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Abstract

Background: Tissue engineering is a strategy of
cartilage regeneration, but scaffolds, required for 3D
growth of chondrocytes, are still a problem. Methods:
Searching for possibilities to improve scaffold-free
engineering of cartilage, we characterized human
chondrocytes incubated on a random positioning
machine (RPM) to simulate microgravity (ug). Results:
When cultured in simulated pg, human chondrocytes
start forming 3D cell assemblies within 5 days. After
24h, we could not detect caspase-3, Fas, p53 or Bcl-
2 proteins in these cells, Annexin V flow cytometry,
however, revealed 18% of apoptotic chondrocytes in
1g cultures but only 10% on the RPM. Both rates of
apoptosis were not changed, when vascular
endothelial growth factor (VEGF) or basic fibroblast
growth factor (bFGF) was added. 24 h, simulated
microgravity also had significantly decreased collagen
type | and X, but did not change collagen type IV and
laminin, while collagen type Il, chondroitin sulfate and
aggrecan were elevated as compared with 1g

controls. The production of collagen type II/X,
chondroitin sulfate and aggrecan was modified, when
external bFGF or VEGF had been applied.
Conclusion: Chondrocytes exposed to simulated g
seem to change their extracellular matrix production
behavior, while they rearrange their cytoskeletal
proteins prior to forming 3D aggregates.

Copyright © 2010 S. Karger AG, Basel

Introduction

In human organisms, chondrocytes are the only cell
type that is found in cartilage. They produce and maintain
the cartilaginous matrix, which consists mainly of different
types of collagens and proteoglycans [1]. Loss of cartilage
frequently occurs, especially in elderly people. It leads to
diseases such as osteoarthritis, which are a serious
problem in modern medicine [2]. Therefore, culturing of
chondrocytes with the aim to engineer cartilage tissue
either in vivo at the site of damage [3, 4], or in vitro for
subsequent implantation [5] is an up to date field to explore
[6, 7]. Most investigators use scaffolds to support three-
dimensional growth of chondrocytes [8]. But scaffolds
have the disadvantage that they cannot be separated from
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the cells anymore before the substitute cartilage should
be functioning. Therefore, investigation of scaffold-free
methods of culturing chondrocytes in a three-dimensional
manner appears to be worthwhile.

Incubation of cells under real or simulated
microgravity has great impact on their growth and
physiology. Amongst many other effects, microgravity
triggers many cells to grow within three-dimensional
aggregates. Spheroids were formed, when follicular
thyroid cancer ML-1 cells were cultured on a Random
Positioning Machine (RPM) [9]. In contrast, adherent
human endothelial EA.hy926 cells, which grow in
commercially available culture flasks as monolayers,
formed elongated or tube-like structures, when cultured
on a RPM [10]. Furthermore, bladder cells assembled to
organoids that displayed characteristics of in vivo tissue-
specific differentiation and Sertoli cells together with
neuron precursor cells formed tissue constructs showing
intra-aggregate cellular organization with distinct
intercellular junction-like densities between adjacent cells
[11, 12]. Also aggregates resembling cartilage were
formed, when chondrocytes were exposed to microgravity
[13,14].

Several studies on chondrocytes cultured either in
space or on a machine simulating microgravity [15, 16]
revealed that these cells are very resistant to adverse
effects and stress induced by microgravity [13, 15, 17].
As exposure of cells to real weightlessness is time-
consuming and expensive, we decided to apply the RPM
for simulating microgravity. We used human hip joint
chondrocytes to study and improve their three-dimensional
cell aggregation in vitro and were especially interested
in early cellular events which may initiate the formation
of cartilage. To prove the functionality of chondrocytes
in simulated microgravity first, we examined the rate and
process of apoptosis changes, and the accumulation of
extracellular matrix components after 24 hours of
culturing. Then the cell-cell aggregation behavior and the
rearrangement of cytoskeletal proteins were investigated
in order to see the microgravity dependent causes of the
three-dimensional growth of chondrocytes.

Materials and Methods

Random positioning machine (RPM)

Microgravity conditions were simulated by a Desktop
RPM manufactured by Dutch Space, an EADS Astrium
company, Leiden, NL [18, 19]. The RPM is a laboratory
instrument enabling the position of an accommodated

(biological) experiment in three-dimensional space to be
randomly changed under the control of dedicated software
running on a personal computer. To start a RPM experiment,
the culture flasks containing subconfluent chondrocyte
monolayers were completely filled with medium, taking care to
avoid air bubbles. The filled culture flasks were fixed onto the
RPM as close as possible to the center of the platform, which
was rotated at a speed of 60°/s. The RPM was located in a
commercially available incubator providing 37°C and 5% CO,.
50% of the culture supernatant was replaced by fresh medium
every day. Air exchange is assured because of a waterproofed
but air permeable membrane in the cap of the flasks.

Cell culture procedure

The human chondrocytes derived from hip joint cartilage
were purchased from Provitro (Berlin, Germany). They were
grown in complete chondrocyte growth medium supplemented
with 10% FCS (Provitro, Berlin, Germany), 100 IU penicillin/mL
and 100 pg streptomycin/mL (Biochrom, Berlin, Germany).
Subconfluent monolayers (10° cells/flask) were randomized to
the following study groups: 60 static control cultures (1g ground
controls are cultures kept in the same incubator as the RPM at
37°C; vehicle-treated (VEH), bFGF, VEGF; n = 20 each group),
and 60 samples for the simulated microgravity experiments
(VEH, bFGF, VEGF; n=20 each group). The cells grew in 25 cm?
culture flasks (Sarstedt, Niimbrecht, Germany). When indicated,
we added 10 ng/mL of vascular endothelial growth factor (VEGF)
and 10 ng/mL of basic fibroblast growth factor (bFGF) to the
medium (both Chemicon, Hofheim, Germany). Ten additional
cell culture flasks were used for an experiment duration time up
to 18 days, whereas five flasks were cultured under 1g
conditions and the other five under pg conditions using the
RPM. For investigating changes in apoptosis and ECM we
used the adherent cells.

Histochemistry

Chondrocytes were stained with hematoxylin and eosin
for histological analysis as described by Grimm et al. [20].
Samples were analyzed with the help of a microscope (Zeiss,
Germany) and the image analyses program Scion Image (Version
1.63 Mac Os, Scion Corporation, USA).

Immunofluorescence

For immunofluorescence staining [9, 21], cells were seeded
out into one of a 4-chamber supercell chamber slide (BD,
Heidelberg, Germany) until they attached to the slides (4h).
Subsequently, the chondrocytes were washed twice in PBS
and fixed with 4% paraformaldehyde (4°C). Then cells were
washed twice in PBS again and incubated with the first antibody
for 24h at room temperature (RT). The morphology of the
microtubule cytoskeleton (alpha-tubulin; 1:100; Sigma,
Taufkirchen, Germany) and intermediate filaments (vimentin,
1:50, Sigma, Taufkirchen, Germany) were evaluated by indirect
immunofluorescence and analyzed with a Zeiss 510 META
inverted confocal laser scanning microscope equipped with a
Plan-Apochromat 63x1.4 objective. Excitation and emission
wave lengths were: A, =488 nm and A__ = >505 nm for FITC.

552 Cell Physiol Biochem 2010;25:551-560

Ulbrich/Westphal/Pietsch/Winkler/Leder/Bauer/Kossmehl/Grosse/
Schoenberger/Infanger/Egli/Grimm



Fig. 1. FACS-analyses of

Bax 21 kD:
Bcl-2 and p53 (A, C) and "l
- Acti ——
Western Blot analyses of PrAd 5 — FACS-Analve
bax (B) as well as of 30FACS—AnaIysis i . } -Analysis
activated caspase-3 and " %0 —_— o
Fas, which could not be ) £ 5 3
. © 20 3 20
detected in chondrocytes |2 <2 2 02
=] 2 =
exposed to lg or pg |88° S5 5 “g '
conditions but in colon | 3 £ 10 £ P=0029
carcinoma CX+ cells (D). s ’—'—‘ Iil T s s
. . . [
A 19 ug B 1g g c 1g Hg
1g 1g 1g Hg Hg ] pos. con
VEH bFGF VEGF VEH bFGF VEGF CX+
| «<— 32 kDa caspase-3
<“— 17 kDa act. caspase-3
. <+— 48 kDa Fas n=>5 for all investigations
D

Western blot analysis

SDS-PAGE and immunoblotting were carried out following
routine protocols [10, 22, 23]. Six replicates have been performed.
Antibodies against the following antigens were used for this
study: Fas, Bax, activated caspase-3, collagen type I, collagen
type 11, and laminin (dilution all 1:1000; all Chemicon, Hofheim,
Germany), aggrecan (1:1000; Santa Cruz Biotechnology,
Santa Cruz, USA), collagen type IV (DAKO, Hamburg,
Germany), chondroitin sulfate, B-Actin (Sigma-Aldrich,
Taufkirchen, Germany), collagen type X (Abcam, Cambridge,
UK) and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 1:4.000; ABR-Affinity BioReagents, Golden). We
used protein from the colon carcinoma cell subline CX+ with
high HSP70 as positive control for Fas and caspase-3 [24].

Flow cytometric analysis of cellular antigens

In each test, monoclonal antibodies were added to 10°
single cells that had been prepared and fixed in ethanol (70%)
as previously described [25, 26]. The cells were incubated with
unconjugated antibodies (Bcl-2 and p53; all Chemicon,
Hofheim, Germany; collagen type I; Sigma-Aldrich, Taufkirchen,
Germany), for 60 min at RT in the darkness and washed three
times with PBS containing 2% FCS. The cells were treated again
for 45 min at room temperature with FITC-conjugated anti-
mouse-IgG antiserum (DAKO, Hamburg, Germany) and washed.
The cell suspensions were analyzed with a Facscan flow
cytometer (Becton Dickinson, Heidelberg, Germany) equipped
with an argon laser as previously described [9]. Cells exerting
fluorescence intensities above the upper limit of the negative
control distribution were considered positive.

Annexin V-FITC/PI assay

The Annexin V-FITC/PI assay [27] was performed using
the Annexin V-FITC apoptosis detection kit II (BD Pharmingen,
San Diego, CA, USA) according to the instructions of the
manufacturer. Annexin V-FITC is used to quantitatively
determine the percentage of cells within a population that are

actively undergoing programmed cell death. Briefly, 1 x 10°
cells of a sample were investigated. The cells were labeled with
Annexin V-FITC/PI. The Annexin V-FITC-/PI- population was
regarded as normal healthy cells, while Annexin V-FITC+/PI-
cells were taken as a measure of early apoptosis, Annexin V-
FITC+/PI+ as necrosis. About 1 x 10* events were acquired for
each experimental point via a Facscan flow cytometer (Becton
Dickinson, Heidelberg, Germany) equipped with an argon laser
and analyzed with WinList software (Topsham, ME, USA).

Statistics

Statistical analysis was performed using SPSS 12.0 (SPSS,
Inc., Chicago, IL, USA). All data are expressed as
means*standard deviation. We tested all parameters for
deviations from the Gaussian distribution using the
Kolmogorov-Smirnov test and compared the cases with the
controls with the independent-sample ¢ test or the Mann-
Whitney test (depending on the results of the normality test).
Differences were considered significant at the level of p<0.05.

Results

Apoptosis

In order to estimate the vitality of the cells of interest,
we tried to compare the rate of apoptosis within the various
cell cultures after incubation of 24 hours either under 1g
control or pg conditions. To our surprise, we could neither
detect caspase-3 nor Fas in any type of the human hip
joint chondrocytes used. The failure to see caspase-3 or
Fas was due to the absence of these proteins, as the
proteins were clearly seen, when the colon carcinoma
CX+ cells were analyzed (Fig. 1D). Also Bcl-2 and p53
were expressed at very low levels, as we found by flow
cytometry that less than 5% of the chondrocytes of a
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population were stained positive for Bcl-2 or p53,
irrespectively whether the cells had been incubated on
the RPM or at 1g (Fig. 1A,C). Only bax was expressed
in significant quantities, while slightly less bax was found,
when the chondrocytes had been cultured on the RPM
(Fig. 1B).

In order to see caspases/Fas independent apoptosis,
we applied the Annexin V method recently developed in
our laboratory. By flow cytometry, we found that 18% of
the 1g control chondrocytes but only 10% of the pg
exposed cells showed signs of apoptosis after 24 h of
culturing (Fig. 2, red bars). The results were similar; when
bFGF or VEGF had been added to the culture medium at
the start of the experiment. The percentage of necrotic

cells was below 10% in all samples (Fig. 2, grey bars).
So we could calculate that 80% of the chondrocytes,
remained viable during growth under simulated
microgravity, while only about 75% did so under 1g
conditions (Fig. 2, black bars).

Effects of microgravity on the production of

extracellular matrix proteins

The chondrocytes cultured for 24h under conditions
of simulated pg showed a reduced collagen type I
expression. By flow cytometry we found only 30% of
the cells being stained positive after exposure to s-pug,
while 50% of the 1g control cells were positive (Fig. 3A).
The decreased number of collagen type I positive cells in
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Fig. 4. Western blot analyses of collagen types II (A) and X (B) and of chondroitin sulfate (C) and aggrecan (D). The chondrocytes
had been incubated under 1g and s-pg conditions. When indicated, 10 ng/ml of VEGF or bFGF had been added to the medium

prior to the experiments. As loading control GAPDH was used.

ng were reflected by reduced total amount of collagen
type I found analyzing the cell populations by the Western
blot method (Fig. 3B). In contrast, microgravity did not
influence collagen type IV and laminin expression, as the
amount of these proteins were equal in all the analyzed
cell populations (Fig. 3C, 3D).

The contents of collagen type 11, chondroitin sulfate
and aggrecan were higher in chondrocytes exposed to
ug (Fig. 4A, 4C, 4D), while collagen type X was lower
(Fig. 4B) as compared with static 1g controls. This basic
ECM production was affected by addition of external
bFGF or VEGF. bFGF and VEGF significantly elevated
collagen type II production of human chondrocytes grown
at 1g conditions. VEGF, but not bFGF also increased
collagen type II in ug cultures. External bFGF as well as
VEGF down-regulated collagen type X production in the
1g control cells but reduced the decrease of collagen type
X concentration, when the chondrocytes were cultured
on the RPM (Fig. 4B). But neither bFGF nor VEGF had
influence on chondroitin sulfate production in static control

cultures, although they elevated the accumulation of this
ECM component significantly, when added to cultures
exposed to simulated pug. Aggrecan was enhanced by
bFGF and VEGF in 1g control cells, but only VEGF further
increased aggrecan, when chondrocytes were cultured
on the RPM.

Morphological changes

In order to investigate how morphology and growth
behavior of the human chondrocytes is changing under
s-ug, we performed a long-term experiment. After 5 days
of incubation, the chondrocytes formed monolayers under
1g conditions (Fig. 5A). However, when equal samples
of chondrocytes were cultured in parallel on a RPM for
5 days, some of the cells started to form three-dimensional
structures (Fig. 5B). At this time, the three-dimensional
aggregates may reach a length of 100 um and a thickness
of about four cellular sheets stacked up (Fig. 5B). During
the next 2 days, the three-dimensional cell clusters
elongated in the cultures exposed to simulated

Three-dimensional Growth of Chondrocytes

Cell Physiol Biochem 2010;25:551-560 555



Fig. 5. Phase contrast microscopy of human
chondrocytes after 5d (A, B), 7d (C, D) and 10d (E,
F). Comparing 1g controls (A, C, E) with simulated
pg samples (B, D, F), we detected the growth of three-
dimensional aggregates (B, D, F).

Fig. 6. Hematoxylin-eosin staining of chondrocytes,
which had grown within a monolayer under static 1g
conditions (A) or had formed aggregates under
simulated pg conditions (B-D).

Fig. 7. Cultured at 1g for 18 d, control chondrocytes
showed even distribution of a-tubulin (A), while
exposed to simulated pg, they exhibited a perinuclear
accumulation of a-tubulin (B, red arrow). When
chondrocytes had been exposed to simulated pg for
18 d, vimentin staining exerted an accumulation
around the nucleus and in the outer cellular
membrane (D, red arrows), while a rather even
distribution of vimentin can be seen in chondrocytes
cultured at 1g control (C).

microgravity (Fig. 5D), while a confluent monolayer The three-dimensional cell aggregates thickened,
remained visible in the 1g ground control cells (Fig. 5C).  when exposed to simulated microgravity for another

556 Cell Physiol Biochem 2010;25:551-560

Ulbrich/Westphal/Pietsch/Winkler/Leder/Bauer/Kossmehl/Grosse/
Schoenberger/Infanger/Egli/Grimm



three days (Fig. 5F), while the 1g ground control
chondrocytes remained within monolayers (Fig. SE).

The aggregates contained cells, as proved, when
human chondrocytes were stained by the HE method after
18 days. The cells which had been incubated on ground
under 1g conditions remained single cells (Fig. 6). But
those chondrocytes which had been exposed to simulated
ug, had formed three-dimensional aggregates (Fig. 6B-
D). At this time the cells still contain normal nuclei
indicating their non-apoptotic status.

As earlier studies have shown that a change in growth
behavior is often accompanied by alterations of the
cytoskeleton, we performed immunofluorescence staining.
After 18d of culturing under simulated microgravity and
static 1g conditions, the cells were treated with antibodies
against alpha-tubulin or against vimentin and the bound
antibodies were visualized according to the technique
described above. In this way, we detected that alpha-
tubulin was distributed over the total body of control
chondrocytes as long as the cell grew under normal 1g
conditions (Fig. 7A), but was accumulated around the
nuclei in cells exposed to simulated pg (Fig. 7B).
In contrast, vimentin was also distributed over the whole
control chondrocytes with little accumulation around the
nucleus (Fig. 7C). However, this cytoskeletal protein had
re-arranged near the outer cellular membrane, when the
chondrocytes had assembled to three dimensional clusters
under pg conditions (Fig. 7D).

Discussion

This study proves the earlier observation [13-17, 28]
that chondrocytes of different species like other human
cells such as thyroid cancer cells and endothelial
cells form 3D cell aggregates when being cultured on a
random positioning machine. Already during the first day
of incubation on the RPM, the human chondrocytes seem
to switch to a path, which guides them to start three-
dimensional cell-cell aggregation and rearrangement of
the cytoskeletal proteins alpha-tubulin and vimentin.
This conclusion appears reasonable, because after the
first day of culturing i) apoptosis in cell populations
incubated on a RPM was lower than in 1 g control cultures,
while the chondrocytes did not express caspase-3
and Fas under any condition; and ii) chondrocytes
produced extracellular matrix components under simulated
ug in a similar way as chondrocytes do, which can be
found in the resting or proliferative zone of a growth
plate [29].

Apoptosis

Surprising results were obtained when we
investigated the vitality of the cells. In contrast to other
studies [30, 31], neither caspase-3 nor Fas were
detectable in the type of the human chondrocytes
investigated. Still apoptosis was observed at a rate of
18% in monolayer cultures and 10% in microgravity
cultures. This means that apoptosis observed in our study
is proceeding via a pathway, which is independent of
caspases and Fas like it was described by Whiteman et
al. [32], who investigated peroxynitrite initiated apoptosis
of chondrocytes. The alternative apoptotic pathway
observed here may include bax, which is present at a
reasonable concentration, while p53 and Bcl-2 may not
play a role either, because these proteins are present in
only 5% of the cells.

The finding that the rate of apoptosis was slightly
higher in 1g control cultures than in microgravity cultures
contrasts earlier investigations on adherent endothelial
cells [10, 25], thyroid cancer cells [9], or cultured glial
cells [33]. These cells expressed caspase-3 and Fas and
their tendency to enter apoptosis was higher under
microgravity than under gravity. So it appears that
chondrocytes, which do not switch on a caspase-3/Fas
dependent apoptotic pathway, have a high capability to
withstand the stress of transition from gravity to
microgravity.

Changes of the extracellular matrix

After 24h of culturing, laminin and collagen type IV,
both surrounding chondrocytes of the cartilage
extracellularly in vivo were expressed in pg cells like in
1g control cells [34, 35]. At the same time, however, the
quantity of collagen type II was enhanced and that of
collagen type I diminished. Collagen type I is produced
by those chondrocytes, which have already changed to
“fibroblastoid like” cells [36]. In vivo, such a change does
not occur in growth plate cartilage [37]. Only in vitro,
when chondrocytes grow as monolayers, they strongly
upregulate collagen type I and simultaneously down-
regulate collagen type II [38]. Therefore, the lower
quantity of collagen type I suggests that chondrocytes do
not differentiate to “fibroblastoid like” cells under
simulated pg as they usually do in vitro growing as a
monolayer under 1g conditions.

The observed changes in collagen production point
to the possibility that chondrocytes in microgravity behave
like chondrocytes in growth-plates, where they produce
high amounts of collagen Il and low amounts of collagen
type 1 (Fig. 3, 4). However, our data also show that

Three-dimensional Growth of Chondrocytes
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collagen type X was down-regulated, when the
chondrocytes had been exposed to simulated
microgravity. Collagen type X is usually presented by
prehypertrophic and hypertrophic chondrocytes [39],
which can be found in the hypertrophic region of the
growth plate. But, it is absent on chondrocytes found in
the resting and proliferative zones of the growth plate
[40]. Therefore, one might conclude that the chondrocytes
incubated on the RPM resemble the chondrocytes of the
resting or proliferative zone of a cartilage growth plate
producing high amounts of collagen type II and low
amounts of collagen type I and type X. The conclusion is
supported by a significant increase of chondroitin sulfate
and aggrecan in the pug group compared with the static
1g group. Chondroitin sulfate provides the source
molecules for proper synthesis of aggrecan [41], which
is produced by chondrocytes of the resting and
proliferative zone of the growth plate [40] and plays a
key role as a chondro-protective and anti-inflammatory
factor that inhibits apoptosis [42].

Growth factors

A difference between chondrocytes incubated on
the RPM and those cultured in 1g was also seen
investigating the effects of VEGF and bFGF. VEGF is
an essential coordinator of chondrocyte death,
chondroclast function, extracellular matrix remodeling in
different cell types, angiogenesis, bone formation in the
growth plate and also plays a key role in burn injury [10,
43-45]. VEGF is usually detectable in hypertrophic
chondrocytes that undergo apoptosis [46]. Furthermore,
VEGEF receptor 2 was colocalized with VEGF both in
hypertrophic cartilage in vivo and hypertrophic cartilage
engineered in vitro [47]. As in our study VEGF had
virtually no effect on the number of apoptotic human
chondrocytes, one might also suggest that chondrocytes
with hypertrophic features were not present in one of the
two different kinds of cultures.

But VEGF further enhanced the effect of
microgravity on collagen type II, chondroitin sulfate and
aggrecan production, while it increased only collagen type
II and aggrecan production in control cultures (Fig. 4). In
contrast, bFGF supported the microgravity effect on
chondroitin sulfate only, while it strongly enhanced type
II collagen and slightly aggrecan production in 1g control
cultures. bFGF and VEGF reduced collagen type X
production in ground controls but retarded the collagen
type X decrease triggered by microgravity. These findings
suggest that chondrocytes incubated under 1g may change
the collagen type II and type X as well as aggrecan

production under the influence of VEGF and bFGF [48]
like chondrocytes exposed to microgravity do. But they
never form three-dimensional cell aggregates. Therefore,
a chondrocyte differentiation state characterized by
enhanced expression of collagen type Il and aggrecan
and suppression of collagen type X does not seem to be
the only cause of induction of three-dimensional cell
growth of chondrocytes under conditions of simulated
microgravity. It remains to be of interest which role
chondroitin sulfate plays in cell aggregation, of which the
expression is affected by simulated microgravity but not
by bFGF and VEGF under normal gravity. This molecule
is negatively charged and may change the whole surface
potential of a cell [49].

Morphology

Three-dimensional cell aggregation became
detectable after 5 days of exposure of cells to simulated
microgravity, but never in 1g control cells. The early 3D
aggregates first elongate (Fig. 5B, 5D) and then thicken
(Fig. 5F). After 18 days of culturing chondrocytes on the
RPM, we investigated the cytoskeleton of the cells and
found a rearrangement of alpha-tubulin and vimentin. The
cytoskeletal proteins, which are distributed over the whole
cell in monolayer chondrocytes, aggregated either around
the nucleus or in peripheral near membrane zones. Similar
observations have been made before in different cell
types such as endothelial cells [10, 50], glial cells [51]
and monocytes [52]. This rearrangement seems to be
caused by microgravity. A possible link between
rearrangement of cytoskeletal components and three-
dimensional cell aggregation remains to be determined.

In summary, three-dimensional cell aggregation of
chondrocytes begins to develop during the first day of
exposure to simulated microgravity. On the RPM the cells
start to produce similar patterns of ECM components,
which distinct chondrocytes of growth plate’s secret in
vivo. Therefore, the RPM may become a tool, which is
useful to trigger chondrocytes to growth in a three-
dimensional manner so that cartilage may be formed in
vitro without a scaffold.

Abbreviations

B (beta); Bcl-2 (B-cell lymphoma-2); bFGF (basic
fibroblast growth factor); 3D (three-dimensional); ECM
(extracellular matrix); FCS (fetal calf serum); FITC
(Fluorescein isothiocyanate); GAPDH (Glycerinaldehyd-
3-phosphat-Dehydrogenase); h (hour); IgG (immu-
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noglobulin G); kD (kilodalton); pg (microgravity);

mL (millilitre); PBS (phosphate buffered saline);

PI (propidium iodide); RPM (Random Positioning Ma-
chine); s (second); s-pg (simulated microgravity); VEH

(vehicle); VEGF (vascular endothelial growth factor).
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