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Interactions with the extracellular matrix play important roles in regulating the phenotype and activity of differentiated articular
chondrocytes; however, the influences of integrin-mediated adhesion on the chondrogenesis of mesenchymal progenitors remain unclear.
In the present study, agarose hydrogels were modified with synthetic peptides containing the arginine-glycine-aspartic acid (RGD) motif to
investigate the effects of integrin-mediated adhesion and cytoskeletal organization on the chondrogenesis of bone marrow stromal cells
(BMSCs) within a three-dimensional culture environment. Interactions with the RGD-modified hydrogels promoted BMSC spreading in a
density-dependent manner and involved avb3 integrin receptors. When cultured with the chondrogenic supplements, TGF-b1 and
dexamethasone, adhesion to the RGD sequence inhibited the stimulation of sulfated-glycosaminoglycan (sGAG) production in a RGD
density-dependent manner, and this inhibition could be blocked by disrupting the F-actin cytoskeleton with cytochalasin D. In addition,
interactions with the RGD-modified gels promoted cell migration and aggrecanase-mediated release of sGAG to the media. While
adhesion to the RGD sequence inhibited BMSC chondrogenesis in the presence of TGF-b1 and dexamethasone, osteocalcin and collagen I
gene expression and alkaline phosphatase activity were enhanced by RGD interactions in the presence of serum-supplemented medium.
Overall, the results of this study demonstrate that integrin-mediated adhesion within a three-dimensional environment inhibits BMSC
chondrogenesis through actin cytoskeleton interactions. Furthermore, the effects of RGD-adhesion on mesenchymal differentiation are
lineage-specific and depend on the biochemical composition of the cellular microenvironment.
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Cell shape is closely linked to the phenotype of mature articular
chondrocytes, which display primarily rounded morphologies
in vivo. During in vitro monolayer culture however,
chondrocytes readily adhere to and spread on surfaces. These
changes in morphology are associated with a gradual loss of
collagen type II and proteoglycan synthesis (von der Mark et al.,
1977). Disruption of the F-actin cytoskeleton with cytochalasin
D inhibits this dedifferentiation process (Newman and Watt,
1988), while culturing chondrocytes within three-dimensional
hydrogels preserves their rounded morphology and
chondrocytic phenotype (Kolettas et al., 1995). Although cell
morphology is an important regulator of the mature
chondrocyte, the role of cytoskeletal organization in the
chondrogenesis of mesenchymal progenitors is less clear. The
use of chemical inhibitors to block actin polymerization or
actin-myosin contractility has yielded differing results
depending on the cell types and culture conditions examined
(Lim et al., 2000; Woods et al., 2005; Woods and Beier, 2006),
suggesting that cell morphology and cytoskeletal organization
play complex and regulated roles in the process of
chondrogenesis.

Integrin-mediated adhesion to the extracellular matrix
provides cell anchorage and a direct link between the F-actin
cytoskeleton and the surrounding environment. Upon binding
to their ligands, integrin receptors cluster and form
supramolecular structures termed focal complexes
(Calderwood et al., 1999; Maheshwari et al., 2000), which
directly connect to F-actin filaments through scaffolding
proteins such as vinculin and talin (Critchley, 2004). In this
manner, cell adhesion to the ECM can direct the formation of
actin stress fibers and influence the overall organization of the
cytoskeleton. In addition, kinases and other signaling molecules,
such as focal adhesion kinase (FAK) and src can associate with
focal complexes and provide a mechanism for transducing
signals from the cell’s extracellular environment (Giancotti and
� 2 0 0 8 W I L E Y - L I S S , I N C .
Ruoslahti, 1999; Critchley, 2004). Cytoskeletal dynamics are
regulated by the family of small Rho GTPases including RhoA,
Rac-1, and cdc42 (Nobes and Hall, 1995). Rho kinase (ROCK) is
one of RhoAs effectors and is responsible for myosin light chain
(MLC) phosphorylation and actin-myosin contractility (Amano
et al., 1996; Leung et al., 1996). The RhoA/ROCK signaling
pathway mediates multiple cellular activities including migration
(Ai et al., 2001), proliferation (Iwamoto et al., 2000), and
differentiation (McBeath et al., 2004), and can influence the
response to growth factors (Kaartinen et al., 2002) and integrin-
based adhesion (Imamura et al., 2000).

Cell morphology is an important regulator of differentiation
for multiple cell types. Recently, the role of cytoskeletal
organization in mesenchymal lineage selection was examined
using micropatterned surfaces and inhibitors of RhoA/ROCK
signaling (McBeath et al., 2004). In this report, cell adhesion and
spreading stimulated osteogenesis through RhoA activation of
ROCK, while more rounded cell morphologies enhanced
adipocyte differentiation via RhoA inactivation. Although these
results indicate that cytoskeletal organization is a key factor in
mesenchymal stem cell differentiation, its influence on
chondrogenesis remains unclear. Several studies have reported
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enhanced chondrogenesis in chick limb bud cells by disrupting
F-actin polymerization during monolayer culture (Lim et al.,
2000). In contrast, the application of cytochalasin D or the
ROCK inhibitor (Y-27632) to micromass cultures of ATDC or
mouse limb bud cells inhibited the expression of collagen II and
aggrecan genes (Woods and Beier, 2006). Taken together,
these reports suggest that the influence of cytoskeletal
organization on chondrogenesis may depend on the degree of
cell spreading and involve additional signals from the
surrounding microenvironment.

Previous studies in our laboratory have shown that integrin-
mediated adhesion to RGD-modified alginate inhibits the
chondrogenesis of BMSCs (Connelly et al., 2007). Given the
direct connection between integrin receptors and the actin
cytoskeleton, adhesion to the ECM could regulate the
differentiation of mesenchymal progenitors by modulating the
degree of cytoskeletal organization. Therefore, the objective of
this study was to investigate the effects of interactions between
integrin-mediated adhesion and cytoskeletal organization on
the chondrogenesis of BMSCs within a 3D environment. In
these experiments, RGD peptides were conjugated to agarose
hydrogels, and integrin-mediated adhesion to the RGD motif
promoted BMSC spreading in a density dependent manner. This
system allowed for the controlled presentation of specific
adhesive ligands and varying degrees of cytoskeletal
organization. The influence of these defined cell–matrix
interactions on the chondrogenic response of BMSCs to TGF-
b1 and dexamethasone was examined over a range of RGD
densities and in the presence of the cytoskeleton inhibitors
cytochalasin D and Y-27632. Furthermore, the specificity of
these responses to chondrogenesis was evaluated by
investigating the BMSC response to serum supplemented
medium within the same modified agarose gels.

Materials and Methods
Materials

The synthetic peptides GRGESP and GRGDSP were from Bachem
(King of Prussia, PA), and the sulfo-SANPAH cross-linker was from
Pierce (Rockford, IL). Seaprep agarose was from Cambrex
(Frederick, MD). Immature bovine hind limbs were from Research
87 (Marlborough, MA). Recombinant human TGF-b1 was from
R&D Systems (Minneapolis, MN), and basic-fibroblast growth
factor (bFGF) was from Peprotech (Rocky Hill, NJ). Cytochalasin D
and Y-26732 were from Calbiochem (San Diego, CA). The WST-1
assay kit was from BioVision (Mountain View, CA). The functional
blocking antibody against the b1 integrin (AIIB2) was from the
University of Iowa Developmental Studies Hybridoma Bank (Iowa
City, IA), and the anti-avb3 antibody (LM609) was from Chemicon
(Temecula, CA). The mouse IgG isotype control was from Jackson
Immunological Research (West Grove, PA). The anti-vinculin
antibody was from Sigma–Aldrich (St. Louis, MO), and the FITC
anti-mouse antibody was from Abcam (Cambridge, MA). The anti-
NITEGE antibody JSCNIT was generously provided by John Sandy
Ph.D. (Rush University, Chicago, IL). AlexaFluor594-conjugated
phalloidin, AlexaFluor488-conjugated anti-rabbit IgG, and the Live/
Dead staining kit were from Molecular Probes (Eugene, OR).

Preparation of RGD-modified agarose

The synthetic peptides GRGESP and GRGDSP were conjugated to
agarose hydrogels with the heterobifunctional sulfo-SANPAH
cross-linker according to a modified, published protocol (Dodla
and Bellamkonda, 2006). The primary amines on the peptides were
reacted with the NHS-ester group of the sulfo-SANPAH at room
temperature for 4 h in the dark with a 10-fold molar excess of the
cross-linker. Seaprep agarose solutions were prepared in Caþþ/
Mgþþ-free PBS, autoclaved, and cooled to 378C. One part peptide/
sulfo-SANPAH solution was combined with three parts 4% agarose
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and mixed thoroughly to yield a 3% agarose gel construct. The
mixture was exposed to 365 nm UV light for 3 min to activate the
photoreactive groups of the sulfo-SANPAH and conjugate the
peptide to free CH-groups in the agarose. The agarose was allowed
to gel at 48C for 20 min and washed multiple times with PBS to
remove the unbound peptide and cross-linker. Tethered peptide
densities were determined by fluorescence detection of a
biotinylated peptide following agarase digestion and blotting onto
nitrocellulose. The conjugation efficiency was approximately 25%
of the initial concentration over the range of densities examined in
this study.

Cell seeding and gel culture

Bone marrow was harvested from the tibiae and femora of an
immature calf as previously described (Connelly et al., 2007). The
adherent BMSCs were expanded three times in low glucose
Dulbecco’s Modified Eagles Medium supplemented with 10% fetal
bovine serum and 1 ng/ml basic-FGF. The 3% modified agarose gels
were melted at 458C and cooled to 378C. BMSCs were then
seeded into cylindrical (4 mm diameter) gels by resuspending the
cells in the melted agarose at a density of 107 cells/ml and casting the
cell suspension into custom molds. The gels were cooled at 48C for
30 min and transferred to fresh culture medium. The basal,
chemically defined medium consisted of high glucose DMEM, 1%
ITSþ Premix, 1% NEAA, 1% antibiotic/antimycotic, and 50 mg/ml
ascorbate, and the chondrogenic medium was supplemented with
10 ng/ml TGF-b1 and 100 nM dexamethasone. For the integrin
blocking experiments, BMSCs were incubated with 20 mg/ml of
anti-avb3, anti-b1, or mouse IgG for 20 min in DMEM prior to
seeding into agarose, and the gels were cultured overnight in
chondrogenic medium with 20 mg/ml of the same antibodies
(Connelly et al., 2007). In some experiments, the chondrogenic
medium was further supplemented with 10 mM Y-27632, 0.3 mM
cytochalasin D, or the carrier alone (0.01% DMSO). The fetal
bovine serum (FBS)-supplemented medium consisted of DMEM,
10% FBS, NEAA, antibiotic/antimycotic, and ascorbate. BMSC
seeded gels were cultured up to 8 days under the specified
conditions and media were collected and changed every 2 days.

Fluorescence imaging and analysis

Agarose gels were fixed with 10% neutral-buffered formalin for
30 min at 48C and rinsed in PBS. Portions of the fixed gels were
blocked with 5% FBS and permeabilized with 1% Triton X-100.
Vinculin localization was examined by staining with the anti-vinculin
antibody (10 mg/ml) and secondary detection was performed with
the anti-mouse FITC-labeled antibody (10 mg/ml). Aggrecanase
activity was detected with antiserum against the aggrecan-NITEGE
neoepitope (10mg/ml) and anti-rabbit AF488-conjugated antibody.
The F-actin cytoskeleton was visualized by staining with AF594-
phalloidin, and DNA was labeled with Hoechst dye. Cell viability
and morphology were also assayed by staining with calcein AM and
ethidium homodimer from the Live/Dead kit. The agarose gels
were imaged with a Zeiss 510 laser scanning confocal microscope
(Zeiss, Heidelberg, Germany). Fluorescence images of the F-actin
cytoskeleton or calcein AM stain at 10� magnification were
analyzed with Scion Image software (Frederick, MD). The area (A)
and perimeter (P) for an individual cell were used to calculate the
circularity (circularity¼ 4pA/P2) as a quantitative measure of cell
spreading, with a lower circularity indicating a greater degree of
spreading (Fig. 1B, inset). At this magnification, each field contained
approximately 200 cells, and circularities were calculated for all
cells in a given field. Sensitivity analyses in preliminary experiments
indicated that 50 cells per field were required for a representative
population, and although similar trends could be observed using a
40� objective, the 10� magnification was selected to provide a
sufficient sample size in each field. Circularity measurements were
consistent across all experiments indicating that this technique is a



Fig. 1. Quantification of 3D BMSC morphology. BMSCs were seeded in agarose gels modified with 0, 200, or 400 mM RGD. Gels were cultured
overnight in chondrogenic medium and stained with AlexaFluor594-phalloidin. A: Fluorescence images of the F-actin cytoskeleton were taken
with a confocal microscope (10T magnification, scale bar U 200mm). B: The distribution of cell circularities from 3 random fields was plotted for
each RGD density (insets showing representative cell morphologies), and (C) the fraction of spread cells was calculated for each field as the
fraction with circularities less than 0.75. D: The degree of spreading was measured by the average circularity of the spread cells (<0.75 circ). n U 3
fields/density, MP < 0.05 versus 0 mM, RP < 0.05 versus 200 mM.
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robust and quantitative tool for measuring cell morphology in a 3D
environment.

Biochemical assays

The agarose gel constructs were weighed wet, lyophilized, and
sequentially digested with Proteinase K (1 mg/80 mg sample) at
608C overnight and agarase (4 U/construct) at 458C for 4 h. The
sulfated glycosaminoglycan (sGAG) contents were measured using
the 1,9-dimethylmethylene blue assay (Farndale et al., 1982), and
the DNA contents were measured using the Hoechst dye assay
(Kim et al., 1988). Media samples were also analyzed for sGAG
content using the DMMB assay and for mitochondrial activity using
the WST-1 assay according to the manufacturer’s instructions. To
measure alkaline phosphatase activity, gels were rinsed in PBS for
20 min, immersed in 1% Triton X-100, and snap frozen to lyse the
cells. The agarose gels were homogenized and centrifuged at
1,200g. The lysate was then removed and analyzed for alkaline
phosphatase activity by measuring colorimetric reaction with the
alkaline phosphatase substrate p-nitrophenyl phosphate.

Real-time RT-PCR

RNA was isolated from the agarose gels using the Tri-spin method
(Chomczynski and Sacchi, 1987). Gels were immediately
dissociated in lysis buffer containing 2-mercaptoethanol. RNA was
extracted from the gel using the Trizol reagent and chloroform and
precipitated with 100% isoproponol. The RNA was further purified
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using the Qiagen RNeasy kit according to the manufacturer’s
protocol. Total RNA (1 mg) was reverse transcribed to cDNA
using the Promega AMV reverse transcriptase kit. Gene expression
was measured by real-time RT-PCR using the SybrGreen master
mix and custom primers for bovine collagen II (Brodkin et al., 2004),
aggrecan (Brodkin et al., 2004), collagen I (Brodkin et al., 2004), and
osteocalcin (Bosnakovski et al., 2005). The PCR reactions and
detection were performed with an ABI Prism 7700 (Applied
Biosystems, Forest City, CA).

Data analysis

All data are presented as the mean� SEM. The fractions of spread
cells were transformed using an arcsine function, and gene
expression levels were transformed by a Box-Cox transformation
for normality (Sokal and Rohlf, 1994). Data were analyzed by a two
factor general linear model with RGD density/gel type and media
conditions as factors. Dunnet’s test was used to compare
treatments with the blocking antibodies to the isotype control. All
other pairwise comparisons were performed with Tukey’s test.
Significance was at P< 0.05.

Results
RGD-modified agarose gels promote quantifiable
changes in 3D cell morphology

BMSCs were seeded into 3% agarose gels modified with 0, 200,
or 400 mM final densities of the RGD peptide. After 24 h in
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chondrogenic medium, cell spreading could be observed in
the RGD-modified gels by fluorescence staining of the F-actin
cytoskeleton and confocal microscopy (Fig. 1A). BMSCs
displayed distinct cytoskeletal projections, and there were
more spread cells within the 400 mM gels than the 200 mM
gels. Changes in BMSC morphology were quantified by
analyzing three randomly selected 10� images for each RGD
density and calculating the circularity of all cells. The
distribution of circularities in the unmodified gels displayed a
large peak at 0.9 (Fig. 1B), indicative of highly rounded cells
(circularity¼ 1 for a perfect circle). The size of this peak
decreased with increasing RGD density, and the circularity
distribution shifted towards lower circularities,
characteristic of greater cell spreading. The fraction of cells
with circularities less than 0.75 (below the major peak in 0mM
gels) was calculated for each field. RGD peptide significantly
increased the fraction of spread cells in a density dependent
manner (Fig. 1C). Furthermore, the 400 mM RGD density
significantly reduced the average circularity of the spread cells
compared to the 0 and 200 mM densities (Fig. 1D), indicating
that interactions with the peptide also increased the degree of
cell spreading. These results demonstrate that RGD-modified
agarose gels promote RGD density-dependent changes in
BMSC morphology.
Fig. 2. Integrin dependent spreading and cytoskeletal organization. A: V
examined by confocal microscopy (blue U DNA) 24 h after seeding BMSC
were blocked with 20mg/ml of anti-b1 or anti-avb3 antibodies prior to see
by analyzing fluorescence images of the F-actin cytoskeleton. C: Inhibitor t
with 10 mM Y-27632, 0.3 mM cytochalasin D (cytoD), or carrier (0.1% DMS
WST-1 assay, n U 4 gels/condition. (D) The influence of these inhibitors o
stain after 24 h of inhibitor treatment and again 24 h after removing the
TGF-b1 and 100 nM dexamethasone). n U 3 fields/condition, MP < 0.05 ve
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3D cell spreading involves integrin-mediated adhesion

Integrin-mediated spreading in RGD-modified agarose was
examined by immunofluorescence detection of vinculin and
functional blocking with integrin-specific antibodies. BMSCs in
the RGD-modified gels displayed large projections of the
F-actin cytoskeleton that co-localized with vinculin, while cells
in the RGE-modified gels remained rounded and had lower
levels of localized vinculin staining (Fig. 2A). Blocking with the
anti-avb3 antibody significantly reduced cell spreading, while
blocking with the anti-b1 antibody significantly increased
spreading (Fig. 2B). Together, these results suggest that the
observed changes in cytoskeletal organization were associated
with integrin-mediated adhesion involving at least the avb3
receptor and vinculin recruitment.

Cell spreading could also be inhibited with 10 mM Y-27632,
which inhibits ROCK activity, or with 0.3 mM cytochalasin D,
which prevents actin polymerization. These doses were
selected based on preliminary dose-response experiments and
represent the minimum amount required to significantly reduce
3D cell spreading (not shown). Treatment with Y-27632 or
cytochalasin D at these levels did not appear to affect cell
viability after 24 h (Fig. 2C) or mitochondrial activity after 6 days
(Fig. 2C). These doses of the inhibitors significantly reduced cell
inculin localization (green) and the F-actin cytoskeleton (red) were
s in 400 mM RGE or RGD modified gels. B: Specific integrin receptors
ding BMSCs into 200mM RGE/RGD gels. Cell spreading was quantified
oxicity was evaluated by Live/Dead staining following a 24 h treatment
O) and by measuring the mitochondrial activity after 6 days with the

n cell spreading was measured by analyzing images of the calcein AM
inhibitors. All experiments were in chondrogenic medium (10 ng/ml
rsus IgG or carrier.
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spreading in 200 mM RGD gels after 24 h (Fig. 2D). In addition,
BMSCs were able to fully recover their spread morphology 24 h
after removal of the inhibitors (Fig. 2D), verifying that there
were no cytotoxic or sustained inhibitory effects of these
compounds on BMSC activity.

Interactions with RGD-modified agarose inhibit BMSC
chondrogenesis

To examine the effects of integrin-mediated adhesion to RGD
on chondrogenesis within the agarose gel system, BMSCs were
seeded into unmodified, 400 mM RGE-, or 400 mM RGD-
modified gels and cultured for 7 days in basal or chondrogenic
(10 ng/ml TGF-b1 and 100 nM dexamethasone) medium. At day
7, the DNA content was significantly higher in the chondrogenic
groups with no differences among gel types (Fig. 3A). The
chondrogenic medium also significantly stimulated sGAG
production over the basal condition (Fig. 3B). There were no
differences in sGAG accumulation between unmodified and
RGE gels, but there was significantly less (24%) sGAG in the
RGD-modified gels compared to the unmodified gels (Fig. 3B).
These results provided initial evidence that interactions with
the RGD-modified agarose inhibit the chondrogenic response
of BMSCs to TGF-b1 and dexamethasone.

RGD density and cytoskeletal organization modulate
sGAG accumulation and release during BMSC
chondrogenesis

The influence of RGD density and cytoskeletal organization on
BMSC chondrogenesis was investigated by seeding cells into
agarose with varying densities of RGD peptide and culturing the
gels in chondrogenic medium supplemented with Y-27632,
cytochalasin D, or carrier (0.01% DMSO). RGD densities
ranging from 0 to 400mM were generated by varying the ratio of
RGE to RGD while maintaining 400 mM of total peptide in all
gels to account for any non-specific effects of the synthetic
peptides on BMSC differentiation. Analysis of the F-actin images
at 24 h demonstrated that cell spreading increased with
increasing RGD densities consistent with the previous
experiments (Fig. 4A). Addition of 10mM Y-27632 did not alter
cell morphology, while 0.3 mM cytochalasin D completely
blocked cell spreading in the 200 and 400 mM RGD gels. After
6 days in culture, RGD did not alter the DNA content within the
gels, but treatment with Y-27632 decreased the DNA content
in the 400mM RGD gels only (Fig. 4B). RGD densities of 40, 200,
and 400mM significantly inhibited sGAG accumulation in a dose-
dependent manner (Fig. 4C). Treatment with Y-27632
Fig. 3. Effects of RGD adhesion on chondrogenesis. BMSCs were seeded
7 days in basal or chondrogenic medium. A: The DNA contents within the
sGAG accumulation were measured with the DMMB assay. n U 6 gels/co
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decreased sGAG accumulation to similar levels for all RGD
densities. Disruption of the F-actin cytoskeleton with
cytochalasin D resulted in similar amounts of sGAG
accumulation across all RGD densities, effectively lowering the
sGAG contents in 0 and 4 mM gels and increasing the sGAG
content in 400 mM gels as compared to vehicle treatment
(Fig. 4C). These findings indicate that the density-dependent
effects of RGD adhesion on BMSC chondrogenesis involve
changes in the F-actin cytoskeleton.

BMSC morphology in the 0, 40, and 400 mM RGD gels was
also examined after 6 days of culture with Y-27632 and
cytochalasin D. Small cytoskeletal projections could be
observed in the 0 mM gels by day 6 (Fig. 5A), and BMSCs in the
40mM gels appeared to have larger projections and actin stress
fibers (Fig. 5B). Cells in the 400 mM gels formed multi-cell
clusters with clear actin stress fibers (Fig. 5C). Addition of
Y-27632 did not influence cell morphology at any RGD density,
while treatment with cytochalasin D promoted rounded
morphologies at each density and no cell aggregation in the
400mM gels (Fig. 5A–C). Given the similar levels of DNA across
RGD densities, it is evident that RGD adhesion promotes cell
migration and aggregate formation within the agarose gels, and
this process requires organization of the F-actin cytoskeleton.

In contrast to the effects on sGAG accumulation, the
cumulative sGAG released to the media was significantly higher
for the 400 mM RGD gels than for the 0 mM gels (Fig. 4D).
Addition of Y-27632 inhibited sGAG release into the media at
all RGD densities, and cytochalasin D significantly reduced
sGAG release at the 0 and 400 mM densities only. The levels of
sGAG released to the media were small compared to those
retained within the gels, and the total sGAG production (media
plus gel, not shown) displayed the same trends as the sGAG
accumulation data. Immunofluorescence detection of the
NITEGE neoepitope revealed higher levels of aggrecanase-
mediated aggrecan degradation in the 400 mM RGD gels
(Fig. 5D). The NITEGE signal was localized within the multi-cell
aggregates and in the extracellular space, and treatment with
cytochalasin blocked NITEGE generation. Taken together,
these results suggest that adhesion and cell spreading on
RGD promote a catabolic release of sGAG that is in part
mediated by aggrecanase-specific cleavage of the aggrecan
core protein.

RGD adhesion differentially regulates BMSC activity in
chondrogenic and serum-supplemented medium

To investigate the specificity of RGD interactions on
chondrogenesis, BMSCs were seeded into 200 mM RGE or
into unmodified, 400 mM RGE, or 400 mM RGD gels and cultured for
gels were measured using the Hoechst dye assay, and (B) the levels of
ndition, MP < 0.05 versus basal medium, RP < 0.05 versus RGE gels.



Fig. 4. Influence of RGD density and cytoskeletal integrity on chondrogenesis. BMSCs were seeded into modified agarose gels with 0, 4, 40, 200,
and 400 mM densities of RGD and cultured up to 6 days in chondrogenic medium supplemented with carrier (0.01% DMSO), 10 mM Y-27632, or
0.3mM cytochalasin D (cytoD). A: Cell morphology was measured by analyzing fluorescence images of the F-actin cytoskeleton 24 h after seeding.
n U 3 fields/condition (B) The DNA content was measured using the Hoechst dye assay. C: The sGAG accumulation within the gels and (D)
cumulative sGAG released to the media were measured by the DMMB assay. n U 4 gels/condition, MP < 0.05 versus 0mM, RP < 0.05 versus carrier at
same RGD density.
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RGD-modified gels and cultured for 8 days in chondrogenic
or 10% FBS supplemented medium. The mRNA levels of
chondrogenic and osteogenic genes were measured by
real-time RT-PCR. In the RGE gels, BMSCs cultured with the
chondrogenic medium expressed significantly higher levels of
collagen II and aggrecan mRNA transcripts than cells in the
serum-supplemented medium, but BMSCs in the 10% FBS
medium expressed significantly higher amounts of osteocalcin.
In the presence of the chondrogenic medium, RGD interactions
significantly inhibited chondrogenic gene expression but had no
effect on osteocalcin gene expression. Conversely, RGD
interactions had no effect on chondrogenic gene expression in
serum-supplemented medium but significantly increased
osteocalcin and collagen I expression. These distinct responses
to RGD-modified agarose in chondrogenic and 10% FBS media
suggest that RGD adhesion can differentially regulate the
differentiation of BMSCs depending on the specific biochemical
stimuli. While the markers examined do not definitively indicate
osteogenic specific differentiation, the response to the serum-
supplemented medium was characteristic of osteogenesis and
consistent with previous findings (Shin et al., 2005).

The density dependent effects of RGD adhesion on the
response of BMSCs to serum-supplemented medium were
examined by seeding cells into 0, 4, and 200 mM RGD gels and
measuring the alkaline phosphatase activity after 8 days of
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culture in 10% FBS medium. Similar to the previous experiment,
RGD adhesion had no effect on the DNA content within the
gels but significantly increased alkaline phosphatase activity in a
dose-dependent manner. These results demonstrate that in
addition to the effects on gene expression, RGD interactions
enhance alkaline phosphatase activity, characteristic of
increased osteogenic differentiation, and BMSCs display
opposite density dependent responses to RGD when exposed
to different biochemical stimuli.

Discussion

The goal of this study was to examine the interactions between
integrin ligand density and cytoskeletal organization in
regulating the chondrogenesis of mesenchymal progenitor
cells. For this investigation, agarose hydrogels were modified
with synthetic RGD peptides to present controlled densities of
cell adhesive ligands within a three-dimensional culture
environment. The agarose system was chosen because it is a
well characterized material for culturing chondrocytes (Benya
and Shaffer, 1982; Kolettas et al., 1995; Mouw et al., 2005)
and chondro-progenitors (Mauck et al., 2006) and provides a
non-adhesive background for tethering various proteins and
peptides (Dodla and Bellamkonda, 2006). In these studies,
integrin-mediated adhesion to the RGD peptide promoted



Fig. 5. Cellular morphology and NITEGE localization in long-term cultures. Cell morphology was examined after 6 days in (A) 0, (B) 40, and (C)
400 mM RGD gels cultured with the carrier, Y-27632, or cytochalasin D (cytoD) (red U F-actin, blue U DNA). D: Aggrecanase activity was
detected by immunostaining with antiserum against the aggrecan-NITEGE neoepitope (green U NITEGE, blue U DNA).
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quantifiable and density-dependent increases in BMSC
spreading, and interactions with the RGD-modified gels
inhibited the chondrogenic response to TGF-b1 and
dexamethasone concomitant with the changes in cell
morphology. Disruption of F-actin polymerization with
JOURNAL OF CELLULAR PHYSIOLOGY
cytochalasin D blocked BMSC spreading and prevented the
inhibitory effects of RGD adhesion on sGAG production.
Interestingly, interactions with the RGD-modified agarose also
appeared to facilitate cell migration and aggregation within the
gel and promoted the catabolic release of sGAG to the media.



Fig. 6. Influence of RGD adhesion and culture conditions on mRNA expression. BMSCs in 200 mM RGE or RGD gels were cultured for 8 days
in chondrogenic (10 ng/ml TGF-b1 and 100 nM dexamethasone) or 10% serum-supplemented medium. Expression of the chondrogenic genes,
(A) collagen type II and (B) aggrecan, and the osteogenic genes, (C) osteocalcin and (D) collagen type I, were measured by real-time RT-PCR.
n U 4/condition, MP < 0.05 versus RGE gels, RP < 0.05 versus chondrogenic medium.
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The examination of alternative lineage markers suggests that
these responses were specific to chondrogenic differentiation
and that RGD adhesion may differentially regulate BMSC
osteogenesis, depending on the biochemical context. Overall,
these findings provide new insights into the role of cell
morphology in the regulation of chondrogenesis and
demonstrate the ability of coordinated signals from growth
factors and the ECM to promote differentiation along specific
mesenchymal lineages.

Previous studies have reported varying roles for the F-actin
cytoskeleton in the process of chondrogenesis. For example,
disruption of actin polymerization with cytochalasin D
enhanced the chondrogenesis of chick limb bud cells in
monolayer (Lim et al., 2000), but the addition of Y-27632 and
cytochalasin to micromass cultures inhibited chondrocytic gene
expression (Woods et al., 2005). The results of the current
study suggest that the degree of cytoskeletal organization may
be an important regulator of differentiation. For the rounded
cells in 0 mM RGD gels, disruption of the F-actin cytoskeleton
inhibited the chondrocytic phenotype, but for cells in 400 mM
RGD-modified agarose, blocking cell spreading actually
increased sGAG production. These findings provide a potential
explanation for the different responses observed in monolayer
and micromass cultures and indicate that a minimal level of
cytoskeletal organization may be required for optimal
chondrogenesis and maintenance of the chondrocytic
phenotype.

In the present study, the ROCK inhibitor Y-27632
significantly reduced sGAG production to similar levels at all
RGD densities. In addition, the influences of Y-27632 on
differentiation occurred without significantly altering cell
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morphology at the doses examined, and the inhibitor appeared
to have no effect on BMSC aggregation in the 400 mM gels.
Although ROCK is known to influence cytoskeletal
organization by promoting actin-myosin contractility (Amano
et al., 1996; Leung et al., 1996), one of its targets, myosin light
chain (MLC), can also be phosphorylated by myosin light chain
kinase (MLCK) (Totsukawa et al., 2000). Therefore, the
formation of cytoskeletal projections and cell aggregation
observed within the modified agarose gels may involve actin-
myosin contractility independent of ROCK activity. Despite
having little effect on cell morphology, the significant inhibition
of sGAG production suggests that ROCK signaling interacts
with other regulatory pathways. This result is consistent with a
previous study in which constitutively active ROCK stimulated
osteogenesis independently of changes in cell shape (McBeath
et al., 2004). Furthermore, blocking RhoA signaling has been
shown to inhibit TGF-b induced Smad2/3 phosphorylation in
smooth muscle cells (Chen et al., 2006). Together, these
reports provide additional evidence that ROCK regulates
differentiation downstream of cytoskeletal organization.

The use of pharmacological inhibitors is limited by the
potential for cytotoxic or non-specific effects on cellular
activities. Doses of 10 mM Y-27632 and 0.3 mM cytochalasin D
did not have noticeable effects on cell viability or the DNA
content at low RGD densities. In addition, BMSCs were able to
recover their spread morphologies within 24 h following
inhibitor removal, suggesting that these doses did not have a
toxic effect on cell function. It is possible that the inhibitors had
non-specific effects on other signaling molecules or kinases
that influence chondrogenesis; however, other investigations
have reported similar effects on cell activity using both 10 mM



Fig. 7. RGD density dependent effects on alkaline phosphatase activity. BMSCs were seeded into 0, 4, or 200mM RGD-modified agarose gels and
cultured for 8 days in 10% FBS supplemented medium. A: The DNA content was measured by the Hoechst dye assay, and (B) alkaline phosphatase
activity was measured by production of p-nitrophenyl (pNP) from the Sigma 104 phosphatase substrate. n U 6/condition, MP < 0.05 with 0 mM,
RP < 0.05 with 4 mM.
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Y-27632 and dominant negative RhoA (McBeath et al., 2004;
Chen et al., 2006). Although there are no current indications of
toxicity or non-specific effects on BMSC differentiation, genetic
strategies for perturbing ROCK signaling and cytoskeletal
organization would help to strengthen the findings presented in
this study.

Interactions between integrin adhesion and cytoskeletal
organization are critical for the formation of focal complexes
and signal transduction (Nobes and Hall, 1995). In this study,
functional blocking of avb3 integrins inhibited 3D cell
spreading, but blocking with the anti-b1 integrin antibody
significantly increased cell spreading. These results suggest that
both receptors compete for the RGD ligand, but the avb3
integrin appears to be specifically involved in cell spreading and
cytoskeletal organization, consistent with previous reports
(Keselowsky et al., 2005). In this manner, avb3 integrin
adhesion within the modified agarose system may regulate
chondrogenesis through changes in cell morphology. However,
cytoskeletal organization also provides feedback to integrin
signaling by stabilizing the formation of focal complexes and
recruiting signaling molecules such as FAK, ILK, and src (Amano
et al., 2001; Galbraith et al., 2002; Gallant et al., 2005).
Therefore, disrupting F-actin polymerization with cytochalasin
D may have prevented signaling from the normal cell–matrix
interactions that are important for chondrogenesis at low RGD
densities, as well as the inhibitory effects of RGD adhesion at
the higher densities. While the findings in the present study
demonstrate a clear role for the F-actin cytoskeleton in
mediating the response of BMSCs to the RGD-modified gels, it
has yet to be established whether changes in cell morphology
directly regulate chondrogenesis or whether cytoskeletal
organization simply facilitates signaling through integrins and
focal adhesion proteins.

In addition to cell spreading, RGD adhesion promoted cell
aggregation within the agarose hydrogels and stimulated the
catabolic release of sGAG to the media. These responses are
consistent with TGF-b1 stimulation of cell migration during
processes such as wound healing (Reynolds et al., 2005) and
tumor cell invasion (Janji et al., 1999; Muraoka et al., 2002). Cell
migration is known to involve the avb3 integrin receptor
(Bayless et al., 2000; Reynolds et al., 2005) and is associated with
increased proteolytic activity (Held-Feindt et al., 2006; Zaman
et al., 2006). Similarly, the changes in chondrocyte morphology
that occur during chondrocyte dedifferentiation have been
implicated in interleukin-1 production and an inflammatory
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phenotype that promotes aggrecanase-mediated catabolism of
proteoglycans (Kim et al., 2003). The results of the current
study support these observations and further demonstrate that
integrin adhesion to the ECM can induce aggrecanase-mediated
degradation of proteoglycans.

The process of chondrogenesis is tightly regulated by many
signals from the surrounding microenvironment. The present
study demonstrates that cell–ECM interactions play a key role
in mediating cues from the biochemical environment. Although
interactions with the RGD-modified agarose inhibited the
chondrogenic response to TGF-b1 and dexamethasone, the
same cell–scaffold interactions enhanced the osteogenic
response to serum-supplemented medium. These distinct
responses of BMSCs to RGD-modified agarose suggest that
coordination of signals from growth factors and the ECM
provides a strategy for directing the lineage-specific
differentiation of mesenchymal progenitors.

In addition to furthering the current understanding of
mesenchymal progenitor cell differentiation, these findings may
have important implications for the use of BMSCs or other
progenitors in cell-based therapies and tissue-engineering. The
development of appropriate biomaterials, as well as the
optimization of cell culture conditions, will be essential for
controlling cell fate within a tissue engineered construct. While
cell adhesion to RGD-modified materials may be advantageous
for enhancing bone regeneration, other cell–matrix
interactions, such as collagen or proteoglycan interactions, may
improve the in vitro chondrogenesis of BMSCs. Therefore, a
greater understanding of the cell–matrix interactions involved
in chondrogenesis will help direct the development of more
sophisticated materials for cartilage repair and the application
of mesenchymal progenitors in regenerative therapies.
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