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Three-dimensional gel matrices provide specialized microenvironments that mimic native
tissues and enable stem cells to grow and differentiate into specific cell types. Here, we
show that collagen three-dimensional gel matrices prepared in combination with adhesive
proteins, such as fibronectin (FN) and laminin (LN), provide significant cues to the differ-
entiation into neuronal lineage of mesenchymal stem cells (MSCs) derived from rat bone
marrow. When cultured within either a three-dimensional collagen gel alone or one con-
taining either FN or LN, and free of nerve growth factor (NGF), the MSCs showed
the development of numerous neurite outgrowths. These were, however, not readily
observed in two-dimensional culture without the use of NGF. Immunofluorescence stain-
ing, western blot and fluorescence-activated cell sorting analyses demonstrated that a
large population of cells was positive for NeuN and glial fibrillary acidic protein, which
are specific to neuronal cells, when cultured in the three-dimensional collagen gel. The
dependence of the neuronal differentiation of MSCs on the adhesive proteins containing
three-dimensional gel matrices is considered to be closely related to focal adhesion
kinase (FAK) activation through integrin receptor binding, as revealed by an experiment
showing no neuronal outgrowth in the FAK-knockdown cells and stimulation of integrin
b1 gene. The results provided herein suggest the potential role of three-dimensional col-
lagen-based gel matrices combined with adhesive proteins in the neuronal differentiation
of MSCs, even without the use of chemical differentiation factors. Furthermore, these
findings suggest that three-dimensional gel matrices might be useful as nerve-regenerative
scaffolds.
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1. INTRODUCTION

The regulation of stem cell functions including cell
adhesion and migration, mitosis and differentiation
into specific tissue cells is now considered a crucial strat-
egy to improve the regenerative potential of scaffolding
matrices used for tissue engineering [1–7]. The stem
cell niche, which is a pool of microenvironmental cues
that control the fate of stem cells, is highly specified
depending on the tissue types in terms of physical,
chemical and mechanical characteristics [8]. Therefore,
orrespondence (kimhw@dku.edu).
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providing a physiological situation that mimics the
native tissue environment may switch on the action of
stem cells to enter into an appropriate stage and
undergo tissue differentiation [9–13].

Mesenchymal stem cells (MSCs) are known to have
multipotency to develop into a series of cell lineages,
including osteoblast, adipocyte, chondrocyte and
neural cells, in response to appropriate chemical and
physical cues [12–15]. When compared with embryonic
stem cells, MSCs are accessible without the possible
concerns regarding ethical issues and can be readily
obtained from adults, allowing their clinical applica-
tion [4,6]. Recent studies have demonstrated the
This journal is q 2011 The Royal Society
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potential usefulness of MSCs for the treatment of
defective and diseased tissues, including bone, cartilage
and nerves [6]. Above all, the importance of micro-
environmental control has been highlighted to enable
complete use of MSCs in tissue engineering and
regenerative therapy [16,17].

Pioneering studies of stem cells and their possible
differentiation into nerve cells have recently spurred
the regenerative approach of neural tissues [18].
MSCs have also been studied to a great level in
attempts to identify biochemical conditions that
induce their differentiation into neural lineages [19–
22]. MSCs derived from bone marrow may provide
an alternative source of neurons [4,6,23]. Indeed, in
addition to their differentiation into osteoblasts, chon-
drocytes, adipocytes and haematopoiesis-supporting
stromal cells, recent in vitro studies have demonstrated
that both human and rodent MSCs derived from bone
marrow have the ability to differentiate into neuron-
like cells [20,21,24]. However, few of these studies
have included functional assays, and the mechanisms
involved in MSC neuronal differentiation are still
poorly understood [4,10].

Recent studies have shown the importance of sub-
strate conditions upon which MSCs behave differently
in terms of adherence, migration and differentiation
[12,18,25]. Indeed, there is accumulating evidence that
extracellular matrix (ECM) is involved in the develop-
ment of neurons by regulating neuronal migration and
outgrowth [18,26,27]. Furthermore, stem cell differen-
tiation can be directed only by physical interactions
such as the mechanical stiffness of the cell surrounding
matrices [2,11,12,27].

Collagen gel has been a model for culturing
cells in three-dimensional environments, which is a con-
dition much more similar to native tissue ECM than
two-dimensional culture dishes [28–30]. Specifically,
the collagen fibrous network and surrounding medium
fluid constitute a soft and flexible gel matrix that
allows cells to freely reach out and migrate in three
dimensions [1,16,31–33]. Although many groups have
used collagen gel matrix to investigate the behaviour
and differentiation of MSCs into specific cell lineages,
such as chondrocytes, osteoblasts and endothelial cells
[2,29,34], there have been no reports on the development
of neuronal cells.

Therefore, the role of collagen gel three-dimensional
matrix in the development of MSCs derived from rat
bone marrow into neuronal cells was evaluated in
this study in terms of neuronal outgrowth and pheno-
typic expressions. Specifically, we introduced cell-
adhesive proteins such as fibronectin (FN) and laminin
(LN) into the collagen matrix, which are known to be
crucial adhesion ligands in neuronal cells. Moreover, a
key chemical factor, nerve growth factor (NGF), was
not added to the culture medium to better investigate
the effects of the matrix. The collagen-adhesive protein
complexes are considered to provide specialized three-
dimensional substrate conditions which regulate and
activate signalling pathways that are similar to or at
least compensate for those stimulated by growth fac-
tors and cytokines through the ECM–integrin
interactions.
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2. MATERIAL AND METHODS

2.1. Isolation, culture and identification of rat
bone marrow mesenchymal stem cells

MSCswere isolated from thebonemarrowof five-week-old
male Sprague–Dawley rats. Rats were sacrificed and the
bone marrow was aspirated from the tibiae and femurs
into Hank’s buffered salt solution (Gibco) containing
0.1 per cent collagenase type I and 0.2 per cent dispase
II, and the mononuclear cells were then obtained using
the enzyme solution in conjunction with centrifugation
at 1500 r.p.m. Next, the cells were plated at a density of
2 � 103 cells cm22 in two parallel culture dishes (one for
proteomic analysis and the other for subculturing) and
cultured in a-minimal essential medium (a-MEM;
Gibco) supplemented with 10 per cent foetal bovine
serum (FBS; Hyclone, Thermo), 2 mM L-glutamine,
100 U ml21 penicillin and 100 ml ml21 streptomycin (all
from Sigma) at 378C under a humidified atmosphere con-
taining 5 per cent CO2/95 per cent air for 7 days.
Cells subcultured for three passages were used for the
experiment. In addition, some MSC subcultures were col-
lected as cell samples for the identification of stem cells by
immunocytochemistry with Oct4 and SSEA-1, which are
adult MSC markers [34,35]. To accomplish this, cultured
cells were fixed and co-immunostained with anti-polyclo-
nal Oct4 antibody (Cell Signaling Tech Inc., no. 2750)
and anti-mouse SSEA-1 antibody (Chemicon Inter-
national, MAB4301) using a standard immunostaining
protocol. The cells positively stained for Oct4 or SSEA
or Oct4–SSEA were counted from fluorescence images.
Tendifferentfields of imagewere consideredand averaged.
2.2. Preparation of collagen solutions with
adhesive proteins

The tails of the sacrificed Sprague–Dawley rats (more
than seven weeks old) were removed, skinned and placed
in distilled water. A dissecting probe was then used to
pull individual tendon fibres through the surrounding
fascia and out of the tail. Next, the isolated collagen
tendons were dried, sterilized with 0.2 mg ml21 low mol-
ecular weight chitosan overnight in 70 per cent ethanol,
and then washed with double-distilled water, after which
the collagenfibrewas placed inacetic acid (0.01%), diluted
in purewater and incubated at 48C for 72 h for dissolution.
This viscous mixture (2 mg ml21) was then centrifuged at
15 000 r.p.m. for 30 min, after which the supernatant was
stored at 48C as the collagen solution.

Two representative adhesive proteins, LN and FN,
were added to the collagen solution. LN was obtained
from Invitrogen (Carlsbad, CA) while FN was produced
in our laboratory. Specifically, FN is a recombinant
protein that contains key cell-binding domains from
the ninth to the tenth type III domains (FNIII9–10). The
FN used in this study was produced as previously
described [36]. Briefly, the following polymerase
chain reaction (PCR) primers were designed to recognize
the ninth to the tenth type III domains of FN: FN9F
50-GCTGGTACCGATACCATCATCCCAGCTG-30,
FN10R 50-CCAAGCTTATGGTTTGTCAATTTC-30.
The PCR products were then cloned into pBAD/His A
in-frame with the C-terminal 6� His tag. The FN



Table 1. Young’s modulus of the collagen-based gel matrices
as measured by means of dynamic mechanical analysis.

col col–FN col–LN

Young’s modulus (kPa) 1.5 (0.15) 1.5 (0.17) 1.7 (0.12)
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fragment containing the poly-His tag was expressed and
purifiedusing aNi2þ affinity columnunder denaturing con-
ditions. The recombinant FN has previously been shown to
maintain a biological activity similar to that of human
plasma FN in terms of cell adhesion and proliferation.
The quantity of adhesive proteins added into the collagen
gel was 10 ng ml21 for FNIII9–10 and 100 ng ml21 for LN.

2.3. Reconstitution of mesenchymal stem cells
within collagen-based gel matrix for
three-dimensional cell culture

For the three-dimensional collagen gel-based culture
groups (collagen only, collagen with LN and collagen with
FN), 2 ml of the collagen-based solutions was poured into
Petri dishes (60 mm; Falcon, USA). These solutions were
then mixed with 0.4 ml FBS and 0.8 ml 3� concentrated
a-MEM, after which they were mixed with 0.8 ml of the
MSC suspension in a-MEM (1–2 � 106 ml21). After
gentle agitation, the solutions were allowed to form gels
over 10 min during incubation at 378C under 5 per cent
CO2/95 per cent air. The cell–gel constructs were cultured
in the medium consisting ofa-MEM supplemented with 10
per cent FBS and 10 per cent antibiotic–antimycotic sol-
ution (Gibco). Moreover, two-dimensional culture was
prepared for comparison by culturing MSCs directly on
top of the collagen gel-coated culture dish.

After culturing, the collagen-based gels were subjected
to enzymatic treatment with 2 mg ml21 collagenase (type
I) solution followed by centrifugation. The cell pellets
were then collected and the cell numbers proliferated for 3
and 6 days were counted using a haemocytometer after
trypan blue staining. The cell viability level was
also measured by an MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetra-
zolium) assay and compared with that measured on tissue
culture plastic.

2.4. Mechanical characterization of
collagen-based gels

The mechanical stiffness of the viscoelastic collagen gel
matrices was measured using a dynamic mechanical
analyser (DMA25, Metravib, France). For the confined
compression measurement, a cup–plate testing geome-
try was used in which the diameter of the cup container
and the compressive plate were 18 and 15 mm, respect-
ively. The gap between the cup and the plate edge
allows the interstitial fluid of collagen gels to flow out.
The collagen solution used for the three-dimensional
cell culture condition was placed in the cylindrical cup
(18 mm diameter � 15 mm height) and then allowed to
form a gel, after which a dynamic compression load was
applied to the gel at a frequency of 1 Hz while increasing
the force from 0.001 to 0.01 N. The storage modulus of
the samples was recorded and presented in table 1.

2.5. Immunocytochemistry with NeuN and glial
fibrillary acidic protein

Cell differentiation was revealed by co-immunostaining
with the specific neuronal markers, rabbit polyclonal
anti-glial fibrillary acidic protein (GFAP) (Dako,
Denmark 1 : 500) and anti-NeuN (Chemicon, Temecula,
CA, 1 : 500). After 3 and 6 days of culture, the cells were
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harvested from the three-dimensional collagen-based gels
or two-dimensional culture dish, fixed with 4 per cent par-
aformaldehyde, and made permeable with 0.2 per cent
Triton X-100. The samples were then blocked with 10
per cent goat serum, after which they were probed withpri-
mary antibodies, washed with phosphate-buffered saline
(PBS) three times, and incubated with secondary anti-
bodies conjugated with Cy3 for anti-mouse primary
antibody and with fluorescein isothiocyanate (FITC) for
anti-rabbit primary antibody. The nuclei were stained
with 6-diamidino-2-phenylindole (DAPI). The images
were captured using a ZEISS M700 confocal laser scanning
microscope (CLSM) and the percentage of cells positively
stained for GFAP or NeuN was calculated. Ten different
fields of image were considered and averaged.

2.6. Western blots with glial fibrillary acidic
protein and nestin-1

Development into neuronal cells was confirmed by western
blot analysis.Briefly, the extracts of theharvested cellswere
prepared with RIPA buffer, after which protein samples
were resolved on 10 per cent sodium dodecyl sulphate–
polyacrylamide gels, transblotted to nitrocellulose (NC)
membranes blocked with 2.5 per cent bovine serum albu-
min (BSA) in Tris-buffered saline with 0.1 per cent
Tween-20 and probed with primary antibodies (anti-
rabbit GFAP antibody and anti-mouse nestin-1
antibody; Chemicon, 1:10 000). The blots were then incu-
bated with horseradish peroxidase-conjugated secondary
IgG and immunoreactive bands were detected using ECL
detection reagent (Pierce, Rockford, IL). The band intensi-
ties were also quantified by means of an intensitometer
(Quantity I, BD Science) after normalizing to the band
intensity of b-actin. The western blot analysis was per-
formed five times, and the intensities measured were
presented as the mean+ s.d.

2.7. Immunocytochemical study with focal
adhesion kinase and F-actin

After culturing, the three-dimensional collagen-based gel
matrices were fixed with 4 per cent paraformaldehyde
(PFA), mounted on a coated slide and then air-dried at
room temperature. Next, the samples were subjected to a
regular immunostaining procedure with anti-rabbit focal
adhesion kinase (FAK) antibody (A-17, Santa Cruz, 1 :
1000) and anti-rabbit secondary conjugated FITC with
phalloidin staining for F-actin. A Zeiss M700 CLSM was
used for image processing, and the positively stained cells
were counted.

2.8. Fluorescence-activated cell sorting analysis

Cells were disaggregated with 2 mg ml21 collagenase,
washed twice with PBS and then resuspended to
1 � 106 cells ml21. The harvest cells were fixed with



Table 2. Primer sequences used to amplify the sodium
channel and integrin b1 genes by real-time RT–PCR.

Gene primers

integrin b1 forward 50-ACGTGCATGTTGTGGAG
ACT-30

backward 50-ACAGTTGTCACGGCACT
CTT-30

sodium
channel

forward 50-TGCCCTACCCACCTCAC
AAC-30

backward 50-CCGGGCTAGTGAGCTG
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4 per cent PFA for 15 min, after which they were treated
with 0.2 per cent Triton X-100. Blocking was conducted
using 5 per cent BSA and the cells were probed with pri-
mary antibodies against GFAP and NeuN for 1–2 h at
48C. The cells were then incubated with secondary anti-
bodies conjugated to green for 45 min, after which they
were washed with PBS. Data were acquired for at least
1000 cells using the BD FACS calibur flow cytometry
system (BD Biosciences, Franklin Lakes, NJ) and then
analysed using the Cell Quest-Pro software (BD
Biosciences).
CTT-30
2.9. Transfection of mesenchymal stem cells with
micro-RNA focal adhesion kinase

Knockdown of FAK in MSCs was conducted using
micro-ribonucleic acid (miRNA). Cultured MSCs (1 �
105 cells ml21) were transfected with FAK-specific
miRNA plasmid (0.1 mg ml21) or scramble plasmid as
a control using 100 ml of Lonza transfection reagent
according to the manufacturer’s instructions. FAK–
miRNA and scramble miRNA as a control plasmid
were kindly provided by Wen Cheng Xiong at the Medi-
cal College of Georgia. The transfected MSCs were
cultured within the three-dimensional collagen-based
gels (collagen, collagen–LN, collagen–FN) or on a two-
dimensional culture dish. After 3 days of culture, cells
were fixed with 4 per cent PFA and analysed for changes
in the neurite outgrowth pattern using a CLSM. Cells
with neurite outgrowth were calculated from five differ-
ent fields of images and the percentage changes during
the knockdown study were compared.
2.10. Real-time RT–PCR for integrin b1 and
sodium channel gene expression

First-strand cDNA was reverse-transcribed in a final
volume of 10 ml using 1 ml of purified DNA-free total
RNA, 1 mM random hexamer (Roche, Basel, Switzer-
land), 40 U of SuperScript II reverse transcriptase
(Life Technologies, Gaithersburg, MD), and 40 U of
RNase Inhibitor (Roche). The buffer consisted of
50 mM Tris–HCl (pH 8.3), 75 mM KCl, 3 mM
MgCl2, 10 mM DTT and 5 mM dNTPs. The reaction
was allowed to proceed at 378C for 90 min and then
at 428C for 30 min, after which it was terminated by
heating to 658C for 10 min. A similar reaction mixture
without the reverse transcriptase enzyme was prepared
and used as a template to demonstrate the absence of
contaminating genomic DNA. Real-time PCR was con-
ducted using a Sensimixplus SYBR kit (Quantace
QT605-550). The 10 ml PCR included 50 ng RT pro-
duct, 2� Sensimixplus and 1 ml of primers. The
reactions were incubated in a 96-well optical plate at
958C for 10 min, after which they were subjected to
40 cycles of 958C for 15 s and 608C for 10 min. The
threshold cycle Ct values were determined using default
threshold settings. The primer used for amplification of
the sodium channel was prepared based on [37], while
that used for integrin b1 was designed according to
Yamamoto et al. [38]. The primer sequences are pre-
sented in table 2. The real-time PCR experiments
were carried out five times and data were averaged.
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2.11. Statistical analysis

Data were obtained from replicate tests and then pre-
sented as the mean+ s.d. Statistical analysis was
carried out by means of Student’s t-test. The signifi-
cance level was considered to be p , 0.05.
3. RESULTS

3.1. Identification of mesenchymal stem cells

The MSCs isolated from rats and expanded in culture
medium were identified by co-immunostaining with the
stem cell markers, Oct4 and SSEA. As shown in figure 1,
most cells are positive for both Oct4 and SSEA-1.
The cells positively stained for either Oct4 or SSEA-1
or Oct4–SSEA-1 were counted to be about 84–85%
(presented in the inset of images).
3.2. Mesenchymal stem cells growth and
morphological changes

The proliferation level and viability of the cells cultured
under the two- and three-dimensional conditions
were shown to be similar (figure 2a). However, the
morphology of cells grown under two- and three-dimen-
sional gel conditions differed greatly (figure 2b). Under
two-dimensional conditions, the cell shape was predo-
minantly fibroblast-like throughout the culture period,
while many cells appeared to show neuron-like
morphology with much more elongated cytoplasmic
processes under three-dimensional culture conditions.
Interestingly, within the collagen gel matrix containing
FNIII9–10, cells in many parts were adjacent, in direct
contact and lined up in a row (enlarged in inset). In
the three-dimensional collagen–LN gel, cells exhibited
a highly elongated star shape.

The cytoskeletal arrangement of cells cultured
under two- and three-dimensional conditions was
more clearly demonstrated by F-actin staining
(figure 2c). Cells cultured on two dimensions exhibited
active cytoskeletal processes without any directional
growth; however, the three-dimensional cultured cells
appeared to present directional growth, a form of neur-
ite outgrowth found in neuronal cells, and this growth
was most conspicuous in cells cultured within the
collagen–FN gel.



Oct4DAPI

84.52% 84.6%

83.84%

mergeSSEA-1

Figure 1. Identification of MSCs used in this study through
immunostaining. Most cells were positive for anti-Oct4 and
anti-SSEA, the MSC-specific markers. Samples were co-
immunostained with DAPI (nuclei), Oct4 and SSEA. Scale
bar, 30 mm. The percentage of cells positively stained for
Oct4 or SSEA or Oct4–SSEA is presented in the inset of
each picture. Ten different fields of image were considered
and averaged.
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3.3. Neuronal specific differentiation of
mesenchymal stem cells:
immunocytochemical study

The neuronal differentiation of MSCs cultured under
two- or three-dimensional conditions for 6 days was
assessed by immunocytochemical staining with anti-
NeuN and anti-GFAP, which are neuronal-specific
markers. Co-staining showed no positive signals in
the cells cultured under two-dimensional conditions
(figure 3a). However, those cultured under three-
dimensional gel conditions (collagen (b), collagen–FN
(c) and collagen–LN (d)) were generally positive for
both NeuN (nuclei stains) and GFAP (cytoplasm
stains). The cells positively stained for NeuN or
GFAP were counted and the percentage is presented
(figure 3e). Results showed that a significantly higher
percentage of cells was positive either for GFAP or for
NeuN under the three-dimensional gel conditions than
under the two-dimensional conditions for both culture
periods (p , 0.05), and the significance was even
greater at day 6.
2D

3D col

3D col–FN

3D col–LN

3 day (c)6 day

ing culture under two- or three-dimensional conditions at
tion level was counted using trypan blue exclusion and
measured by an MTS assay and was presented with respect

n under two- and three-dimensional conditions, as revealed
Cytoskeletal arrangement of cells under CLSM. Cells were
culture dish (two-dimensional conditions) or within the
itions; collagen, collagen–FN and collagen–LN). While
phology, those grown on three-dimensional gels primarily
sional collagen–FN gel were lined up in a row. Scale bars:
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Figure 3. Immunostaining of cells with anti-NeuN and anti-GFAP showing the neural-specific differentiation of MSCs. Anti-
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mean+ s.d.).
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3.4. Western blot analysis with glial fibrillary
acidic protein and nestin-1

The expression of GFAP and nestin-1 in the cells cul-
tured (for days 3 and 6) on either two- or three-
dimensional gel matrices was examined at the protein
level by western blot analysis (figure 4). The GFAP
protein band was clear at day 6 for all three-dimensional
collagen-based gel matrices (figure 4a). However, a
very weak signal of GFAP was detected in the two-di-
mensional cultured cells at day 6. Nestin-1, which is a
typical immature neuron cell marker [39], was already
highly expressed at day 0, and was still present at
J. R. Soc. Interface (2011)
high levels in all the cultured cells (both two- and
three-dimensional) at day 3, although a slight decrease
was observed. At day 6, while the protein band was still
preserved in the two-dimensional cultured cells, the
expression was dramatically decreased (almost disap-
peared) in the three-dimensional cultured cells. The
band intensities were quantified by means of an
intensitometer. The average value and standard devi-
ation from five different experimental sets are
presented in figure 4b. There were clear trends in the
expressions between the two- and three-dimensional
culture conditions, with a statistically significant
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difference (p , 0.05). Nestin-1 was downregulated at
day 3 and disappeared at day 6 under the three-dimen-
sional gel conditions, while GFAP was upregulated at
day 6 under the three-dimensional gel conditions.
Among the three-dimensional gel matrices, those
trends were most significant in collagen–LN gel.
3.5. Fluorescence-activated cell sorting analysis

The extent of neural differentiation of the cultured cells
was assessed by fluorescence-activated cell sorting
(FACS) analysis. Figure 5a shows a histogram of
FACS of the two- and three-dimensional cultured
cells. The results revealed that a higher population of
cells expressed GFAP and NeuN under the three-
dimensional culture conditions than under the two-
dimensional culture conditions. The population of
cells positive for GFAP and NeuN is quantified in
figure 5b,c, respectively. While less than 5–10% of
cells were positive for GFAP and NeuN under
two-dimensional conditions, large populations of cells
cultured under three-dimensional conditions expressed
GFAP and NeuN. Specifically, NeuN-positive cells
were increased by approximately 50 per cent
after 6 days of culture in the three-dimensional collagen
and collagen–FN. There was a statistically significant
J. R. Soc. Interface (2011)
difference between the two- and three-dimensional
culture conditions in both GFAP and NeuN (p , 0.05).

3.6. Effect of focal adhesion kinase knockdown
on mesenchymal stem cell neurite
outgrowth

The effect of FAK on the neuronal differentiation of
MSCs was investigated by an miRNA–FAK knockdown
study. The experimental design of the miRNA–FAK
knockdown was confirmed in TM4 cells, as shown in
figure 6a,b. When the scramble miRNA (as a control)
was used, good expression of the FAK signal was evident
upon western blot analysis (figure 6a, left column band)
and immunostaining (figure 6b, left image; based on the
clear FAK red signals around the green fluorescence
protein (GFP)-stained cell). However, the FAK
signal was almost completely absent when miRNA–
FAK-transfected cells were evaluated by western blot
(figure 6a, right column band) and immunostaining
(figure 6b, right image; based on no FAK red signal
in the GFP-positive cell). Based on these findings,
the scramble miRNA and FAK–miRNA were trans-
fected to the MSCs, which were then cultured in three
dimensions within the collagen-based gel matrices
for 3 days. As shown in figure 6c,d, the FAK
knockdown cells presented significantly decreased
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neurite outgrowth when compared with the scramble
miRNA-transfected cells.
3.7. Integrin b1 and sodium channel gene
expressions

The mRNA levels of integrin b1 and the sodium
channel were examined by real-time RT–PCR
J. R. Soc. Interface (2011)
(figure 7). Integrin b1 is known to mediate the initial
cell adhesion and internal signal transduction through
FAK. Significantly higher levels of integrin b1 were
expressed in the three-dimensional cultured cells
than in the two-dimensional cultured cells. The
sodium channel expression was also enhanced in the
three-dimensional collagen and collagen–FN cultured
cells.
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Figure 6. (Overleaf.) Study of the effects of FAK on neurite outgrowth of MSCs cultured on a three-dimensional collagen–gel
matrix. (a,b) Design of the FAK knockdown gene, FAK–miRNA, transiently transfected into TM4 cells effectively blocked
the selective expression of FAK (scramble miRNA was used as a control) based on western blot (a) and immunostaining
assay (b). While the representative cells exhibited FAK-positive signals when transfected with scramble miRNA (left in (b)),
no FAK signal was observed in cells transfected with the FAK knockdown gene, as indicated by the absence of FAK staining
around the GFP-stained cell (right in (b)). (c) FAK knockdown gene (FAK–miRNA) was transfected into MSCs that were cul-
tured on three-dimensional collagen-based gel matrices. Observation by CLSM revealed a significant reduction in the neurite
outgrowth patterns in the GFP-stained cells when treated with miRNA–FAK with respect to those treated with transcramble
miRNA. Scale bars: (b,c) 100 mm. (d) Quantification of the cells with neurite outgrowth after the FAK knockdown study. Data
were obtained from five different fields of images and presented as the mean+ s.d. Neurite outgrowth was significantly decreased
by the FAK knockdown for all cases (*p , 0.05, by Student’s t-test; from five different fields of images; unfilled bars, scramble
RNA; filled bars, miRNA–FAK).
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4. DISCUSSION

In this study, we demonstrated that collagen-based three-
dimensional gel matrices are effective in inducing neuronal
cell differentiation of MSCs. The principal fate of MSCs is
self-renewal without amplification and/or differentiation
when cultured on a normal two-dimensional culture dish
without a supply of neurogenic medium, such as NGF
[18], and this was also observed in the present study.
J. R. Soc. Interface (2011)
However, there are probablyseveral critical factorspresent
in in vivo marrow microenvironments which are respon-
sible for the maintenance of MSC properties that are
missing in normal two-dimensional culture systems.
Studies have revealed several microenvironmental factors
that regulateMSCdifferentiation in terms of chemical and
physical cues, including growth factors, chemokines,
mechanical force and substrate physical properties [39].
Depending on the regulatory conditions, MSCs can
undergo differentiation into neurons, adipose cells, osteo-
blasts and myocytes.

Compared with the chemical factors, the microenvir-
onmental physical or mechanical stimuli have begun to
be understood quite recently as necessary cues to regu-
late stem cell fate, including cell adhesion, movement,
growth, differentiation and death [11,30]. Although
in vivo stimuli involve a complex combination of
chemical and physical cues and are highly dependent
on cell type as well as the tissue of origin, the phys-
ical/mechanical conditions related to cell matrix
properties are considered to be possible stem cell
regulatory tools that alleviate the need for stimulation
with chemical factors [40].

To gain better insight into the effects of a three-
dimensional matrix, that is, to mimic the in vivo
microenvironment, here the MSCs were cultured
under collagen-based three-dimensional gel matrix
conditions, particularly in combination with adhesive
proteins, such as FN and LN. The effects of the three-
dimensional gel conditions on the differentiation of
MSCs into nerve cells were evaluated through obser-
vation of the cellular morphology and protein and
molecular assays. As shown in figure 2, a neuron-like
shape with a long directional cytoplasmic elongation
was readily observed in cells cultured within the col-
lagen gel-based three-dimensional matrices, but not
in cells cultured under two-dimensional conditions.
Additionally, some cells cultured within the FN–collagen
gel appeared to undergo synaptic formation between
adjacent cells. Furthermore, biochemical assays
(immunostaining, flow cytometry and western blot ana-
lyses) of the differentiation of cells disclosed that the
cells retained characteristics of neural development. More-
over, evidence of the Na channel gene expression revealed
by real-time RT–PCR demonstrated that the developed
cells had some functional activity of nerve cells. It is
further considered that a large population of the differen-
tiated cells grown under the three-dimensional culture
conditions were astrocytes, which are GFAP-positive, as
evidenced by the FACS and western blot analyses.
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Indeed, astrocytes, which are specialized glial cells, out-
number neurons by over fivefold in vivo, and are known
to closely overlay the entire central nervous system
(CNS) and exert many vital functions in the healthy
CNS [41,42].

The three-dimensional microenvironmental physical
conditions are likely to be the primary factors enabling
the neural development of MSCs under collagen-based
gel conditions that were observed in the present
study. The rigidity of the collagen-based gel should
enable MSCs to be switched into the downstream of
neuronal development. Here we measured the modulus
of the collagen-based gel matrix by dynamic mechanical
analysis and found that the values for all three collagen-
based gels were in the range of 1.5–1.7 kPa on average
(shown in table 1). These values are just within the
modulus ranges reported for native nerve tissues, such
as brain and spinal cord [43–45]. Indeed, nerve tissue
is one of the softest tissues in the body, being in
direct contrast to the much stiffer tissues such as skel-
etal muscle, E � 10 kPa [46]; cartilage, E � 500 kPa
[47]; and cortical bone, E � 15–106 kPa [48]. Therefore,
the three-dimensional collagen gel conditions provide
an appropriate microphysical environment for the
multipotent MSCs to recognize and differentiate into
the neuronal lineage.

Given the evidence that changes in cell–matrix
interactions altered cell shape and neuronal gene
expressions, it is important to understand whether there
are mechanisms to transmit mechanical signals from the
cell surface or cytoplasm to the cell nucleus. In fact,
microenvironmental conditions have identified complex
molecular and biochemical pathways activated or
modified by integrin-mediated adhesion and have
provided insight into the mechanisms that regulate
adhesion-dependent cellular processes such as cell spread-
ing, proliferation, differentiation and survival [41]. The
physical stimulation involved in the three-dimensional
collagen gel matrix is also believed to be reflected in the
intracellular signalling process though an integrin-
mediated reaction. The initial cellular recognition of
ECM molecules was found to be superior under the
three-dimensional gel culture conditions, as highlighted
by the significantly enhanced expression of integrin b1.
Generally, integrin signalling involves complex actions
of several adhesion molecules. Among these, FAK has
been considered to be one of the most important neurite
outgrowth regulation factors in neuron cells [18,49]. Our
study also demonstrated that MSCs conditioned with
FAK knockdown did not show neuronal outgrowth,
suggesting that FAK is a key dominant protein in the
intracellular signalling pathway to neuronal differen-
tiation of MSCs within the collagen three-dimensional
matrix. However, the intracellular signalling pathway of
MSCs for lineage differentiation under three-dimensional
culture conditions has not been clearly elucidated to date.
Only a recent study under two-dimensional culture con-
ditions has reported that the conditional knockdown of
FAK disrupted the ECM-stimulated differentiation
of MSCs, providing crucial evidence of the involvement
of FAK in neurite outgrowth and guidance [49,50]. This
finding suggested that FAK plays a role as a possible
link between guidance cue receptors and cytoskeleton
J. R. Soc. Interface (2011)
reorganization. Our results for the three-dimensional col-
lagen gel conditions are in line with those of previous
studies with respect to the role of FAK in the regulation
of MSC differentiation, particularly into a neuronal
lineage.

Based on the findings that the collagen-based three-
dimensional gel culture system provides appropriate
conditions for MSCs to differentiate into a neuronal
lineage, future applications in nerve regeneration and
neurological disease models such as spinal cord injury
therapy, wound healing and neuronal degeneration
therapy through MSCs may be considered. Although
more studies in animal models of neurodegenerative dis-
eases and injury are still needed to assess the function
and efficacy of the collagen gel matrix system in vivo,
the ability of MSCs to undergo neural differentiation
in artificial sets indicates their possible differentiation
in the CNS microenvironment as well as the potential
usefulness of the MSC gel constructs for nerve tissue
engineering.
5. CONCLUSIONS

The three-dimensional environmental cues provided by
collagen-based gel matrices with an appropriate stiff-
ness were shown to trigger neural differentiation of
MSCs without the supplement of a chemical differen-
tiation cue, NGF. Compared with the cells cultured
under collagen-coated two-dimensional conditions,
those cultured on three-dimensional collagen-based
gels demonstrated neuron-like morphologies, larger
populations positive for neuronal markers and greater
expression levels of associated genes and proteins.

All protocols involving animals were conducted according to
the standards of IRB in the Dankook University regulations.
This work was supported by the Priority Research Centres
Programme (grant no. 2009-0093829) and WCU (World
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