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Characterization of the Chondrocyte Actin Cytoskeleton in Living
Three-Dimensional Culture: Response to Anabolic and Catabolic Stimuli
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Abstract: The actin cytoskeleton is a dynamic
network required for intracellular transport, signal
transduction, movement, attachment to the extra-
cellular matrix, cellular stiffness and cell shape.
Cell shape and the actin cytoskeletal configuration
are linked to chondrocyte phenotype with regard
to gene expression and matrix synthesis. Histori-
cally, the chondrocyte actin cytoskeleton has been
studied after formaldehyde fixation - precluding
real-time measurements of actin dynamics, or in
monolayer cultured cells. Here we character-
ize the actin cytoskeleton of living low-passage
human chondrocytes grown in three-dimensional
culture using a stably expressed actin-GFP con-
struct. GFP-actin expression does not substan-
tially alter the production of endogenous actin at
the protein level. GFP-actin incorporates into all
actin structures stained by fluorescent phalloidin,
and does not affect the actin cytoskeleton as seen
by fluorescence microscopy. GFP-actin expres-
sion does not significantly change the chondro-
cyte cytosolic stiffness. GFP-actin does not al-
ter the gene expression response to cytokines and
growth factors such as IL-1β and TGF-β . Fi-
nally, GFP-actin does not alter production of ex-
tracellular matrix as measured by radiosulfate in-
corporation. Having established that GFP-actin
does not measurably affect the chondrocyte phe-
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notype, we tested the hypothesis that IL-1β and
TGF-β differentially alter the actin cytoskeleton
using time-lapse microscopy. TGF-β increases
actin extensions and lamellar ruffling indicative
of Rac/CDC42 activation, while IL-1β causes
cellular contraction indicative of RhoA activa-
tion. The ability to visualize GFP-actin in liv-
ing chondrocytes in 3D culture without disrupt-
ing the organization or function of the cytoskele-
ton is an advance in chondrocyte cell biology
and provides a powerful tool for future studies in
actin-dependent chondrocyte differentiation and
mechanotransduction pathways.

1 Introduction

The relationship between cell shape and chon-
drocyte phenotype is well established (1). Cell
shape influences chondrogenic differentiation of
mesenchymal precursor cells, as shown in experi-
mental models using cultured embryonic limb bud
cells. These cells undergo a shape-dependent dif-
ferentiation into chondrocytes, and experimental
manipulations which alter cell shape can either
prevent or promote this chondrogenic differenti-
ation (2-4). Cell shape also influences the main-
tenance of the chondrocyte phenotype and extra-
cellular matrix production in differentiated chon-
drocytes (5). In monolayer culture, the expres-
sion of cartilage markers and the production of
cartilage matrix by articular chondrocytes is re-
duced. The cartilage phenotype can be reestab-
lished if the cells are subsequently placed in 3D
culture where they maintain a rounded shape (6,
7).

The actin cytoskeleton is a major determinant of
chondrocyte shape. The disruption of the actin
cytoskeleton in cells grown as monolayers causes
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a rounding of the cells. In 3D culture, overall
chondrocyte actin expression is reduced, the actin
cytoskeleton assumes a cortical arrangement, and
many actin features prominent in monolayer cul-
ture such as stress fibrils, focal adhesions, lamel-
lipodia and filopodia, are no longer apparent. The
link between the disruption of the actin cytoskele-
ton and chondrocyte phenotype is observed both
in mesenchymal precursors from limb buds (8),
and in adult articular chondrocytes (9). Micro-
tubules appear to contribute very little to chondro-
cyte shape, and agents that disrupt microtubules
do not affect either cell shape or differentiation
(8).

The response of chondrocytes to anabolic and
catabolic factors important for cartilage home-
ostasis is influenced both by cell shape and the
actin cytoskeleton. Disruption of the actin cy-
toskeleton in monolayer cultured chondrocytes
inhibits the anabolic effect of bone morphogenetic
proteins (10) and affects the response to catabolic
IL-1β (11). The actin cytoskeleton is intimately
involved in sensing mechanical forces applied to
chondrocytes, which in moderate amounts can act
as an anabolic stimulus to promote the expression
of cartilage markers and the synthesis of extracel-
lular matrix components (12). A requirement for
the actin cytoskeleton in mechanotransduction is
explained by the tensegrity theory (13, 14), and
virtually all models of mechanotransduction in-
volve a major role for the actin cytoskeleton (see
examples in (15) and (16)).

The actin cytoskeleton is rapidly remodeled dur-
ing the application of forces, which alters the me-
chanical properties of the cells (17). The rapid
dynamic remodeling of the actin cytoskeleton was
described in many culture systems including vas-
cular endothelial cells under shear forces (18),
chondrocytes under hydrostatic pressure (19),
chondrocytes under cyclic osmotic pressure (20),
and agarose-embedded chondrocytes responding
to either static (21) or cyclic (22) strain. In addi-
tion to cell shape, the ability to rapidly remodel
the actin cytoskeleton is critically important in
determining the proper cellular response. This
was highlighted by the recent observation that
reagents which either stabilize or destabilize actin

filaments promote chondrocyte differentiation in
monolayer culture (23), yet actin destabilization
in 3D cultures can have opposite effects (24).

A limitation in current techniques to visualize the
actin cytoskeleton is that they require fixation,
permeablization, and staining of F-actin. All of
these steps introduce artifacts (25), and because
they do not allow real-time visualization of chon-
drocyte actin dynamics in live cells, the current
technique is inherently incapable of measuring
actin remodeling kinetics. In this report we de-
scribe a method for live-cell imaging of the actin
cytoskeleton using lentiviral GFP-actin transduc-
tion. We characterized the transduced cells with
regard to overall actin expression, cytoskeletal
appearance, responses to anabolic and catabolic
stimulus, cartilage matrix production, and cell
biomechanical properties.

2 Materials and Methods

Cell Source: Primary human articular chondro-
cytes were obtained from the femoral and tibial
condyles as previously described (7). Chondro-
cytes were expanded in monolayer culture until
nearly confluent, then passaged up to three times.
Media was changed every 2-3 days. Representa-
tive results are shown from chondrocytes isolated
from up to four individual donors. Within each
experiment, all comparisons were done on cells
from the same donor at the same passage.

Culture of Chondrocytes in 3D: Chondro-
cytes were released from monolayer culture with
trypsin, centrifuged and resuspended at 10 x 106

cells/ml, mixed with an equal volume of 6% low
gelling point agarose at 42˚C, then immediately
pipetted into a custom casting chamber exactly
2 mm thick. The agarose was gelled at 4˚C for
30 minutes, and 6 mm discs made with a dermal
punch. The final cell density was 5 x 106 cells/ml
in 3% agarose. Cells were cultured in DMEM
supplemented with 10% fetal calf serum (FCS),
antibiotics, and 25 mM ascorbic acid.

GFP-actin Transduction: The coding re-
gion of human beta-actin was PCR-amplified
from a cDNA plasmid (Open Biosystems,
Huntsville AL) and cloned into the peGFP-
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C2 plasmid (Clontech, Mountainview, CA) to
yield a construct coding for the GFP-actin fu-
sion protein. This was sub-cloned into the
pENTR/SD/DTOPO Gateway entry vector, then
into the pLenti4/TO/V5-DEST Gateway destina-
tion vector. As a control, eGFP was cloned into
the pLenti4/TO/V5-DEST vector. These con-
structs were used with ViraPower T-Rex reagents
to generate virus according to the manufacturer’s
instructions (Invitrogen, Carlsbad CA). Briefly,
replication-defective but infectious Lentivirus
was produced in 293FT cells, concentrated two-
fold by ultracentrifugation, and stored at –80˚C
until ready for use. To transduce chondro-
cytes, 2×105 freshly trypsinized chondrocytes
were seeded into 6-well plates and allowed to
attach for 4-6 hours. Viral stock was used in
the presence of hexadimethryne bromide to infect
chondrocytes overnight. Infection rates were ap-
proximately 90%-95% by counting GFP-positive
cells.

Cell Deformation Measurements: To determine
whether GFP-actin expression or lentiviral trans-
duction alters cell stiffness, the deformation of
chondrocytes subjected to 15% strain was mea-
sured. Chondrocytes were cultured in 3% agarose
and tested 1 day after gelling, before the estab-
lishment of a detectable extracellular matrix that
might interfere with such measurements. Cells
were labeled with 1 µg/ml CalceinAM (Invitro-
gen) for 60 minutes to evenly label the cytoplasm.
A custom-designed loading chamber on the stage
of a Zeiss LSM-510 confocal microscope was
used to apply precisely controlled compression in
the X axis. A 63x water-immersion objective was
used to obtain a 1µm z-slice through the largest
area of the cell. Cellular deformation was es-
timated using the ratio of the X and Y diame-
ters of the cells (17, 26). A total of 30 uncom-
pressed cells and 30 compressed cells from each
of the control, GFP, and GFP-actin groups were
measured. X to Y ratios were compared between
groups using oneway ANOVA with Tukey’s HSD
post-hoc test.

Cell Stiffness Calculations: To determine
whether the observed cellular deformation corre-
sponded with previously published measurements

of chondrocyte cytosolic stiffness, we applied a fi-
nite element analysis model basically as described
(17).

ImmunoBlotting: To determine whether GFP-
actin expression or lentiviral transduction al-
ters endogenous actin production, immunoblot-
ting was used to compare actin levels in trans-
duced and untransduced cells. Four days after vi-
ral infection, chondrocytes were re-plated onto 6-
well plates at subconfluent density for 2 days and
cultured in monolayer in DMEM supplemented
with 10% FCS. Cells were washed with PBS then
lysed with RIPA buffer (50 mM Tris-HCl pH
7.4, 1%NP-40, 0.25% sodium-deoxycholate, 150
mM NaCl, 1 mM EDTA, 1mM PMSF, with pro-
tease and phosphatase inhibitor cocktails). Cell
debris was removed by centrifugation. Ten µg
of cell lysate was subjected to SDS-PAGE on 4-
20% gradient gels (Invitrogen), and transferred
to Immobilon-FL membranes (Millipore, Biller-
ica, MA). Actin levels were probed with a rabbit
polyclonal anti-pan-actin antibody (catalog num-
ber AAN01-A, Cytoskeleton, Denver CO) fol-
lowed by qDot655-conjugated secondary anti-
body (Invitrogen). To verify even protein loading,
an equal amount of cell extract was probed us-
ing an anti-GAPDH antibody followed by HRP-
conjugated secondary antibody and SuperSignal
West Dura substrate (Pierce, Rockford IL). Im-
ages were captured using a 16-bit digital cam-
era on a BioRad XRS gel documentation system
with UV-transillumination (actin) or 2×2 binning
(GAPDH) and quantified with Quantity One soft-
ware (Bio-Rad, Hercules CA).

Expression Analysis by RNA Isolation and
Quantitative RT-PCR: To determine whether
GFP-actin or lentiviral transduction alter the re-
sponse to growth factors and cytokine stimula-
tion, quantitative RT-PCR was used to compare
gene expression responses to TGF-β and IL-1β .
Cells were seeded into 6-well plates at 80% con-
fluency and allowed to attach overnight. Cells
were serum-starved for 24 hours in DMEM with
0.1% FCS, and then treated for 6 hours with 5
ng/ml TGF-β or IL-1β . Total RNA was isolated
using RNEasy reagents (Qiagen, Valencia CA).
Quantitative RT-PCR was performed using Taq-
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Man EZ-rTtH RT-PCR reagents and Assays-on-
Demand primer/probe sets (Applied Biosystems,
Foster City CA) to detect GAPDH, VEGF, IL-6,
and iNOS expression. RT-PCR was performed in
triplicate for each RNA, and student’s t-test used
to assess statistical significance. Expression lev-
els were normalized to GAPDH using the ∆Ct
method. Induction of IL-6 and iNOS mRNA by
IL-1β treatment in transduced cells was compared
to the induction of IL-6 and iNOS mRNA by IL-
1β in control cells. Similarly, the induction of
VEGF by TGFβ in transduced cells was com-
pared to that in control cells.

Sulfate Incorporation: To determine whether
GFP-actin expression or lentiviral transduction
alters extracellular matrix production in 3D-
cultured chondrocytes, sulfate incorporation as-
says were used to compare proteoglycan produc-
tion in transduced and control cells. Chondro-
cytes were embedded in agarose overnight then
cultured 24 hours in the presence of 20 µCi/ml
35S-labeled H2SO4. After washing in HBSS,
gels were digested overnight with 100 µg/ml pro-
teinase K at 55˚C, unincorporated isotope re-
moved by size exclusion chromatography on PD-
10 columns (GE Healthcare, Piscataway NJ), and
the matrix-incorporated radioactivity counted in a
scintillation counter as counts per minute (CPM).
DNA was measured using the PicoGreen DNA
Quantification kit (Molecular Probes, Eugene
OR). Data is presented as incorporated CPM/ng
DNA. Four gels were analyzed for each condi-
tion, and CPM/ng DNA values were compared us-
ing oneway ANOVA with Tukey’s HSD to test for
differences between groups.

Time-lapse Confocal Microscopy: To determine
whether anabolic and catabolic stimuli alter the
chondrocyte actin cytoskeleton, GFP-actin ex-
pressing chondrocytes were seeded onto glass-
bottom cell culture dishes and repeatedly imaged
on the confocal microscope. Images were taken
every 10 to 60 seconds for up to 2 hours to es-
tablish a baseline morphology for the actin cy-
toskeleton. After 2 hours, 20 ng/ml TGF-β or 5
ng/ml IL-1β were added to the cell cultures, and
images continued to be collected every 10 to 60
seconds for up to 6 hours.

3 Results

Cells from the same donor were split into 3 groups
and were either left untransfected (control), or in-
fected with lentivirus coding either for GFP or for
the GFP-actin fusion protein, with otherwise iden-
tical culture conditions. To test the effect of vi-
ral transduction and GFP-actin expression on en-
dogenous actin, we used a pan-actin antibody to
detect all actin isoforms produced in the chondro-
cytes. Actin production at the protein level was
comparable in all groups (Fig. 1), indicating that
GFP-actin does not greatly alter the endogenous
actin level.

Figure 1: Comparison of actin protein levels
in GFP and GFP-Actin transduced chondrocytes
versus control cells. Similar amounts of endoge-
nous actin were detected in all cell extracts by
western blot analysis. A duplicate blot probed
with anti-GAPDH shows even protein loading.

Next we wanted to examine the cytoskeleton in
chondrocytes in control and transduced cells ex-
pressing GFP or GFP-actin. The cytoskeleton of
fixed cells was essentially similar in all 3 groups;
neither GFP nor GFP-actin transduction caused
missing or extra features compared to control
cells (Fig. 2, top). In monolayer culture, the
chondrocyte sizes ranged from 60 to 120 µm, and
were no more than 1 µm thick in all areas ex-
cept the nucleus which was slightly thicker. The
prominent phalloidin-stained features of mono-
layer cells were thick stress fibrils running the
length of the cells, with even stronger staining
along the long edges of the cells. Other fea-
tures included smaller actin projections of 1 µm
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to 3 µm from the sides of the cells. Transduc-
tion of GFP and GFP-actin did not alter the pres-
ence or distribution of these features. GFP was lo-
calized evenly throughout the cytosol. GFP-actin
was localized in all of the phalloidin-stained fea-
tures of the monolayer chondrocytes. Additional
GFP-actin was observed throughout the cytosol
that was not identified by the phalloidin stain. No
GFP-actin was detected in the nucleus.

Figure 2: Comparison of the actin cytoskeleton in
monolayer chondrocytes and after 1 week of 3D
culture in agarose (red = phalloidin; green = GFP
and GFP-actin; white bar = 10 µm). GFP-actin
appears in all phalloidin stained actin structures
both in monolayer and 3D culture. GFP and GFP-
actin did not appear to alter the actin cytoskeleton.

In 3D agarose culture, the chondrocyte cytoskele-
ton is drastically different from that in mono-
layer culture. Consistent with published observa-
tions (27), 3D chondrocytes were spherical and
appeared much smaller, ranging in diameter from
8 µm to 12 µm (Fig. 2, bottom). The standard
actin features of monolayer cells such as stress
fibrils, focal adhesions, filipodia, and lamellipodia
were not identifiable. Instead, there was a cortical
mesh of much smaller interlaced actin filaments.
Isolated punctate spots were observed throughout
the cytosol. The only actin feature observed in 3D
that may be homologous to the monolayer culture
were the smaller actin projections of 1 µm to 3
µm from the sides of the cells. Transduction of
GFP and GFP-actin did not alter the presence or
distribution of these features. GFP was localized

throughout the cytosol of the chondrocytes. GFP-
actin was incorporated into all phalloidin-stained
actin filaments. As in the monolayer culture sys-
tem, we also found GFP-actin in areas that were
not stained by phalloidin.

The actin cytoskeleton is thought to influence the
stiffness of the chondrocytes, which in turn may
influence the chondrocyte response to mechanical
stimuli. To determine whether cell stiffness was
affected by transduction of GFP or GFP-actin,
we measured the deformation of live agarose-
embedded chondrocytes before and after 15%
bulk strain was applied to the agarose. We found
that the expression of GFP or GFP-actin did not
alter the cellular deformation (Fig. 3), and from
this result we concluded that the cellular stiffness
is not measurably altered.

The chondrocyte is entirely responsible for the
secretion and maintenance of the cartilage ma-
trix. To determine whether GFP or GFP-actin
transduction altered the synthesis of extracellular
matrix, we measured proteoglycan synthesis by
the sulfate incorporation in 3D cultured chondro-
cytes. We found no significant effect of GFP or
GFP-actin transduction on matrix production rel-
ative to that in untransduced control cells (Fig. 4).

The actin cytoskeleton is involved in signal trans-
duction of both anabolic and catabolic stimuli,
we therefore determined whether these systems
were affected by GFP or GFP-actin transduction
in chondrocytes. We measured the chondrocyte
response to TGF-β and IL-1β , representing the
major anabolic and catabolic factors in cartilage,
respectively. TGF-β causes a 4- to 10-fold induc-
tion of VEGF, and IL-1β is a potent inducer of
iNOS and IL-6. To compare the change in expres-
sion among different donors, we expressed the in-
duction of these mRNAs in GFP- and GFP-actin-
transduced cells as a percentage of the induction
in control cells from the same donor. We found
that transduction with GFP or GFP-actin caused
no substantial differences of the cellular responses
to IL-1β or TGF-β treatment (Fig. 5).

Having established that the chondrocyte pheno-
type is not adversely affected by GFP or GFP-
actin expression in these five important parame-
ters, we then used live-cell imaging of the GFP-
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Figure 3: Cell deformation estimated by the ratio of the cell diameter in the X to Y direction before and after
15% strain in the X axis. No significant difference in cellular deformation was observed between control and
GFP or GFP-actin transduced cells by oneway ANOVA with Tukey’s HSD (p=0.6). 30 cells were measured
in each condition, and a typical cell is shown. Error bars represent a pooled estimate of error variance.

Figure 4: Glycosaminoglycan production measured by radiosulfate incorporation. Agarose-embedded chon-
drocytes were cultured for 24 hours with 20 µCi/ml H2

35SO4, and radioactive glycosaminoglycan normal-
ized to DNA content. No significant differences in matrix production was observed between control, GFP,
and GFP-actin transduced chondrocytes by one-way ANOVA with Tukey’s HSD (p>0.84). Four gels were
measured for each condition from a typical experiment. Error bars represent standard deviation.
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Figure 5: Comparison of chondrocyte response to growth factors and cytokines in transduced versus control
cells. IL-1 response was measured by induction of iNOS and IL-6 expression, and TGF-β response was
measured by induction of VEGF expression. Transduction with GFP and GFP-actin did not substantially
alter the cellular response to TGF-β or IL-1β treatment.

actin cytoskeleton to examine the response to an-
abolic and catabolic stimuli. Treatment with the
catabolic IL-1β cytokine reproducibly decreased
cellular area by 15% (Fig 6). Treatment with the
anabolic TGF-β consistently increased lamellipo-
dial extensions from the periphery of the chon-
drocytes, which was often also accompanied by a
decrease in filopodia (Fig 7).

4 Discussion

Our objective was to generate an experimental
system to visualize the dynamic reorganization of
the actin cytoskeleton of chondrocytes in a na-
tive 3D culture system. To this end, we chose
lentiviral introduction of a GFP-actin fusion pro-
tein. This system efficiently infects chondro-
cytes and provides long-term stable protein pro-
duction. Transduced chondrocytes were cultured
in 3D conditions for at least four weeks with con-
tinuous production of the GFP-actin, permitting
experiments that require the synthesis and assem-
bly of extracellular matrix.

Chimeric GFP-β -actin retains the functions of

endogenous β -actin in a majority of non-
chondrocyte systems in which actin functions
have been studied. GFP-actin incorporated into
all cellular actin structures including lamellipo-
dia, filopodia, focal contacts and stress fibers (28),
as well as more specialized structures such as
podosomes in osteoclasts (29). In most cases,
GFP-actin did not interfere with cell growth (28,
30, 31), although it slightly impairment cytokine-
sis in quickly growing Dictyostelium discoideum
(32). GFP-actin dynamically incorporates into
rapidly remodeled actin (28, 33), and GFP-actin
responded to actin destabilizing cytochalasin-B
treatment similarly to normal actin (30). In vitro
assays showed that low amounts of GFP-actin had
little effect on either filament polymerization or
movement along a surface of heavy meromyosin
(32). However, Westphal, Feng and others ob-
served that GFP-actin function is somewhat com-
promised, causing filament instability (32) and al-
tering the initial dynamics of integrin-based cell
spreading (34). Despite this, mice expressing
GFP-actin from a profilin promoter are viable, im-
plying that there are no drastic effects of GFP-
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Figure 7. Time lapse confocal microscopy of 4.5 hours of TGF-  treatment. A typical cell Figure 7: Time lapse confocal microscopy of 4.5 hours of TGF-β treatment. A typical cell shown, demon-
strating a decrease in filopodia and an increase in the lamellipodia actin extensions from the cell periphery.
Actin filopodia and lamellipodia are usually caused by Cdc42 and Rac GTPases, respectively.

actin on overall development (33).

While virtually all phalloidin-stained actin was
also positive for GFP-actin, we observed addi-
tional GFP-actin in areas that were phalloidin-
negative. Phalloidin only binds with F-actin.
Actin binding proteins including cofilin, actin de-
polymerizing factor (ADF) and others, can al-
ter the configuration of actin filaments to prevent
phalloidin binding (35, 36). Also, actin seques-
tering proteins bind monomeric actin to prevent
filament formation while maintaining an avail-
able pool of G-actin. These proteins include
the twinfilins, beta-thymosins, ADFs/cofilins,
Srv2/CAPs, profilins, and others (37-39). We ex-
pect that the phalloidin-negative GFP-actin was
either bound by actin-binding proteins that pre-
vent phalloidin binding, or present as monomers
ready for incorporation into filaments.

Since the actin cytoskeleton of 3D cultured chon-
drocytes differs substantially from the cytoskele-
ton in other cell types, we felt it necessary to char-
acterize the effect of GFP-actin transduction on
the chondrocyte phenotype with regard to several
parameters important in chondrocyte biology. We
verified that neither the viral infection, the pro-

duction of a recombinant protein, or the produc-
tion of GFP-actin altered the nature of the chon-
drocytes or disrupted the actin cytoskeleton. GFP-
actin was incorporated into all actin structures
visible after phalloidin staining of formaldehyde-
fixed cells. GFP-actin caused no substantial dif-
ferences in endogenous actin levels, actin cy-
toskeletal structures, cytosolic stiffness, extracel-
lular matrix production, or cellular responses to
anabolic and catabolic stimuli.

Having established that these important param-
eters of chondrocytes are not adversely affected
by the GFP-actin expression, we used live-cell
imaging to evaluate how the actin cytoskeleton re-
sponds to anabolic and catabolic growth factors
and cytokines. We found that catabolic IL-1β

treatment causes a cellular contraction of approx-
imately 15% within 6 hours. Contractile forces
generated through the actin cytoskeleton gener-
ally involve Rho GTPase activation, Rho Kinase,
and stress fibers in other cell types, and it is likely
but unproven that a similar pathway is activated
by IL-1 β treatment in the chondrocytes. We also
found that TGF-β treatment caused a decrease in
filopodia and an increase in lamellipodia on the
periphery of the chondrocytes within 4.5 hours.
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Figure 6: Time-lapse confocal microscopy of 6
hours of IL-1β treatment. Cellular area was mea-
sured before and after 6 hours or IL-1β treatment.
A typical cell is shown, demonstrating the 15%
reduction in cell area. Actin-based cellular con-
traction is often mediated by Rho GTPases.

In other cell types, filopodia and lamellipodia are
indicative of Cdc42 and Rac GTPase activity, and
again it is likely but unproven that similar path-
ways are activated in the chondrocytes. The 3D
equivalent of stress fibers, filopodia and lamel-
lipodia have not yet been described in detail for
any cell type. The molecular tools and tech-
niques presented in this manuscript will enable us
to identify the 3D equivalents of these actin struc-
tures.

In summary, we demonstrate that lentivirally
transduced GFP-actin has no significant impact
on several important aspects of chondrocyte biol-
ogy. The ability to visualize the dynamic reorga-
nization of the actin cytoskeleton in living chon-
drocytes in a three-dimensional culture without

altering the nature of the chondrocyte, and with-
out disrupting the organization and function of the
cytoskeleton, is an advancement in the field of
chondrocyte cell biology. This provides a pow-
erful tool for the study of cell biomechanics and
for studies in actin-dependent signaling pathways
present in the chondrocyte, including responses to
growth factors, cytokines, and mechanotransduc-
tion pathways.
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