrene culture plates every 2 weeks during the culture period. After culture 

media was removed and washed with PBS, cells were fixed with 4% formaldehyde (Wako) for 30 min. The solution of 1% alcian 
blue (Sigma-Aldrich) dissolved in distilled water was added into culture plates and incubated for 30 min. The staining solution was 
removed, cells were washed thrice with 0.1 N HCl (Wako) and once with distilled water to neutralize the acidity of HCl. A stained 
ECM of cultured chondrocytes was observed on both visual inspection and under a light microscope.

Gene expression analysis
Total RNA was extracted from cultured chondrocytes every week up to 8 weeks using TRIZol reagent (Invitrogen, Carlsbad, 

CA, USA), according to the manufacturer’s instructions. Absorbance ratio at 260/280 and 260/230 nm were used to evaluate RNA 
concentration and purity. Complementary DNA was synthesized by using 1 µg of RNA and reverse transcribed with Oligo (dt) 15 
primer using M-MLV RT kit (Invitrogen), according to manufacturer’s recommended protocol. Real-time quantitative PCR (qPCR) 
was performed on Rotor-gene Q instrument (Qiagen, Hilden, Germany) using KAPA SYBR FAST qPCR kit (KAPA Biosystems, 
Woburn, MA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. Collagen type I, 
collagen type II, aggrecan, Sox9 and matrix metalloproteinase 13 (MMP-13) were used to evaluate chondrocyte differentiation. The 
delta-delta Ct method of relative quantification was used to quantify the expression of each target gene. Primer sequences for all 
genes were designed according to the data published on the National Center for Biotechnology Information (NCBI) website using 
Primer-BLAST programs. Primer sequences, amplicon length and accession number are indicated in (Table 1).

Analysis of chondrocyte ultrastructure
Chondrocyte ultrastructure was observed and compared in the ND group between week 1 and 8 of culture using a transmission 

electron microscope (TEM). Chondrocytes in 12-well polystyrene culture plates for TEM analysis were fixed with 2.5% 
glutaraldehyde (Wako) in 0.1M sodium cacodylate buffer (Wako) for 30 min and post fixed with 1% osmium tetra oxide (Wako) 
in the same buffer for 1 hr at 4°C. Fixed samples were then dehydrated through a series of ethanol solutions in ascending 
concentrations up to 99.5%. After dehydration, the samples were immersed in propylene oxide (Wako) and embedded in Epon 
resin (Nisshin EM, Tokyo, Japan) at 60°C for 48 hr. Ultrathin sections at 60 nm were obtained using an ultramicrotome (Reichert 
Ultracut S, Leica Microsystems, Vienna, Austria) and collected on 200 mesh copper grids (Nisshin). The sections were double-
stained with uranyl acetate and lead citrate (Sigma-Aldrich) and examined under a TEM (JEM-1400 plus, JEOL Ltd., Tokyo, 
Japan) at 80 kV.

Statistical analysis
Quantitative data analysis was performed using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA, USA). 

Friedman’s test and Dunn’s multiple comparison test were used to evaluate significant differences in the gene expression results, 

Table 1.	 Sequence of primers used in the experiments

Name of gene Primer sequence Amplicon length (bp) Accession number
GAPDH Forward: 5′-CTGAACGGGAAGCTCACTGG-3′ 129 NM_001003142.1

Reverse: 5′-CGATGCCTGCTTCACTACCT-3′
Collagen type I Forward: 5′-CATCCCAGCCAAGAACTGGT-3′ 139 NM_001003187.1

Reverse: 5′-GAAGGCGAGTTGAGTAGCCA-3′
Collagen type II Forward: 5′-CACTGCCAACGTCCAGATGA-3′ 215 NM_001006951.1

Reverse: 5′-GTTTCGTGCAGCCATCCTTC-3′
Aggrecan Forward: 5′-ACTTCCGCTGGTCAGATGGA-3′ 111 NM_001113455.1

Reverse: 5′-TCTCGTGCCAGATCATCACC-3′
Sox9 Forward: 5′-GCCGAGGAGGCCACCGAACA-3′ 179 NM_001002978.1

Reverse: 5′-CCCGGCTGCACGTCGGTTTT-3′
MMP-13 Forward: 5′-GGCTTAGAGGTCACTGGCAAAC-3′ 118 XM_022418390.1

Reverse: 5′-TGGACCACTTGAGAGTTCGGG-3′
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while all other statistical comparisons were performed using analysis of variance and Dunnett’s multiple comparison test. P-value 
<0.05 was considered significant. All quantitative results are presented as mean ± standard deviation (SD).

RESULTS

Effect of seeding density and culture time on the morphology of chondrocytes
Images for cell morphology and confluence level analysis of chondrocytes were captured under a light microscopy during the 

8 weeks culture period (Fig. 1A). In HD, ND and LD seeding groups, chondrocytes reached 100% confluence at 4 (range 3–4), 
8 (range 7–9) and 11 (range 10–12) days, respectively. Chondrocytes cultured in LD and ND group exhibited an elongated, 
fibroblast-like morphology from the beginning of culture, whereas chondrocytes in HD group exhibited a polygonal morphology 
(Fig. 1A). After week 4, there was no morphological difference in chondrocytes between the groups. The opaque spot which 

Fig. 1.	 The light microscope was used to observe cell morphology and confluency condition of chondrocytes culture derived from 2 years old 
Beagle. (A) Monolayer culture of chondrocytes seeded with different initial densities; 0.2 × 104, 1.0 × 104 and 5.0 × 104 cells/cm2 and maintained 
over a period of 8 weeks. Images were captured from chondrocytes cultured at week 1, 4 and 8 of culture. Opaque regions which indicated 
an accumulation of extracellular matrix (ECM) were observed at week 8 of culture. Scale bar=200 µm. (B) Third (P3) and forth passage (P4) 
(subculture from long-term culture) of chondrocytes monolayer culture seeded with 1.0 × 104 cells/cm2 observed at week 1. The basal area of 
chondrocytes in P4 was drastically increased while exhibited a spherical or polygonal morphology. Scale bar=500 µm (left), 200 µm (right).
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indicated an accumulation of ECM was more easily detected in ND and HD group (Fig. 1A). Wide opaque regions could be 
observed at week 8 in all groups with chondrocytes in all culture plates tightly packed and morphologically indistinct (Fig. 1A).

Long-term monolayer cultured CACs are able to resume proliferation after passage but have an altered morphology
Proliferation capability of P4 chondrocytes subculture from P3 long-term monolayer culture (8 weeks) was maintained (Fig. 1B). 

Compared to P3, P4 chondrocytes showed apparently morphological changes during the culture period. Chondrocytes in P3 
showed a typical elongated, fibroblast-like morphology found in monolayer culture, whereas P4 chondrocytes exhibited a spherical 
or polygonal morphology. Furthermore, the basal area of chondrocytes in P4 was shown to be drastically increased compared to P3.

Chondrocytes cultured with different initial seeding densities exhibit a similar pattern of cell growth, while cell number 
was decreased under the post-confluent condition

The growth curve of chondrocytes cultured with different initial seeding densities as determined by MTT assay is shown in 
(Fig. 2). The curve shows a similar pattern of cell growth from day 1 to day 7 among chondrocytes cultured with different initial 
seeding densities. In addition, the total cell number was counted manually with hemocytometer at weeks 4 and 8. Results showed 
the highest cell number at week 4 which significantly decreased at week 8 in all groups (Fig. 3); LD (13.68 ± 0.57 decreased to 
10.8 ± 0.66 × 104 cells/cm2, P=0.009), ND (14.6 ± 0.93 decreased to 12.05 ± 0.5 × 104 cells/cm2, P=0.02) and HD (16.88 ± 1.06 
decreased to 14.3 ± 1.49 × 104 cells/cm2, P=0.017). Furthermore, the cell number at week 4 increased at 68.4, 14.6 and 3.4-fold in 
LD, ND and HD group, respectively compared to initial seeding density.

Quantification of total DNA and GAGs content of chondrocytes
The amount of DNA and GAGs as quantified by Hoechst 33258 and DMMB assay at every 2 weeks during the culture period 

demonstrated a similar pattern between chondrocytes cultured with different initial seeding densities (Fig. 4). DNA content in 
all groups was highest at week 4 then steadily decreased until week 8 with significant difference in DNA content found between 
week 2 and 4 in LD (7.85 ± 1.39 versus 11.08 ± 1.75 µg/ml, P=0.022) and HD (15.18 ± 0.97 versus 18.08 ± 3.37 µg/ml, P=0.008) 
groups (Fig. 4A). Total GAGs content measured in cell lysate was increased at week 6 and the highest content observed at week 8. 
There was significant difference in GAGs content between week 2 and 8 in all groups; LD (0.9 ± 0.14 versus 1.68 ± 0.73 µg/µg of 
DNA, P=0.001), ND (0.86 ± 0.11 versus 1.33 ± 0.43 µg/µg of DNA, P=0.003) and HD (0.55 ± 0.07 versus 1.23 ± 0.16 µg/µg of 
DNA, P=0.015) (Fig. 4B). For the total GAGs content measured in culture media, significant difference was observed only in LD 
group, between week 2 and 8 (0.66 ± 0.09 versus 0.92 ± 0.17 µg/µg of DNA, P<0.001) (Fig. 4C).

Fig. 2.	 Growth curve of chondrocytes cultured in monolayer during 
the first 7 days. A similar trend of growth curve was observed from 
chondrocytes cultured seeded with 0.2 × 104, 1.0 × 104 and 5.0 × 104 
cells/cm2. The data are represented as the mean ± SD.

Fig. 3.	 Number of chondrocytes (cells/cm2) in mono-
layer culture seeded with different initial densities; 0.2 
× 104, 1.0 × 104 and 5.0 × 104 cells/cm2 maintained 
under post-confluence condition at week 4 and 8 of 
culture. Number of chondrocytes was significantly 
decreased after week 4 in all groups. The data are rep-
resented as the mean ± SD (*P<0.05 and **P<0.01).
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Long-term monolayer cultured CACs synthesize abundant amount of ECM as determined by Alcian blue staining
Results from alcian blue staining for GAGs synthesis, which is an important ECM component of articular cartilage are shown 

in (Fig. 5). Accumulation of GAGs in monolayer cultured CACs indicated a gradual increase in staining intensities in a time-
dependent manner from 2 to 8 weeks. After culture for 2 weeks, positive staining was detected in ND and HD group compared 
to chondrocytes cultured in LD group which showed weaker alcian blue stain. From week 4 until week 8, there was no difference 
in staining intensities between each group, although all groups at week 6 and 8 tended to have a strong alcian blue positive stain 
indicating increased GAGs deposition.

Alteration in gene expression of long-term monolayer cultured chondrocytes
The mRNA expression in each group was statistically compared to week 1 as the control. As shown in (Fig. 6), most 

genes exhibited higher expression when culture time was increased, except collagen type I. Collagen type I expression was 
downregulated after week 1 and showed the lowest expression during week 5 and 6, whereas in ND group at week 6, it was 
downregulated more than 8-fold (P=0.001) compared to week 1 (Fig. 6A). The mRNA expression level of matrix proteins; 
collagen type II and aggrecan were both upregulated in a time-dependent pattern with the highest expression observed in HD 
group. In fact, at week 8, collagen type II and aggrecan expression were upregulated more than 350-fold (P<0.001) and 40-fold 
(P=0.002), respectively compared to week 1 (Fig. 6B, 6C). In addition, the expression of Sox9 was highest at week 8 in ND group 
which was upregulated more than 180-fold (P<0.001) compared to week 1 (Fig. 6D). Interestingly, the expression pattern of MMP-
13 was similar to that of matrix proteins with the highest expression observed in HD group by 1000-fold (P=0.03) in chondrocytes 
cultured at week 7 compared to week 1 (Fig. 6E).

Ultrastructure of chondrocytes
The ultrastructure of chondrocytes cultured in monolayer as observed under TEM is shown in (Fig. 7). Chondrocytes from week 

1 (Fig. 7A–C) and 8 (Fig. 7D–F) both contained abundant rough endoplasmic reticulum (RER) and mitochondria. Most of the 
chondrocytes from week 8 became hypertrophic, with an apparent increase in cell volume. Dilated RER was commonly observed 
in both week 1 and 8 chondrocytes cultures, whereas mildly dilated RER was observed in week 1 (Fig. 7B) and massively dilated 
RER was noted in week 8 chondrocytes cultures (Fig. 7E). Interestingly, autophagic vacuoles were normally observed in both 
chondrocytes at week 1 and 8 (Fig. 7B, 7E); however, the number and size of autophagic vacuoles was slightly increased in week 8 
compared to week 1.

Fig. 4.	 Biochemical analysis of long-term monolayer cultured chondrocytes seeded with different initial densities; 0.2 × 104, 1.0 × 104 and 5.0 × 
104 cells/cm2 and maintained over a period of 8 weeks. The analysis was performed every 2 weeks during the cultured period. (A) Quantification 
of DNA content in cell lysate by Hoechst assay, which indicates the highest DNA content at week 4, then steadily decreases until week 8. (B, C) 
Quantification of glycosaminoglycans (GAGs) content (normalized with DNA content) by dimethylmethylene blue (DMMB) assay in cell lysate 
and culture media, respectively. The data are represented as the mean ± SD (*P<0.05, ** P<0.01 and *** P<0.001).
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DISCUSSION

Expansion of chondrocytes is an unavoidable process that plays a critical role in cartilage therapeutic interventions as well as 
to serve as a model for research purposes. However, a significant problem of chondrocytes cultured in monolayer after prolonged 
culture and serial passage is the dedifferentiation phenomenon, which is characterized by the gradual change from the chondrocyte 
phenotype to fibroblast-like phenotype [7, 11, 22, 32]. The present study describes the characteristic changes of chondrocytes 
during long-term culture in conventional 2D monolayer. Our findings demonstrate that the phenotypic loss of dedifferentiated 
chondrocytes cultured in conventional 2D monolayer could be spontaneously restored by an appropriate culture time in standard 
culture medium without the addition of known chondrogenic growth factors or using tissue-culture scaffolds.

Initial seeding density in chondrocytes culture is considered as an important factor in the phenotype stability of chondrocytes 

Fig. 5.	 Alcian blue staining for glycosaminoglycans (GAGs) in long-term monolayer cultured chondrocytes seeded with different initial densities; 
0.2 × 104, 1.0 × 104 and 5.0 × 104 cells/cm2 and maintained over a period of 8 weeks. The chondrocytes were derived from 2 years old Beagle 
and the staining was performed in 12-well polystyrene culture plates every 2 weeks during the cultured period. Alcian blue stained images of 
long-term monolayer cultured chondrocytes (A) observed on culture plates and (B) observed under the light microscope. Alcian blue staining of 
GAGs was clearly observed from week 4 in all groups, while the staining intensities were gradually increased in a time-dependent manner. Scale 
bar=200 µm.
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[14, 32, 45]. High initial cell number is able to reduce cell division rounds needed to reach confluence and support cell-cell 
interactions, which enhances the expression of cell adhesion molecules N-cadherin [9, 14, 23, 26, 45]. Although chondrocytes 
cultured with low initial cell number generally exhibit fibroblast-like morphology, our results showed no morphological difference 
of chondrocytes between high and low initial cell number after culture for 4 weeks. Chondrocytes cultured at different initial 
seeding densities resulted in a similar pattern of growth. Interestingly, MTT assay results from the HD group indicated cell growth 
even after confluence condition was observed by day 4. This is consistent with what has been reported in previous studies which 
demonstrated that chondrocytes in monolayer could culture stratify and form a layer under post-confluence condition [16, 19, 34]. 
However, our results show that chondrocytes maintained in 2D monolayer cultures have limited increase in cell number and 
DNA content by week 4, then gradually declines until week 8. Although the stratified culture was possible in the post-confluence 
condition, the high number of cells eventually triggers the contact inhibition phenomenon and terminates chondrocytes proliferation 
[21]. This finding indicates the possibility of stratified culture, the limit of cell proliferation and maximum cell number gain in 
monolayer culture.

Apart from achieving high cell numbers and densely packed chondrocytes, the post-confluence condition maintained in this 
study was intended to promote contact inhibition so as to completely terminate chondrocytes proliferation. This was done as an 
attempt to mimic the nature of articular chondrocytes embedded in cartilage matrix that are characterized by a post-mitotic status 
which aid to preserve their phenotype in long-term [17, 32]. Similar to a previous study [34], our results from DMMB assay 
and alcian blue stain confirms that an abundant amount of ECM is synthesized and accumulated during post-confluence culture, 
particularly after week 4, in which cell proliferation is terminated. This has been previously suggested to be due to proliferative 
and synthetic activities of chondrocytes being inversely related [32]. Surprisingly, chondrocytes subcultured from these long-
term monolayer conditions were able to resume proliferation and exhibited a polygonal morphology instead of a fibroblast-like 
morphology. However, the basal area of these chondrocytes was observed to be drastically increased, which indicate hypertrophic 
differentiation [18].

Fig. 6.	 Relative mRNA expression of chondrocytes in long-term monolayer culture seeded with different initial densities; 0.2 × 104, 1.0 × 104 and 
5.0 × 104 cells/cm2 and maintained over a period of 8 weeks were analyzed with real-time quantitative PCR (qPCR). The relative expression of 
each gene was normalized to the housekeeping gene, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The expression of (A)collagen 
type I was decreased, while the expression of (B) collagen type II (C) aggrecan (D) Sox9 and (E) matrix metalloproteinase 13 (MMP-13) were 
increased during the entire culture period. The data are represented as the mean ± SD (*P<0.05, **P<0.01 and ***P<0.001).
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The qPCR was used to evaluate the alteration in mRNA expression of chondrocytes under long-term culture. The results 
demonstrate that the mRNA expression profile of chondrocytes is dramatically affected by culture time, with downregulation of 
fibroblast marker (collagen type I) and upregulation of chondrocyte specific markers (collagen type II and aggrecan), chondrogenic 
marker (Sox9) and hypertrophic marker (MMP-13) [22, 25, 36]. Compared to conventional 2D monolayer culture, which is unable 
to maintain chondrocytes phenotype, long-term monolayer culture used in this study exhibited the remarkable capability to support 
the chondrocyte phenotype. This is consistent with a previous study which found that long-term post-confluence monolayer 

Fig. 7.	 Transmission electron microscopy (TEM) analysis of chondrocytes ultrastructure in long-term monolayer culture seeded with 1.0 × 104 
cells/cm2 compared between week 1 (A–C) and 8 (D–F). The chondrocytes were derived from 2 years old Beagle. (A, D) Chondrocytes from 
both week 1 and 8 contained abundant rough endoplasmic reticulum (RER) (arrowhead) and mitochondria (Mi). Dilated RER was observed in 
both samples with different dilation degrees, whereas (B) mildly dilated RER was observed in week 1 and (E) massively dilated RER was ob-
served in week 8. The autophagic activity of chondrocytes was indicated by the presence of an autophagic vacuoles (arrow). (E, F) Chondrocytes 
maintained in long-term culture showed an increasing in number and size of an autophagic vacuoles compared to chondrocytes in week 1. Other 
cellular organelles presented in the images are including, nucleus (Nu) and golgi apparatus (G). All images are from 60 nm-thick. Epon resin 
ultrathin section double-stained with uranyl acetate and lead citrate and examined under a TEM at 80 kV. Scale bar=2 µm (A); 1 µm (B, E, F); 
500 nm (C); 5 µm (D).
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chondrocytes culture are capable of collagen type II upregulation [4]. The high expression of collagen type II and aggrecan, 
together with low expression of collagen type I corresponded with transcription factor Sox9 expression, which activates several 
chondrocyte specific markers, represses collagen type I and is considered as a crucial factor in cartilage formation [1, 7, 13, 14, 40]. 
Taken together, these findings indicate that prolonged culture under post-confluence condition allows chondrocytes to become 
stratified, despite the proliferation limit, which promotes more cell-cell interaction and enforce a rounded chondrocyte morphology 
[15, 38, 43]. Interestingly, increased cell basal area was correlated to MMP-13 mRNA which was highly expressed with increase in 
culture time. MMP-13 is the chondrocyte hypertrophic marker and major collagen type II degrading collagenase, which has been 
previously shown to be downregulated by the negative regulator of chondrocyte hypertrophy, Sox9 [13, 27]. The high expression of 
MMP-13 mRNA could be related to cellular response due to the vast amount of ECM deposited especially at week 6 and 8 in these 
cultures requiring remodeling to permit cell enlargement but could also be an indication of a mixed population of chondrocytes [10].

By TEM analysis, dilated RER was observed in both sub-confluent (week 1) and post-confluent (week 8) chondrocytes 
culture. Mildly dilated RER was observed in sub-confluent culture which has been shown to indicate the cellular activity of 
chondrocytes reflecting the synthesis function that generally occurs to some extent in healthy chondrocytes [33, 37, 39]. However, 
massively dilated RER that was mostly observed in long-term cultures compared to week 1 has been associated with hypertrophic 
chondrocytes found in the epiphyseal plate [3, 5, 31]. On the other hand, the observed autophagic vacuoles in chondrocytes 
indicates an autophagy activity, which is the physiological cellular mechanism that degrades macromolecules and organelles to 
sustain cellular metabolism. Constitutive autophagy is essential to maintain cellular function and survival, especially in the low 
turnover rate cell like chondrocytes [6, 8, 24]. Several studies suggest that a decrease in the autophagic activity of chondrocytes 
is related to osteoarthritis [6, 8]. Taken together, the present study suggests that chondrocytes in both short- and long-term 2D 
monolayer cultures can maintain autophagy activity.

It should be noted that while the results of the present study may be intriguing, there are a number of limitations that need to be 
highlighted. The results are based on a small sample size of only four dogs with a disparity in breed, age and clinical conditions, 
all of which can have an effect on cells response to culture conditions. This was evident from qPCR results which showed high 
standard deviations between the samples results. Furthermore, chondrocytes phenotype was evaluated only at mRNA level which 
not always correlate to active protein level.

In conclusion, the present study demonstrates that the alteration in characteristics of the CACs in monolayer culture mainly 
depends on culture time. Long-term 2D monolayer culture allows chondrocytes to proliferate to their maximum capacity leading to 
partial redifferentiation and phenotype stability as evidenced by mRNA expression and GAGs deposition profile. However, typical 
with monolayer cultured chondrocytes, some characteristics of hypertrophic differentiation were also observed in these long-term 
cultures. Interestingly, these long-term monolayer cultured chondrocytes can be subcultured and exhibit a decent proliferative 
capability displaying a polygonal as opposed to a typical fibroblastic-like morphology. Thus, long-term monolayer culture model 
might serve as an excellent in-vitro model for cartilage research due to the ECM-rich condition with non-proliferate chondrocytes.
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