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During embryonic cartilage development, proliferation and differentiation are tightly linked with a transient cell
cycle arrest observed during determination and before main extracellular matrix production. Aim of this study
was to address whether these steps are imitated during in vitro differentiation of mesenchymal stem cells (MSCs)
and are crucial for a proper chondrogenesis. Human MSCs were expanded in distinct media and subjected to
pellet culture in chondrogenic medium. Cells were labeled with 5-iodo-2¢-deoxyuridin (IdU) or treated with
mitomycin C at various time points during culture. Apoptosis was detected by cleaved caspase 3. Proliferation
rate of expanded MSCs at start of pellet culture showed a positive correlation with chondrogenesis according to
DNA content, proteoglycan deposition, collagen type II content, and final pellet size. Evenly distributed IdU
signals at day 1 diminished and became restricted primarily to the periphery by day 3. Between days 10 and 21,
IdU-positive cells were detected throughout coinciding with collagen type II positivity. Little IdU incorporation
occurred after day 21 and in areas of strong matrix deposition. DNA content decreased and apoptosis was
detected up to day 14. Irreversible growth arrest by mitomycin C fully blocked chondrogenic differentiation and
seemed to arrest differentiation at the stage reached at treatment. In conclusion, chondrogenesis involved a
transient proliferation phase appearing simultaneously with start of collagen type II deposition and growth was
crucial for proper chondrogenesis. Growth and differentiation steps, thus, seemed closely coordinated and
resembled, with respect to proliferation, stages known from embryonic cartilage development. Stimulation of
proliferation and prevention of early apoptosis are attractive goals to further improve MSC chondrogenesis.

Introduction

Mesenchymal stem cells (MSCs) are multipotent, self-
renewing cells that are promising for cartilage regen-

eration strategies. A still unsolved problem of chondrocyte
production from MSCs is, however, the imitation of embry-
onic pathways of articular chondrocyte development in order
to generate hyaline cartilage. MSCs are differentiated into
chondrocytes by inducing them in a micromass pellet culture
system in chondrogenic medium containing transforming
growth factor beta (TGF-b) [1,2]. One primary advantage of
MSCs is their easy availability from bone marrow aspirates [3]
and other tissues like fat [4] or synovial membrane [5,6]. By
using MSCs for cartilage regeneration strategies, there is no
need for a joint surgery to harvest the cells and by means of
extensive expansion a large number of cells can be generated
for application. A remaining challenge of MSC-based carti-
lage repair strategies is the limited size of MSC-derived con-
structs, the apparent loss of cells during differentiation and
the unwanted upregulation of hypertrophic markers which
suggest that natural embryonic pathways of articular chon-
drocyte differentiation are not recapitulated [7,8].

Growth and differentiation are tightly linked during em-
bryonic development, and when cartilage develops from
mesenchymal progenitors, cells undergo extensive prolifer-
ation followed by condensation [9,10], a process that in-
creases the cell density and leads to enhanced cell–cell
contacts [11–13]. When the cell-per-volume ratio is high en-
ough, cells that are located centrally of the condensed
structure withdraw from the cell cycle, stop proliferation,
and establish cartilaginous nodules [14]. These contain the
chondroprogenitor cells that, after a transient exit from the
cell cycle, resume cell division and produce components of
the extracellular cartilage matrix, especially proteoglycans
and collagen type II [15–17]. In permanent articular cartilage,
chondrocytes differentiate terminally into mature chon-
drocytes with column formation [18,19]. In the transient
cartilage formed during endochondral bone formation, these
cells undergo a hypertrophic development where they in-
crease in size and upregulate markers like collagen type X
and alkaline phosphatase (ALP) [20].

It is currently unclear whether the same linkage of pro-
liferation and differentiation found in natural chondrocyte
development is recapitulated by common models of MSC
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in vitro chondrogenesis. While the in vitro expansion phase
of MSCs may correspond to the initial proliferation of mes-
enchymal progenitors before condensation, the natural con-
densation step is imitated upon switching to the high-density
pellet system. It is so far unclear, whether proliferation stops
after condensation until cells are designated chondroblasts,
as suggested for mesenchymal progenitors in vivo [16], and
restarts during pellet growth and cartilage matrix deposition.
Knowledge on the proper regulation of cell proliferation
during cell determination and chondrogenesis and the rele-
vance of growth for the success of differentiation seem
mandatory for better in vitro guidance of MSCs in order to
produce larger constructs of a stable chondrocytic phenotype
for MSC-based tissue engineering approaches.

The aim of this study was to address whether growth and
differentiation steps manifest during embryonic cartilage de-
velopment are emulated during chondrogenic in vitro differ-
entiation of MSCs, to contribute information of value toward
optimizing chondrogenic induction protocols. We asked whe-
ther the proliferation rate of MSCs before high-density culture
influences the outcome of chondrogenic differentiation, and
whether proliferation ceases after the transition from expansion
to chondrogenic differentiation conditions or restarts, as seen
in vivo after prechondroblast establishment. By visualizing
dividing MSCs in differentiating micromass pellets by 5-iodo-
2¢-deoxyuridin (IdU) labeling, we establish areas of active
growth in MSC pellets. By blocking proliferation by the
DNA crosslinking reagent mitomycin C, we demonstrate
the relevance of proliferative capacity on the success of chon-
drogenesis.

Materials and Methods

Isolation and expansion of MSCs

MCS were isolated from fresh bone marrow aspirates of
overall 10 donors undergoing total hip replacement. The
studies were approved by the local ethics committee and
informed consent was obtained from all individuals included
in the study. Cells were fractionated by Ficoll density cen-
trifugation and the mononuclear cell fraction was counted,
divided into 4 equal parts, and seeded into culture flasks in 4
different expansion media. The control medium [21] com-
posed of Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (Gibco, Invitrogen), 2% fetal calf serum (FCS) (Sero-
med/Biochrom), 40% MCDB201, 2 · 10 - 8 M dexamethasone,
10 - 4 M ascorbic acid-2 phosphate, 2% ITS supplement (all
Sigma-Aldrich), 100 units/mL penicillin and 100 mg/mL
streptomycin (Biochrom AG), 10 ng/mL recombinant human
epidermal growth factor (Miltenyi), and recombinant human
platelet-derived growth factor BB (Active Bioscience). The
second medium, adopted from embryonic stem cell expan-
sion (ES medium), was composed of DMEM high glucose,
12.5% FCS, 2 mM L-glutamin, 50 mM b-mercaptoethanol, 1%
nonessential amino acids (all Gibco, Invitrogen), 100 units/
mL penicillin and 100 mg/mL streptomycin, and 4 ng/mL
basic fibroblast growth factor (bFGF) (Active Bioscience).
The same medium was conditioned for 48 h by primary
mouse embryo fibroblasts (PMEF-NL; Millipore) and mixed
with 66% unconditioned ES medium to yield conditioned
ES medium. The fourth medium was serum-free [knock-
out DMEM, 20% knockout serum replacement, 1 mM

L-glutamin, 100mM b-mercaptoethanol, 1% nonessential
amino acids, and 4 ng/mL bFGF] mixed with 33% of PMEF-
conditioned medium. The mononuclear cell fraction was
seeded at a density of 0.125 Mio MNC per cm2 in 0.1%
gelatine-coated flasks and maintained at 37�C in a humi-
dified atmosphere and 6% CO2. After 24 h the cells were
washed with phosphate-buffered saline (PBS) to remove
nonadherent cells. MSCs were cultured up to passage 3 at a
density of 5,000 cells/cm2 for the differentiation experiments.
At every passage cell number and culture time were noted in
order to measure the generation time.

3H-thymidine labeling

After expansion under 4 distinct conditions, 12,500 MSCs
per cm2 were seeded in triplicates in adequate media. After
24 h medium was replaced by fresh medium containing
0.025mCi 3H-thymidine. After labeling for 18 h the cells were
intensively washed, lysed, and 3H-thymidine uptake was
measured by a WinSpectral Analyzer.

Induction of in vitro chondrogenesis

Cells from passage 3 were harvested with trypsin/
ethylenediaminetetraacetic acid (EDTA) and pellets consist-
ing of 5 · 105 MSCs were formed in 1.5 mL Eppendorf reac-
tion tubes by centrifugation (50 g for 5 min). Chondrogenic
induction medium consisted of DMEM high glucose sup-
plemented with 0.1 mM dexamethasone, 0.17 mM ascorbic
acid 2-phosphate, 5mg/mL transferrin, 5 ng/mL selenous
acid, 1 mM sodium pyruvate, 0.35 mM proline, 1.25 mg/mL
bovine serum albumin (BSA), 100 units/mL penicillin,
100mg/mL streptomycin, 5mg/mL insulin (Sanofi-Aventis),
and 10 ng/mL TGF-b1 (Peprotech). Pellets were cultured for
6 weeks with medium changed 3 times a week.

Collagen type II immunohistochemistry

Pellets were fixed in 4% paraformaldehyde (PFA) for 2 h
and staining procedures were performed using standard
protocols. Sections (5mm) were stained with 1% alcian blue
(Chroma) for proteoglycans. Immunohistological staining
was performed as described previously (Winter et al. 2003)
[22]. Briefly, sections were pretreated with 2 mg/mL hyal-
uronidase (Merck) and 1 mg/mL pronase (Roche Diag-
nostics). PBS containing 5% BSA was used to block
nonspecific background. Sections were incubated overnight
at 4�C with a 1:1,000 diluted monoclonal mouse anti-human
collagen type II antibody (II-4C11; ICN Biomedicals) in PBS
containing 1% BSA. Reactivity was detected using biotiny-
lated goat anti-mouse secondary antibody (1:500; 30 min, RT;
Dianova), streptavidin-ALP (Dako; 30 min, 20�C), and fast
red (Sigma-Aldrich).

Caspase 3 immunohistochemistry

PFA-fixed paraffin-embedded sections were rehydrated
and microwaved with 0.01 M sodium citrate for 25 min. After
blocking in 5% BSA, samples were incubated with a 1:100
diluted polyclonal-rabbit anti-active caspase 3 antibody
(Abcam) for 1 h at 37�C. The secondary antibody FITC-goat
anti-rabbit ( Jackson Immunoresearch) was diluted 1:250 and
sections were incubated for 1 h at room temperature. All
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sections were stained with Hoechst 33258 (Biotium) as
nuclear staining and directly analyzed by fluorescence
microscopy.

Quantification of proteoglycan content

Pellets (n = 4–5 donors, 2 pellets per donor) were washed
with PBS and fixed with 100 mL methanol at - 20�C. After
washing, pellets were incubated with 0.5% alcian blue so-
lution in 1 M HCl overnight. Next day pellets were washed
extensively with distilled water and alcian blue was ex-
tracted by 200mL of 6 M guanidine hydrochloride (Sigma) for
5 h. The optical density of the extracted dye was measured at
650 nm.

Collagen type II extraction and ELISA

Pellets (n = 4–5 donors, 2 pellets per donor) were digested
with pepsin solution [2.5 mg pepsin/mL pepsin buffer (0.5 M
acetic acid, 0.2 M NaCl)] for at least 16 h. Digest solution was
neutralized with 1 M Tris Base (Roth), 4.5 M NaCl (Roth) was
added, and the solution was rotated overnight at 4�C. After
centrifugation, the supernatant was discarded, the pellets
were resuspended in 400 mL precipitation buffer (0.1 M Tris
Base and 0.4 M NaCl), and the collagens were precipitated
for 4 h at - 20�C with 100% ethanol. After centrifugation, the
supernatant was discarded and the pellets were resuspended
in lysis buffer (50 mM Tris, 150 mM NaCl, and 1% Triton
X-100). The collagen type II content was measured by native
type II collagen detection ELISA (Chondrex) according to
manufacturer’s instructions.

Quantification of DNA content

The DNA content of pellets prepared with MSCs derived
from 3 donors was determined using the Quanti-iT Pico-
Green dsDNA kit (Invitrogen) according to the manufac-
turer’s instructions. For this purpose pellets were harvested
at day 42 of chondrogenic induction and predigested in 1 mL
of Tris-HCl buffer (0.05 M Tris, 1 mM CaCl2, pH 8.0) with
500 mg/mL proteinase K (Roche) overnight at 60�C. The next
day samples were analyzed by mixing 20mL of the digested
sample with 80mL TE buffer (200 mM Tris HCl and 20 mM
EDTA) and PicoGreen solution. Fluorescence measurement
was carried out at 485/535 nm.

IdU labeling and detection

To visualize cell proliferation in pellets at days 1, 2, 3, 7,
10, 14, 21, 28, and 35 of chondrogenic induction, cells of 5
donors were incubated with 20 mM IdU (MP Biomedicals) for
24 h at different time points, washed with PBS, and har-
vested for histology. The thymidine analog IdU was inte-
grated into DNA during DNA replication and was detected
by immunohistochemistry according to Teta and colleagues
[23]. In brief, formalin-fixed pellets were cut into 5 mM sec-
tions and sections were rehydrated in ethanol. The nuclear
membrane was permeabilized with 0.2% Triton X-100 and
the sections were microwaved with 0.01 M sodium citrate.
After blocking in donkey serum, samples were incubated
with a mouse anti-BrdU antibody (Becton Dickison)—
diluted 1:100, overnight at 4�C. The secondary antibody Cy3-
donkey anti-mouse ( Jackson Immunoresearch) was diluted

1:750 and sections were incubated for 1 h. The sections were
stained with DAPI as nuclear staining and analyzed by
fluorescence microscopy.

Mitomycin C treatment

Proliferation of MSCs, either in monolayer or in chon-
drogenic pellet culture of days 1, 7, 10, 14, 21, 28, and 35, was
blocked by a 2-h treatment with 10mg/mL mitomycin C
(Sigma) in the corresponding culture medium [24–26].
Afterward, MSCs or pellets were washed twice with PBS
while the monolayer-treated MSCs were used for pellet for-
mation and shifted to chondrogenic culture conditions for 6
weeks. Pellet cultures were continued in chondrogenic me-
dium until day 42 after start of induction. Influence of mi-
tomycin C treatment on collagen type II deposition was
evaluated semiquantitatively by measuring the collagen type
II–stained area of mitomycin C–treated pellets compared
with untreated control pellets, both harvested at day 42.
Differences in stained areas between the groups were given
as percentage of differentiation blocking.

Statistics

Data are presented as mean – standard deviation. Data
were analyzed statistically by using Mann–Whitney U-test
and P < 0.05 was considered significant. Data analysis was
performed with SPSS for Windows 16.0 (SPSS, Inc.).

Results

Positive correlation between proliferation
and chondrogenesis

The proliferation rate of MSCs during culture expansion
was modulated by growing MSCs from the same donor
under 4 different culture conditions, 3 of which were adap-
ted from embryonic stem cell expansion. According to DNA
synthesis measured by 3H-thymidine uptake at passage 2 or
3 (n = 3 donors per medium group), the proliferation rate of
MSCs was significantly higher in ES and conditioned ES
medium compared with knockout conditioned (ko-cond)
medium and control medium (Fig. 1A).

When cells of all 4 groups were subjected to chon-
drogenesis in micromass pellet culture for 6 weeks, the faster
growing cells from both ES media exhibited a stronger dif-
ferentiation according to proteoglycan and collagen type II
deposition and a larger pellet size (Fig. 1B). After 6 weeks of
chondrogenic differentiation, ES media–expanded groups
contained more DNA than pellets consisting of cells from
control or ko-cond medium (Fig. 1C). Accordingly, the pro-
teoglycan and collagen type II content per pellet (n = 4–5
donors, 2 pellets per donor and group) was significantly
higher in pellets of the ES medium or conditioned ES me-
dium groups compared with both other groups (P < 0.05).
Remarkably, conditioning of ES medium had a positive
influence on collagen type II but not on proteoglycan
deposition (Fig. 2). In summary, faster growing cells showed
a superior chondrogenic differentiation suggesting a posi-
tive correlation between proliferation rate before start of
high-density culture and chondrogenesis, which may be at-
tributed to a number of factors in these highly complex
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FIG. 1. Positive correlation between proliferation and chondrogenesis. (A) MSCs of 3 donors were expanded up to passage
2 or 3 in 4 different media. About 12,500 MSCs per cm2 were seeded in triplicates and cultured for 1 day before cells were
labeled with 3H-thymidine. (B) MSCs from 5 donors were cultured in 4 different media up to passage 3 and pellets consisting
of 5 · 105 MSCs were subjected to chondrogenic induction for 6 weeks. Paraffin-embedded sections were stained for pro-
teoglycan deposition by alcian blue shown in the upper panel and collagen type II was detected by immunohistology shown in
the lower panel. (C) DNA content of representative pellets of each group was determined by PicoGreen assay. Mean – s.d.,
*P < 0.05 compared with control medium. #P < 0.05 compared with ko-cond. (Mann–Whitney U-test). MSCs, mesenchymal
stem cells; ko-cond, knockout conditioned. Color images available online at www.liebertonline.com/scd

FIG. 2. Enhanced proteoglycan and collagen type II deposition by ES-expanded MSC pellets. MSCs of 5 donors were
expanded up to passage 3 in 4 different media and MSCs of each medium group were subjected to chondrogenic differ-
entiation for 6 weeks. (A) Proteoglycan deposition was estimated by alcian blue assay and (B) collagen type II deposition was
determined by ELISA (each 2 pellets per donor and medium group). Data are given relatively to control medium set as 1.
Mean – s.d., *P < 0.05 compared with ES and conditioned ES medium. #P < 0.05 compared with ES medium (P < 0.05, Mann–
Whitney U-test).
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media. All following experiments were performed with the
nonconditioned ES medium.

Rapid decline and transient restart of proliferation
during chondrogenesis

To assess the cell content of differentiating pellets, total
DNA content was measured weekly during chondrogenic
differentiation. Cell numbers decreased significantly from

day 1 to 14 and remained on this level until 6 weeks of
differentiation (Fig. 3A), providing evidence for extensive
cell death within the first 2 weeks of differentiation. In line
with this, cells with apoptotic bodies and cleaved caspase 3
fragments appeared throughout the pellet at days 3–4 of
culture (Fig. 3B). Dead cells tended to become concentrated
in one part of the pellet thereafter. While caspase 3–positive
cells were still evident at day 10, no apoptosis was obvious
beyond day 15 in line with the DNA content. To detect

FIG. 3. Apoptosis and pro-
liferation of MSCs during
chondrogenic differentiation.
(A) At days 1, 7, 14, 21, 28, 35,
and 42 of chondrogenic dif-
ferentiation the DNA content
of pellets (n = 5 donors) was
assessed by PicoGreen assay
* significant different to day 1
and day 7 (p < 0.05). (B) Par-
affin-embedded sections of
pellets were stained for the
apoptosis marker cleaved
caspase 3 by immunohistology
at day 3 of chondrogenic dif-
ferentiation. (C) At denoted
time points of differentiation
chondrogenic medium was
supplemented with 20 mM of
IdU and pellets were har-
vested directly after the la-
beling period (24 h). IdU
incorporation was detected in
paraffin-embedded sections
by immunohistology. (D)
Whole view of pellets labeled
with IdU at days 9, 14, and 35
of chondrogenic differentia-
tion. Serial sections were
stained to evaluate a correla-
tion of regions of prolifera-
tion with areas of collagen
type II deposition. IdU,
5-iodo-2¢-deoxyuridin. Color
images available online at
www.liebertonline.com/scd

2164 DEXHEIMER, FRANK, AND RICHTER



actively dividing cells at days 1, 2, 3, 7, 9, 14, 21, 28, and 35 of
chondrogenesis, newly synthesized DNA was labeled for
24 h by IdU in pellets of 5 donors and culture was stopped
immediately after labeling. On the first day of chondrogenic
induction, IdU incorporation was evident across the whole
pellet in samples of all donors, but decreased rapidly since
the label was restricted primarily to the periphery of the
pellet already at day 2. On days 3 and 7 no IdU-positive cells
were evident except for a few cells in the outermost area of
the pellet (Fig. 3C). Remarkably, cells resumed cell division
in distinct regions in the inner part of the pellets as evident
from IdU-positive cells in pellets labeled at day 14 or day 21
with the exact time point varying with the donor (Fig. 3C).
Serial sections stained for collagen type II deposition sug-
gested that cells divided in areas just turning positive for
collagen type II protein (Figs. 3D and 4A) while no labeling
was evident in regions with a strong collagen type II depo-
sition. At day 35 of chondrogenesis proliferation had always
stopped throughout the pellets (Fig. 3D).

Label-retaining cells persist in the pellets

To determine the fate of the dividing cells in view of a
constant DNA content of pellets from day 14 onward, pulse-
chase experiments were performed. Cells were labeled with
IdU at day 9, day 14, day 17, and day 20 of chondrogenic
induction for 48 h and the fate of labeled cells was assessed
after a chase of 4 and 8 days, respectively. Cells labeled at
days 9/10 were still restricted to the pellet periphery (not

shown). At days 14/15 much label was obvious in the inner
part of the pellets in regions turning positive for collagen
type II (representative data Fig. 4B). This proliferation ac-
tivity was ongoing on days 17/18 but ceased around days
20/21 when collagen type II was deposited all over the pellet
(data not shown). After a chase of 4 and 8 days, a high
number of label-retaining cells was obvious in days 14/15
(Fig. 4B) or days 17/18 labeled pellets, suggesting that the
dividing cells were cycling slowly or dropped out of the cell
cycle and produced extracellular matrix. During ongoing
differentiation it appeared that labeled cells were pushed
apart from each other by increasing matrix deposition (Fig.
4B, chase 8 days).

Early irreversible growth arrest blocks chondrogenic
differentiation

To investigate a causal relationship between proliferation
and differentiation and to assess a possible value of prema-
ture growth arrest during in vitro chondrogenesis, MSCs
from 5 donors were treated with mitomycin C, an alkylating
agent that crosslinks DNA and therefore blocks mitosis ir-
reversibly. The cells were exposed either during the last 2 h
of monolayer expansion and then subjected to chondrogen-
esis or pellets were treated on days 1, 7, 10, 14, 21, 28, and 35
of chondrogenesis and differentiation culture was continued
up to day 42. Mitomycin C treatment in monolayer or on day
1 of pellet culture completely inhibited differentiation and
pellets consisted of an only partly viable but partly

FIG. 4. Proliferating cells in
regions turning positive for
collagen type II persist dur-
ing ongoing differentiation.
(A) Serial sections of a pellet
labeled with IdU for 24 h at
day 21 of chondrogenic dif-
ferentiation were stained for
collagen type II and IdU by
immunohistology. Lines mark
similar positions in the serial
sections. Note the localization
of labeled cells around cen-
ters of collagen type II depo-
sition. (B) Pellets were
labeled with IdU at day 14 of
chondrogenic differentiation
for 48 h. Pellets were har-
vested either directly (left) or
after a chase of 4 and 8 days
after labeling, respectively.
Color images available online
at www.liebertonline.com/scd
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disintegrated cell mass (Fig. 5). Mitomycin C treatment at
day 10 still inhibited chondrogenesis in pellets from most
donors; however, part of the cells were capable to proceed to
cartilaginous matrix deposition. Treatment on day 14 still
resulted in inhibition of differentiation in up to half of the
pellet area while treatment on day 21 affected differentiation
only in about 15% of the area on average. From day 28 on-
ward no influence of mitomycin C treatment was apparent
(Fig. 5A, B).

Discussion

In effective MSC-based tissue engineering strategies for
cartilage repair, replicating natural developmental pathways
of chondrocyte differentiation is desired. Up to now, this has

not been fully achieved due to the unwanted loss of cells and
hypertrophic development of MSCs. Therefore, a better un-
derstanding of potential differences of in vitro chondrogen-
esis and embryonic cartilage development [9,10] is
warranted to improve chondrogenic differentiation proto-
cols. To mimic the tightly controlled growth and differenti-
ation steps of embryonic cartilage development, in vitro
chondrogenesis should begin with fast proliferating MSCs,
proceed with condensation and adaptation to high cell
density with a temporary cessation in proliferation, and later
restart of cell division after chondroprogenitor cells were
formed. Together with cartilage matrix deposition, this cell
growth would enlarge the pellet size until terminal differ-
entiation is reached under stop of proliferation. Apoptosis
and cell death do not compose natural stages of early

FIG. 5. Effect of mitomycin C treatment on chondrogenic differentiation of MSCs. (A) MSCs in monolayer or at days 1, 7, 10,
14, 21, and 28 of chondrogenic differentiation were treated with 10 mg/mL mitomycin C for 2 h to induce irreversible growth
arrest and chondrogenic culture was continued up to day 42. Untreated control pellets (insets) were harvested at the time of
mitomycin C treatment in order to assess the degree of differentiation before growth arrest by collagen type II immuno-
histochemistry. (B) Semiquantitative evaluation of the relative collagen type II–negative area of mitomycin C–treated pellets
(day 42) compared with the day 42 untreated control pellets set as 0% blocking (full differentiation). Color images available
online at www.liebertonline.com/scd
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embryonic articular cartilage development, except in areas of
joint space formation, nor are they early events of the en-
dochondral pathway in the growth plate.

This study demonstrates that, indeed, beginning differ-
entiation with MSC populations growing faster during ex-
pansion correlated with the formation of larger pellets
containing more cells, more proteoglycans, and more colla-
gen type II. We conclude that, if cell metabolism is high, then
more cells survive the shift from 2D-proliferation to con-
densation and determination to the chondrogenic lineage.
This suggests that optimizing proliferation rate during ex-
pansion and before start of pellet culture is a means to
achieve better differentiation results.

Regarding early events after start of pellet culture, a pre-
vious study on cell proliferation during in vitro chon-
drogenesis of MSCs reported about a 30% increase in cell
number between day 0 and 7 and a loss of cells, apparently
through apoptosis, thereafter [27]. These results implied that
MSC pellets undergoing in vitro chondrogenesis via com-
mon protocols lack the natural sequence of transient growth
arrest and appropriate control of growth and differentiation
steps during chondrocyte development, which could be a
main reason for small construct size and suboptimal differ-
entiation results. The current study challenges this view,

demonstrating that the shift of MSCs from fast proliferation
in monolayer to high-density pellet culture indeed imitated
the embryonic in vivo condensation step of mesenchymal
progenitors associated with transient withdrawal from the
cell cycle [15] until chondroprogenitor cells are established
[16]. MSCs rapidly stopped proliferating within 1 day of
pellet culture and, except for few residual cells in the out-
ermost layer, remained growth arrested until days 10–14,
with the exact time point depending on the donor (Fig. 6).

Like in natural development, chondroprogenitors pre-
pared to become chondroblasts then clearly resumed cell
division at the same time as synthesizing large amounts of
cartilaginous matrix, evident by the fact that they were lo-
calized in pellet areas turning positive for collagen type II.
DNA labeling of parallel pellets on days 9, 14, 17, and 20
demonstrated that proliferation of chondroblasts lasted for
about 1 week. Remarkably, the high fraction of label-retain-
ing cells in pulse-chase experiments suggested that dividing
chondroblasts were cycling slowly or would drop out of the
cell cycle altogether. Thus, some of the cells may resume cell
division for only one cycle while a portion of the cells may
undergo few cycles or do not divide at all. From serial sec-
tions it appeared that cells in one area of a pellet may pre-
cede cells in another area in starting to proliferate and

FIG. 6. Steps of in vivo embry-
onic cartilage development and in
vitro chondrogenesis of MSCs.
Color images available online at
www.liebertonline.com/scd
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turning collagen type II positive, suggesting that some cells
may enter the chondroblast stage earlier than others. Most
interestingly, reappearance of dividing cells at 10–14 days
coincides with a drop of parathyroid hormone-related pro-
tein (PTHrP) levels and induction of Indian hedgehog (IHH)
expression in pellets, according to our previous studies [28].
This suggests a possible regulation of proliferation by
changing PTHrP/IHH levels, as known from chondrocytes
in the growth plate [29,30]. In some pellets, layers of prolif-
erating cells surrounded centers of strong collagen type II
deposition (Fig. 4A) in line with molecular gradient orga-
nizing differentiation, such as in (curved) primitive growth
plates moving through the pellet. Consistently, proliferation
ceased when the pellet was differentiated throughout, again
in line with the natural terminal differentiation to chon-
drocytes in articular cartilage and growth plate.

According to irreversible growth arrest of cells with mi-
tomycin C before start of pellet culture, proliferation ability
of MSCs is a requirement for successful in vitro chon-
drogenesis. At later time points loss of proliferation ability
apparently arrested chondrogenic differentiation at the stage
reached at treatment (Fig. 5A) suggesting a tight linkage
between growth and differentiation also in this in vitro
model. Since a similar incubation of monolayer MSCs with
the irreversible mitosis inhibitor mitomycin C did in no way
impair mineral deposition and ALP activation as markers of in
vitro osteogenesis in our previous study [31], we exclude that
toxic effects of mitomycin C alone may explain our results.

In conclusion, growth and differentiation were closely
coordinated during chondrogenesis of MSCs and resembled,
with respect to proliferation, stages known from embryonic
cartilage development (Fig. 6). This is remarkable in light of
unaltered medium conditions throughout chondrogenesis
and suggests that a self-sustaining intrinsic differentiation
program was triggered, which should be further character-
ized in future studies.

The inappropriate and unnatural part of in vitro chon-
drogenesis according to our study was, however, the high
cell death observed from day 3 up to day 15 in line with
previous reports [32]. About 50% of the cells are finally lost
by apoptosis or other forms of cell death and the rapid peak
of cell death around days 3–4 suggests that the shift to high
cell density and low nutrient and oxygen conditions is a
delicate step and one main reason for cell loss. Most likely, it
is a result of a selection process whereby the fittest and most
adaptable cells survive at the cost of the remaining cell mass
that degenerated especially in the pellet center, while even
some cell proliferation continued in the periphery through-
out the first 3 weeks. Overall it is, thus, appealing to modify
and facilitate growth of MSCs at discrete steps to allow more
cells to enter and successfully pass the chondrogenic path-
way. Possibly this could also avoid the waste of about half of
the cells after a time-consuming and expensive in vitro
production.

Altogether, our data demonstrate that in vitro chon-
drogenesis of MSCs partially imitates growth and differen-
tiation steps known from embryonic cartilage development
and suggest that proliferation before and during chon-
drogenesis is important for success. Thus, it seems not too
oversimplified but rather a highly attractive model based on
an almost unlimited human cell source that can help to
dissect the role of important growth regulators for chon-

drogenesis. With this new knowledge, sequential alteration
of culture conditions to support and optimize the here-
described self-sustaining growth and differentiation phases
seems an appropriate development program for in vitro
chondrogenesis.
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