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INTRODUCTION  

The recovery of damaged cartilage tissue with cul�
tured cells is a promising area of development in cur�
rent regenerative medicine (Khubutiya et al., 2008;
Galle et al., 2010; Pörtner and Meenen, 2010; Rich�
ardson et al., 2010; Chang et al., 2013). Cell products
composed of autological chondrocytes obtained from
biopsy material of undamaged cartilage have been
developed for this purpose (Tobita et al., 2002; Britt�
berg et al., 2003; Hui et al., 2009). However, the biopsy
procedure produces further damage to cartilage tissue,
which is slowly repaired. Thus, research has been
focused on the use of stem progenitor cells capable of
chondrogenic differentiation (Ganey et al., 2009;
Galle et al., 2010; Richardson et al., 2010; Chang
et al., 2013) in cartilage cell replacement therapy.
Mesenchymal stem cells from periosteum, bone mar�
row, periosteum, muscle, and derma multipotent cells
have been tested. It was found that these cells differ in
both differentiation potency and clinical results after
their implantation into a damaged area (Yoshimura
et al., 2007; Koga et al., 2007). It seems likely that the
difference is due to the influence of the microenviron�
ment, which is composed of extracellular matrix

 Abbreviations: ECM—extracellular matrix, BMSC—bone mar�
row stromal cell.
† Deceased.

(ECM) proteins, as well as the recipient cartilage cells
(Han et al., 2014).

The interaction of stem cells with the microenvi�
ronment may affect their recovery properties. Thus,
further research is required to find optimal conditions
for recovery of cartilage tissue with stem cells.

One approach to determining the influence that
cells have on each other is to cultivate them together
on different substrates. Here, we compared BMSCs
and cartilage cells in serum�free medium on various
proteins of the extracellular matrix: laminin 2/4, col�
lagen type I, and fibronectin. These proteins are
present in various ratios in the extracellular matrix and
connective tissues (Hall, 1983; Afanasijev and
Omelchenko, 2001).

It was has been shown that cell morphology, the
pattern of actin cytoskeleton organization in particu�
lar, depends on the substrate and alters after a change
of the surface receptors (Are et al., 1999, 2001;
Petukhova et al., 2004). The study of its spatial organi�
zation provides valuable information on the difference
between cultured cells and the effect of the extracellu�
lar matrix.

The purpose of this study was to investigate the pat�
tern of the cytoskeleton in BMSCs and cartilage pro�
genitor cells interacting with ECM proteins and the
influence of these cells on each other. It was shown
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that the cell functional changes associated with
cytoskeleton reorganization during the spreading pre�
ceding their proliferation and differentiation are more
informative during a period of time of a few minutes to
1 h after cell seeding onto the substrate. BMSCs and
cartilage cells were cultivated separately and together
on extracellular matrix proteins (laminin, collagen
type I, and fibronectin).

MATERIALS AND METHODS

Chinchilla newborn rabbits and young (not more
6 months) nonbred rats were used in the experiments.
The rats received water and natural food ad libitum. To
isolate cells, the animals were sacrificed by cervical
dislocation and sterilized with 30% alcohol for 10–
15 min.

BMSC isolation and cultivation. Rabbit flat bones
were taken from a plate and placed in Ca2+ and Mg2+�
free PBS supplemented with penicillin and streptomy�
cin (100 μg/mL each). Bones were purified
from soft tissues and washed with PBS. They were
then dissected with a scalpel, and bone marrow
was carefully washed with PBS using a syringe with a
23�gauge needle.

Rat bone marrow was isolated form tibia and femur
bones. Bones were washed with PBS containing anti�
biotics, and epiphyses were removed. Bone marrow
was washed with a syringe with a 23�gauge needle.

Bone marrow nuclear cells were isolated using den�
sity gradient centrifugation. It was placed in a suspen�
sion with 2 mL PBS, and the suspension was layered
on a 3�mL histopaque (Sigma, United States) with a
density of 1.077 g/mL and centrifuged (800 g, 20 min)
at room temperature. Cells from the Histopaque inter�
phase (mostly nuclear cells) were transferred into
another tube and centrifuged in PBS in ten volumes at
600 g for 15 min at room temperature to remove His�
topague. Washed cells were suspended in αMEM
medium (Sigma, United States) supplemented with

20% fetal calf serum (HyClone, United States) and
penicillin/streptomycin mixture (100 μg/mL each).
The cells were counted under an inverted microscope
using blood formed element register.

The cells were seeded at 0.5 × 106 cells/cm2 in Petri
dishes and incubated at 37°C and 5% CO2. Two cellu�
lar types, weakly attached round ones and attenuated
elongated ones, were observed in the primary BMSC
culture (Fig. 1a). Round nonadhesive cells (bone mar�
row hematopoietic cells) were unable to divide and
were practically eliminated by the first passage. Only
elongated fibroblast�like cells (bone marrow nuclear
cells) continued to proliferate (Fig. 1b).

The cells were passaged using 0.25% trypsin with
0.02% EDTA in physiological buffer (Gibco, United
States). Cells at the second to seventh passages were
used in experiments.

Cartilage cell isolation and cultivation. Cartilage
cells of newborn rabbits or adult rats were established
from migrating cells of cartilage fragments obtained
from the iliac crest or intervertebral discs. The
tissue was washed with PBS and minced with a 0.5� to
2.0�mm scalpel. The fragments were placed in Petri
dishes, covered with a slide fragment, and incubated in
the culture medium (αMEM, 20% fetal calf serum,
penicillin/streptomycin mixture, 100 μg/mL each).

Single elongated cells with irregular shape and
weakly adhesive round cells were observed in the pri�
mary culture. Figure 2a shows cartilage cells that
migrated from cartilage in the primary culture. Carti�
lage�derived cells were cultivated in the growth
medium. Cultures that reached an 80% monolayer
were passaged. This density is the most effective for the
subculturing procedure. Figure 2b shows the cartilage
cell culture at the third passage. Round weakly
adhered cells were eliminated; only attenuated fibro�
blast�like cells survived. The cells were subcultured
with trypsin/EDTA. Cells at the second to seventh
passages were used in experiments.

(a) (b)

Fig. 1. Bone marrow stromal cells (BMSCs) cultured in vitro. (a) Primary culture; (b) first passage. Phase contrast. Ob. 20×.
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Media conditioning. BMSCs or cartilage cells (80–
90% confluence) were cultivated in serum�free
αMEM medium for 24 h. The conditioned medium
was collected for further experiments.

Cell preparation for cytoskeleton research. Local�
ization of fibrillar actin. Cells at the logarithmic growth
phase were removed from the plate surface with
trypsin/EDTA. The cell suspension had serum�con�
taining growth medium added to inactivate trypsin,
was centrifuged at 200 g for 3 min, was washed
with serum�free�medium twice, and was diluted to
104 cells/mL, which is optimal for studying the
cytoskeleton in single cells.

Coverslip coating with extracellular matrix pro�
teins. Extracellular matrix proteins were placed on sil�
iconized coverslips. Before silicon coating, coverslips
were degreased and cleaned with concentrated nitric
acid for 30 min. They were then repeatedly washed
with distilled water to reach neutral pH: they were
incubated in distilled water for 30 min, pH was mea�
sured, and they were washed again until stable pH was
reached.

After reaching neutral pH, the glasses were placed
with tweezers in a special container and treated with
rectified alcohol for 20 min at room temperature. Cov�
erslips were dried and placed in silicon (Repel�Silane
ES, Sigma, United States) for 30 min. The coverslips
were then put in the stand, washed with a distilled
water jet, rinsed with alcohol, and air�dried. Dried
glasses were carefully transferred from the container
into a clean Petri dish. Treated glasses may be stored
for a long period of time (several months).

Coating with fibronectin and laminin 2/4. Fibronec�
tin (Sigma, United States) was diluted to 10 μg/mL.
Laminin 2/4 isolated from human placenta in accor�
dance with (Palm and Furcht, 1983) in a modified way
and kindly provided by Dr. I.V. Voronkina (Institute of
Cytology, Russia) was also diluted to 10 μg/mL. One
hundred milliliters of solution was placed into the cen�

ter of the prepared coverslips and kept overnight
at 4°C.

Coating with fibrillar collagen. Collagen solution
was kindly provided by Dr. L.V. Kukhareva (Institute
of Cytology, Russia). It was diluted to 100 μg/mL with
low�acidity water (glacial acetic acid/H2)2—1 : 1000).
One hundred milliliters of solution was placed in the
center of the siliconized coverslips. The coverslips
were incubated for 30 min at room temperature,
washed with 100 μL PBS three times, and another
sample of protein was positioned. The procedure was
repeated three times.

Coating, incubation, and cell fixation. Glasses
coated with extracellular matrix proteins were washed
three times with 100 μL PBS and treated with 100 μL
0.2% bovine albumin (Sigma, United States) in PBS
for 1 h at 37°C to prevent unspecific binding. Residual
solution was poured off, and glasses were washed three
times with 100 μL PBS.

One hundred milliliters of cell suspension contain�
ing 104 cells/mL in serum�free culture or conditioned
medium (Are et al., 2001) were placed on washed
glasses and incubated for 1 h at 37°C and 5% CO2 for
cell attachment and spreading. Residual medium was
removed, and cells were fixed with 50 μL 4% neutral
formaldehyde (Sigma, United States) for 10–20 min
at room temperature. The fixator was removed, and
cells were washed three times with 100 μL PBS.

Rhodamine–phalloidin staining. Actin cytoskeleton
was visualized by staining with rhodamine–phalloi�
din. The cells fixed on the substrate and washed with
PBS⎯  were permeabilized with 0.1% Triton X�100 for
30 min at 37°C and treated with rhodamine–phalloi�
din (Invitrogen, United States) diluted 1 : 20 with
PBS– for 10 min in the dark. Samples were washed
with PBS– and embedded into Mounting medium
(Pharmacia Biotech, Sweden).

Confocal microscopy. Preparations were assayed
under a Leica TCS SL confocal microscope (Ger�

(a) (b)

Fig. 2. Rat articular cartilage cells in culture. (a) Cells migrating from the cartilage, primary culture; (b) cells at the third passage.
Phase contrast. Ob. 20×.
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many). Rhodamine fluorescence was excited with a
543�nm argon laser. Images were recorded using the
microscope software.

Staining quantitative assay. The BMSC and carti�
lage cell spreading area stained with rhodamine–phal�
loidin was measured using an Axiophot microscope
with a color CCD camera and VideoTest�Size soft�
ware. This software allows an object area on to be mea�
sured on the photos. About 30 cells were measured on
each preparation.

The results were statistically treated with Student’s
t�test and χ2 criterion. The data were considered sig�
nificant at p < 0.01.

The reagents were Triton X�100, formaldehyde,
BSA, Histopaque, fibronectin, and αMEM (Sigma,
United States); fetal calf serum (HyClone, United
States; trypsin (Sigma, United States); rhodamine–
phalloidin (Invitrogen, United States); and Mounting
medium (Pharmacia Biotech, Sweden).

RESULTS AND DISCUSSION

Different forms of actin cytoskeleton organization in
BMSC cells produced by various ECM proteins. Three
basic extracellular matrix proteins generated different
distributions of actin filaments in BMSCs.

Most BMSCs spread on collagen type I have an
irregular shape with a rough edge due to numeral long
pseudopodia (Fig. 3a). Some cells have a “treelike”
structure. Actin is mostly concentrated on the cell
edge and protrusions in filament bundles of irregular
shape. No organized actin structures was observed in
the cytoplasm central part. Usually, actin is seen in
numerous aggregates interacting with each other and
forming smooth networklike structure. Radial fila�
ment bundles filling protrusions, which probably stim�
ulate novel protrusions produced during the spreading
process, are observed in cells with a smaller number of
pseudopodia.

Most stromal cells that are spread out on immobi�
lized laminin 2/4, conversely, have an oval, slightly
polarized shape with an even edge and wide lamella
along the whole leading edge (Fig. 3b). Actin is con�
centrated mostly in numerous parallel stress fibers
passing through the entire cell. Moreover, densely
packed short actin structures are arranged along the
whole membrane of the leading edge. Single actin
aggregates are observed on the cytoplasm periphery
between the ends of stress fibers and the membrane.

BMSCs spread well on fibronectin. They have an
oval shape with thin wide lamella along the cytoplasm
periphery (Fig. 3c). Ruffles terminating in conic pro�
jections are seen along the whole cell perimeter. Just
under the membrane, radial filament bundles are
located with adjacent long circular microfilament
bundles followed by brightly stained bundles of actin
structures that make up the background of thin short
protrusions. A poorly defined rough network of actin

filaments is visualized under these structures. Actin
was practically not revealed in the cytoplasm central
region.

The results showed that bone marrow stromal cells
are able to spread on three major proteins of the extra�
cellular proteins: fibronectin, collagen type I and
laminin 2/4. The population is composed of cells with
a distinct organization of actin cytoskeleton. Only sin�
gle BMSCs have a cytoskeleton that is typical for
fibroblasts. A similar population heterogeneity has
been shown for cultured rat fibroblasts (Are et al.,
1999).

Organization of actin cytoskeleton in cartilage cells
cultivated on various extracellular matrix proteins.
Cartilage cells spread on collagen type I have a pre�
dominately elongated shape with a leading front edge
(Fig. 4a). Parallel stress fibers pass along the long cel�
lular axis. The front cellular region contains a powerful
polygonal network of actin filaments with well�defined
“foci” at their points of intersection. Neither free actin
aggregates nor actin concentration under the cell
membrane common for bone marrow stromal cells
were revealed.

Cartilage cells spread on laminin have a similar
phenotype with wide lamella having large protrusions
on the leading edge and a long “tail” on the posterior
cell region (Fig. 4b). Unlike BMSCs, cartilage cell
cytoplasm has no stress fibers. However, similarly to
BMSCs, a powerful microfilament network arranged
into the entire structure is observed along the whole
cell edge. Radial actin filament bundles reaching the
membrane move out from this structure. Some of the
fibrillar actin is arranged as a thin layer under the
membrane. Fibrillar actin is not visible in the central
region of cytoplasm, as in the case of BMSCs.

Cartilage cells practically are not spread on
fibronectin (Fig. 4c). They are small and round�
shaped with numerous very short actin�rich protru�
sions along the whole plasma membrane. In these
cells, actin is concentrated only under the membrane
and cellular protrusions. It is also revealed in diffuse
aggregates in the central part of the cytoplasm.

The comparison of MBSC and cartilage cell inter�
action with various proteins of the extracellular matrix
showed that a difference in cell shape and actin
cytoskeleton organization was the most evident for cell
cultures plated on fibronectin. However, the differ�
ence is not apparent if the cells have been cultivated for
longer than 90 min. The may be due to the slower
spreading capacity of cartilage cells on fibronectin
compared to BMSCs. Fibronectin is located in deep
layers of hyaline cartilage and colocalized with col�
lagen type IX (Parsons et al., 2011). When the cell
migration deep into the cartilage ceased, fibronectin
probably became involved in generation of the carti�
lage dense matrix with incorporated isogenic chon�
drocyte groups located in so�called “lacunae.”
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BMSCs and cartilage cells spreading on collagen
also displayed a difference in the cell shape and orga�
nization of actin structures. During the spreading pro�
cess, BMSCs generate outgrowths, whereas cartilage
cells have a smooth edge and a network with “foci”
(bright spots) in sites of thin actin filament intersec�
tion. This network presumably may be used as a phe�
notypic marker of chondrogenic cells. However, fur�
ther experiments are required to confirm this notion.

The results obtained showed that different cell
types, undifferentiated BMSCs and cartilage progeni�
tor cells, are distinguished by their interaction with
extracellular matrix proteins. The difference was most
obvious with fibronectin and, to a lesser extent, col�
lagen type I.

Thus, we have shown that the pattern of interaction
of cartilage and bone marrow stromal cells with major
proteins of the extracellular matrix (collagen type I,
fibronectin, and laminin 2/4) is diverse. It manifests in
the cell shape and spreading, as well as in the cytoskel�
eton organization.

Spreading area of cartilage and bone marrow cells
cocultured on fibronectin in serum�free culture or con�
ditioned medium. We found that the difference in the
cell shape and organization of actin cytoskeleton was
most obvious in cultures maintained on fibronectin for
1 h (Figs. 3, 4). Cell spreading was used as a criterion
for quantitative assay of the cell interaction with the
substrate.

(a) (b)

(c)

20 µm 20 µm

20 µm

Fig. 3. Actin cytoskeleton of rat bone marrow stromal cells cultivated on the extracellular matrix proteins. (a) Collagen type I,
(b) laminin 2/4, and (c) fibronectin. Rhodamine–phalloidin staining. Confocal microscopy. Scale bar is 20 µm.
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It was found that the BMSC average spreading area
is higher than cartilage cells (763 ± 49 and 189 ±
7.5 μm2, respectively, p < 0.01) in serum�free cultures
with fibronectin. In cocultures of these cells in a ratio
of 1 : 1, their average spreading was 283 ± 25 μm2

(Fig. 5c), which, according to Student’s t�test, was
significantly less than the BMSC and higher than the
cartilage cell spreading area (p < 0.01).

The expected average area of fibronectin spreading
cells is 763 ± 189 μm2/2 = 476 μm2. Using the χ2 cri�
terion, it was shown that the difference between the
expected (476 μm2) and observed (283 μm2) spreading
area of BMSCs and cartilage cells in short�term coc�
ultures was significant (χ2 = 78.3, p < 0.01). Thus, the

observed spreading area was significantly less the
expected one (Fig. 5c). This means that BMSCs and
cartilage cells cocultured on fibronectin directly inter�
act with each other or via released factors that resulted
in their reduced spreading area.

Similar results were obtained in cocultures of rabbit
BMSCs and cartilage cells on fibronectin (Fig. 6).
Further experiments have been performed with rabbit
cells.

To exclude direct cell interactions, conditioned
media were used for BMSC and cartilage cell cultiva�
tion.

It was found (Fig. 7) that the spreading area of a
BMSC cartilage cell conditioned medium was 767 ±

(a) (b)

(c)

20 µm 20 µm

20 µm

Fig. 4. Actin cytoskeleton of rat cartilage cells cultivated on the extracellular matrix proteins. (a) Collagen type I, (b) laminin 2/4,
and (c) fibronectin. Rhodamine–phalloidin staining. Confocal microscopy. Scale bar is 20 µm.
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138 μm2. This was significantly less than their spread�
ing area in the serum�free medium (1452 ± 263 μm2).
The cartilage cell spreading area in BMSC condi�
tioned and serum�free media was similar (data are not
presented).

Thus, it can be thought that cartilage cells release
factors affecting BMSC spreading; however, the qual�
itative and quantitative compositions of these factors
probably differ.

Various proteins of the extracellular matrix and
proteoglycans may be released by cells and affect the
cell spreading (Ermakova et al., 2008). They include
collagen type I, fibronectin, and proteoglycan aggre�
can in the case of BMSCs (Kopesky et al., 2010) and
collagens type 2 and 9 and aggrecans for cartilage cells
(Kopesky et al., 2010; Parsons et al., 2011). In this
paper, we have shown that cartilage cells spread less on
fibronectin than on collagen type I and laminin 2/4. It
is possible that the clue to BMSC and cartilage cell
interaction will be found in extracellular matrix com�
ponents that they have released (Imoto et al., 2002).
Components such as collagen type I and hyaluronic
acid are already used in the creation of the bioengi�
neering counterpart to cartilage tissue, a technology
that is steadily improving (Dai et al., 2010; Richardson
et al., 2010). Studying the effect of cartilage condi�
tioned medium on BMSCs will foster the development
of a new technology for using BMSCs in regenerative
medicine of cartilage tissue.
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