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Research Highlights

(1) A combination of growth factors was used as inducers for the successful and high differentiation
of bone marrow-derived mesenchymal stem cells into neuron-like cells.

(2) Thrombospondin 1 induced the formation of a larger synaptic network that exhibited dendritic,
unipolar, dipolar or multipolar shapes. The morphology of induced cells was similar to normal
neurites.

(3) After thrombospondin 1 induced bone marrow mesenchymal stem cells to differentiate into
neuron-like cells, the positive cells for postsynaptic density protein 95 and synaptophysin 1 were
significantly increased. This indicates that synaptic functions were produced.

because they are easy to isolate, culture

INTRODUCTION and grow, and they have low
immunogenicity and stable genetic
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for cell transplantation and gene therapy effective means for treating spinal cord

869



Huang Y, et al. / Neural Regeneration Research. 2013;8(10):869-881.

injury in animal and clinical studies®®; however, the
mechanism remains unclear.

There are two main mechanisms by which bone marrow
mesenchymal stem cells may help repair spinal cord
injury. The first theory is that implanted bone marrow
mesenchymal stem cells secrete trophic factors, such as
brain-derived neurotrophic factor or vascular endothelial
growth factor, which may promote neuronal survival and
growth, and attenuate the inflammatory response. In vitro
experimentsshowed that chondroitin sulfate
proteoglycan®®, Nogo-A and MAG significantly inhibit
the growth of axons. Wright et al  added these factors
into culture medium of dorsal root ganglion explants and
compared their effects to culture medium from human
bone marrow mesenchymal stem cells. Results showed
that the inhibitory effect of these factors on the axonal
outgrowth was weakened by conditioned medium from
human bone marrow mesenchymal stem cells. Thus, this
suggests that bone marrow mesenchymal stem cells can
attenuate the inhibitory effects of extracellular chondroitin
sulfate proteoglycan, Nogo-A and MAG on axonal
outgrowth, through the secretion of various neurotrophic
factors. Nakajima et al % showed that bone marrow
mesenchymal stem cells changed the immunophenotype
of macrophages from M1 to M2 following acute spinal
cord injury. In addition, bone marrow mesenchymal stem
cells inhibited the formation of scar tissue during
subacute or chronic periods, which promoted axonal
outgrowth. The second mechanism by which bone
marrow mesenchymal stem cells may help repair spinal
cord injury is the transplanted bone marrow
mesenchymal stem cells can differentiate into neurons in
vivo and trigger the formation of synapses.

In vitro study showed that bone marrow mesenchymal
stem cells can be induced to differentiate into neurons
under a variety of conditions; however, each induction
method achieves various differentiation rates. Therefore it
is important to find a specific differentiation mechanism
and an efficient induction method for improving the
differentiation rate after induction. These measures will
help cell transplantation treatment of nervous system
impairment. Moreover, with an appropriate amount of
immunosuppressive agents, the gene-modified human
bone marrow mesenchymal stem cells survive for at least
3 weeks in mouse spinal cord. Therefore bone marrow
mesenchymal stem cells can serve as transgenic vectors
and provide a good carrier for gene modification treatment
of spinal cord injury™. In addition, bone marrow
mesenchymal stem cells transplantation in the treatment
of ischemic brain injury has made great progress.
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In neurobiology, the regulation of synapse formation is a
process involving multiple factors, such as glial cells,
neurotrophic factors, synaptophysin, synaptic cell
adhesion molecules and synaptic differentiation
markers*>*". The effective regulation of synaptic
formation and functional recovery are significant in the
treatment of nervous system diseases. Recent studies
have shown that thrombospondin, which is secreted by
astrocytes, is involved in the regulation of synaptic
formation, post-injury remodeling, the proliferation and
differentiation of neural progenitor cells, and the neural
mechanisms of certain drugs through its interactions with
its receptor a25-1 and neuroligin 1*%%?, There are five
members in the thrombospondin family, and each
member has its own independent coding gene.
Thrombospondin 1 and thrombospondin 2 are trimer
proteins with similar structures and functional domains,
while thrombospondin 4 is a pentamer protein that has
different structural domains to thrombospondin
1/thrombospondin 2. Thrombospondin 1 is the main
component of platelet alpha-granules, where it acts as a
platelet activating factor and cell adhesion molecule that
is released from platelet particles following activation.
Thrombospondin 1 contributes to platelet aggregation
and inflammation, as well as the formation of synapses.
Pfrieger et al 2% reported that astrocyte proliferation
closely matched synapse formation, and that signals
secreted by glial cells can regulate neuronal
differentiation and promote synapse formation.
Accordingly, growing evidence is emerging on the
mechanism underlying glial cell promotion of synapse
formation. Recently, Christopherson et al ** found that
retinal ganglion cells cultured in vitro using either
thrombospondin 1 or thrombospondin 2 could greatly
increase the number of synapses, and this increase was
not observed with the co-culture of astrocytes and retinal
ganglion cells. In the thrombospondin 1 and
thrombospondin 2 knockout mice, the number of
excitatory synapses was significantly reduced, indicating
that thrombospondin 1 and thrombospondin 2 also
maintain synaptic stability. Subsequently, there has been
increasing attention on the role of thrombospondin in
promoting synapse formation, as well as preliminary
insights into the mechanism and related
pathophysiological studies. Eroglu et al *® found a
repeated sequence in thrombospondin that is
responsible for its binding to von Willebrand factor, and
proposed that its epidermal growth factor-like domain
might directly bind the a28-1 receptor to induce synapse
formation, as a26-1 knockdown with small interfering
RNA inhibits the effects of thrombospondin on synapse
formation. In the studies of Xu et al ?®, SP1 and neurexin



Huang Y, et al. / Neural Regeneration Research. 2013;8(10):869-881.

showed similar effects on synapse formation in
hippocampal neuronal cultures. Their results further
demonstrated that the neurexin protein receptor,
neuroliginl, is involved in the mechanism of
thrombospondin 1 increased synapse formation.

Lu et al ® found that thrombospondin 1 promotes the
proliferation and differentiation of neural progenitor cells,
and maintains stability through the regulation of multiple
pathways. In addition, thrombospondin is involved in the
pathophysiological processes of epilepsy, stroke, Down’s
syndrome and other nervous system diseases.
Thrombospondin receptor a28-1 is the target of the
antiepileptic drugs gabapentin and pregabalin, and
morphine activity is also concomitant with changes in
thrombospondin 1 levels in the central nervous
system®”?!. Therefore, thrombospondin plays important
roles both in central nervous system development and
function.

In this study, we investigated the role of thrombospondin
1 in the differentiation of bone marrow mesenchymal
stem cells into neural cells by analyzing changes in
morphology and synapse formation after induction. We
found that postsynaptic differentiation protein 95 and
synapsin-1, which are markers of mature synapses, were
increased after differentiation. This provides theoretical
evidence for determining an efficient induction method
for producing healthy neurons and exploring the
mechanism associated with the formation of functional
synapses.

RESULTS

Isolation, culture and amplification of bone marrow
mesenchymal stem cells

Whole bone marrow was cultured for 2—3 days.
Following this period, adherent cells gradually became
visible on the bottom of the culture flask, which were
small in size, with round or polygonal morphologies.
Primary cells grew slowly and began to actively
proliferate after 5—6 days in culture, and this was
accompanied by an increase in cell size. Cells displayed
a typical fibroblast-like morphology. A large number of
cells grew in a radial manner in neat rows, and the
density increased significantly. At 10-15 days, radial or
spiral fibroblast colonies were visible in a variety of sizes.
When the cells were 80-90% confluent, subpassaging
was performed. As the cell generation increased, the
morphology of the bone marrow mesenchymal stem cells
became more uniform, with a fibroblast-like shape. Some

cells became wide and flat, with round or oval nuclei,
intracellular vacuoles or granules appeared, and the
refraction was reduced (Figure 1).

Figure 1 Morphology of primary bone marrow
mesenchymal stem cells (A) and bone marrow
mesenchymal stem cells at the third passage (B; inverted
phase contrast microscope).

(A) Primary cells (arrow) were suspended particles and
some cells were adherent (x 40).

(B) Cells at the third passage (arrows) of fusiform shape
began to adhere and rapidly proliferate (x 100). Cells were
closely attached to one another, gradually became
confluent, and arranged in order along the long axis of
cells. Their morphology was single and even, showing
typical polarity and a vortex shape after fusion.

Identification of bone marrow mesenchymal stem cells
The expressions of different surface antigens of passage
3 bone marrow mesenchymal stem cells were detected
by flow cytometry. Results showed that 99.1% were
CD90-positive, while only 2.4% were CD34-positive and
3% were CD45-positive (Figure 2).
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Figure 2 Identification of bone marrow mesenchymal
stem cells by flow cytometry.

Among the positive cell samples, the percentage of
fluorescein isothiocyanate (FITC)-CD34 (A), CD45 (B) and
CD90 (C) positive cells were 2.4%, 3% and 99.1%,
respectively, indicating that the cultured cells were bone
marrow mesenchymal stem cells.

Osteogenic and adipogenic differentiation

After bone marrow mesenchymal stem cells were
cultured with osteogenic induction medium, their
morphology gradually transformed into large polygonal or
irregular shapes. After 21 days of induction, a large
number of calcium nodules formed in the cytoplasms,
and stained orange by alizarin red staining. In addition,
after bone marrow mesenchymal stem cells were
cultured with adipogenic induction medium, their
morphology changed to an irregular polygonal shape.
After 14 days of induction, their cytoplasms were filled
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with a large number of red lipid droplets as displayed by
oil red O staining (Figure 3).

Figure 3 Morphological changes in bone marrow
mesenchymal stem cells after osteogenic and adipogenic
induction (inverted phase contrast microscope, x 200).

(A) At day 21 after the osteogenic induction, a large
number of calcium nodules formed in the cytoplasm
(alizarin red staining, arrows).

(B) At day 14 after the adipogenic induction,
salmon-colored lipid droplets of varying sizes were visible
in the cytoplasm (oil red O staining, arrows).

Morphology and identification of bone marrow
mesenchymal stem cells-differentiated neuron-like
cells

After bone marrow mesenchymal stem cells were
induced with neural inducers for 3 days, cells induced
with epidermal growth factor and basic fibroblast growth
factor and cells induced with epidermal growth factor,
basic fibroblast growth factor and thrombospondin 1
were flat, with inward contractions, small cell bodies,
rounded or oval shapes, and long processes. The cell
processes became slender and dendritic as the induction
period increased. At day 4, typical morphological
characteristics of neuron-like cells were visible. At day 5,
the majority of cells showed a neuronal morphology, with
a three-dimensional sense and strong refraction, and
were unipolar, bipolar or multipolar, while very few cones
were visible. Compared with the epidermal growth

factor + basic fibroblast growth factor group, the number
of neurites significantly increased and cell morphology
was more complex in the epidermal growth factor + basic
fibroblast growth factor + thrombospondin 1 group, with
more synaptic connections between cells. In the blank
control group (no inducers in the culture medium), the
cell morphology remained unchanged. The number of
cells did not increase with culture period. At day 6, the
cytoplasm gradually shrank, and the cells detached from
the culture plate and died (Figure 4).

After bone marrow mesenchymal stem cells were
induced to differentiate into neuron-like cells, they were
stained with the streptavidin biotin-peroxidase complex
method. Positive cells had orange-yellow or brown
cytoplasm and dark blue nuclei. This indicates that the
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induced cells expressed neuron-specific enolase or glial
fibrillary acidic protein. Negative cells had no staining in
the cytoplasm, and were only identified by nuclear
staining.

Figure 4 Morphology of bone marrow mesenchymal
stem cells differentiated into neuron-like cells (inverted
phase contrast microscope).

After 5 days of induction, both the epidermal growth factor +
basic fibroblast growth factor group (A, x 200) and
epidermal growth factor + basic fibroblast growth factor +
thrombospondin 1 group (B, x 200) showed neuron-like
morphologies (arrows), with a three-dimensional sense
and strong refraction, and unipolar, bipolar or multipolar
shapes. Cell processes were visible; the morphology of
neurites in the epidermal growth factor + basic fibroblast
growth factor + thrombospondin 1 group was more similar
to normal neurites than the epidermal growth factor +
basic fibroblast growth factor group, showing more
complex structures and longer processes. In the blank
control group (C, x 100), cell morphology maintained the
original morphology of bone marrow mesenchymal stem
cells, with no formation of processes.

In the epidermal growth factor + basic fibroblast growth
factor group, neuron-specific enolase-positive cells
accounted for 64% of total cells (Figures 5, 7), and glial
fibrillary acidic protein-positive cells were 10% (Figures 6,
7). In the epidermal growth factor + basic fibroblast
growth factor + thrombospondin 1 group, neuron-specific
enolase-positive cells accounted for 66% of the total cells
(Figures 5, 7), and glial fibrillary acidic protein-positive
cells were 11% (Figures 6, 7). In the blank control group,
neuron-specific enolase and glial fibrillary acidic protein
were both negative. There was no significant difference
in the staining for these neuronal specific markers
between the epidermal growth factor + basic fibroblast
growth factor and epidermal growth factor + basic
fibroblast growth factor + thrombospondin 1 groups
(Figure 7).

Morphology of cell synapses after bone marrow
mesenchymal stem cells induction

Under an inverted phase contrast microscope, we
observed that the morphology of synapses in the
epidermal growth factor + basic fibroblast growth factor +
thrombospondin 1 group was more complicated than the
epidermal growth factor + basic fibroblast growth factor
group, presenting dendritic, unipolar, bipolar or multipolar
shapes. The synapse morphology in the epidermal
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growth factor + basic fibroblast growth factor group was basic fibroblast growth factor and epidermal growth
relatively simple. In addition, the neurites in the factor + basic fibroblast growth factor + thrombospondin
epidermal growth factor + basic fibroblast growth factor + 1 groups were stained with evenly distributed particles by
thrombospondin 1 group continuously extended during confocal microscopy. As shown in Figures 9-11, the
the culture period, while cells in the blank control group fluorescence staining intensity of postsynaptic density
were unchanged in morphology, with a long-fusiform protein 95 and synaptophysin 1 in the epidermal growth
shape (Figure 4). Compared with the epidermal growth factor + basic fibroblast growth factor + thrombospondin
factor + basic fibroblast growth factor group, the number 1 group was significantly higher than that in the

and length of synapses in the epidermal growth factor + epidermal growth factor + basic fibroblast growth factor
basic fibroblast growth factor + thrombospondin 1 group group. This indicates that thrombospondin 1 promotes
were significantly increased. These results indicate that the increases in the expressions of postsynaptic density
thrombospondin 1 increased the number of synapses protein 95 and synaptophysin 1 (Figures 10, 12; P <
formed and promoted the neurite extension (P < 0.05; 0.05).

Figure 8).
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Figure 5 Morphology of neuron-specific enolase-positive
cells (arrows) after induction of bone marrow
mesenchymal stem cells (immunohistochemical staining,

x 200, streptavidin biotin-peroxidase complex method). Figure 7 Changes in neuron-specific enolase (NSE)-
and glial fibrillary acidic protein (GFAP)-positive cells after

induction (fluorescent microscope, x 200).

Ratio of NSE/GFAP positive cells (%)

In the epidermal growth factor + basic fibroblast growth
factor group (A) and epidermal growth factor + basic

fibroblast growth factor + thrombospondin 1 group (B), Five visual fields were randomly selected from each group
neuron-specific enolase-positive nuclei were stained dark for the detection of expression of NSE and GFAP under an
blue, and the cytoplasm was stained as brown-yellow. The inverted phase contrast microscope (Olympus). Data are
control group (C) showed no pigmentation. expressed as mean * SD (n = 5), and two samples t-test

was used. There was no significant difference in NSE- and
GFAP-positive expression rates between epidermal
growth factor (EGF) + basic fibroblast growth factor
(bFGF) and EGF + bFGF + thrombospondin 1 (TSP1)

groups.
A
250 B 15
a

Figure 6 Morphology of glial fibrillary acidic protein- B 200 8 10 a
positive cells (arrows) after induction of bone marrow 8 150 g
mesenchymal stem cells (immunohistochemical staining, g -
x 200, streptavidin biotin-peroxidase complex method). g 100 g s
In the epidermal growth factor + basic fibroblast growth % 50 §
factor group (A) and epidermal growth factor + basic g

fibroblast growth factor + thrombospondin 1 group (B), 0 — 0 '
glial fibrillary acidic protein-positive nuclei were stained EGF+bFGF  EGF+DFGF+TSP1  EGF+bFGF  EGF+bFGF+TSP1
dark blue, and the cytoplasm was stained as
brown-yellow. The control group (C) showed no
pigmentation.

Figure 8 Effect of thrombospondin 1 on synaptic length
(A) and number (B) after induction of bone marrow
mesenchymal stem cells.

Five visual fields were randomly selected from each group

The induced neuron-like cells were stained with rabbit for observations of the average synaptic number and

. . . . . . synaptic length (mean £ SD, n = 5) under an inverted
anti-rat postsynaptic density protein 95 and rabbit anti-rat phase contrast microscope after induction. 2P < 0.05, vs.
synaptophysin 1, followed by the secondary antibody epidermal growth factor (EGF) + basic fibroblast growth
TRITC-labeled goat anti-rabbit. Results showed that factor (bFGF) group (two samples t-test).

neuron-like cells in both the epidermal growth factor +
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Figure 9 Expression of postsynaptic density protein 95
after induction of bone marrow mesenchymal stem cells
(fluorescent microscope, x 200).

Under confocal laser scanning microscope, the expression
of postsynaptic density protein 95 in the epidermal growth
factor + basic fibroblast growth factor group (A) and
epidermal growth factor + basic fibroblast growth factor +
thrombospondin 1 group (B) was observed. Results
showed that expression (TRITC-labeled) in the epidermal
growth factor + basic fibroblast growth factor +
thrombospondin 1 group was higher than in the epidermal
growth factor + basic fibroblast growth factor group.
TRITC: Tetramethyl rhodamin isothiocyanate.
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Figure 10  Expression of postsynaptic density protein 95
after induction of bone marrow mesenchymal stem cells.

Five visual fields in each group were randomly selected to
detect the fluorescence density using Image Pro Plus 6.0
software, and the average absorbance values of
postsynaptic density protein 95 after induction were
calculated. P < 0.05, vs. epidermal growth factor (EGF) +
basic fibroblast growth factor (bFGF) group (two samples
t-test). Data are represented as mean + SD, n = 5.

DISCUSSION

As a target cell, bone marrow mesenchymal stem cells
play an important role in cell transplantation and gene
therapy treatments for spinal cord injury. Bone marrow
mesenchymal stem cells are mainly derived from bone
marrow, where the content of bone marrow
mesenchymal stem cells is relatively low. Therefore, the
in vitro isolation and culture of bone marrow
mesenchymal stem cells of a high purity is extremely
important. The common method for the in vitro isolation
of bone marrow mesenchymal stem cells is an adherent
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screening method or density gradient centrifugation.

Figure 11  Expression of synaptophysin 1 after induction
of bone marrow mesenchymal stem cells (fluorescent
microscope, x 200).

Under a confocal laser scanning microscope, the
expression of synaptophysin 1 in the epidermal growth
factor + basic fibroblast growth factor group (A) and the
epidermal growth factor + basic fibroblast growth factor +
thrombospondin 1 group (B) was observed. Results
showed that expression (TRITC-labeled) in the epidermal
growth factor + basic fibroblast growth factor +
thrombospondin 1 group was higher than in the epidermal
growth factor + basic fibroblast growth factor group.
TRITC: Tetramethyl rhodamin isothiocyanate.
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Figure 12  Expression of synaptophysin 1 after induction
of bone marrow mesenchymal stem cells.

Five visual fields in each group were randomly selected to
detect the fluorescence density using Image Pro Plus 6.0
software, and the average absorbance values of
synaptophysin 1 after induction were calculated.

%P < 0.05, vs. epidermal growth factor (EGF) + basic
fibroblast growth factor (bFGF) group (two samples t-test).
Data are represented as mean + SD, n = 5.

Using the adherent screening method, the extracted

bone marrow mesenchymal stem cells adhere quickly,
are highly active and strongly proliferative, and primary
cells require only 7-10 days for fusion. The density

gradient centrifugation method also obtains a high purity

of cells.

Previous studies mainly adopt one method to extract
target cells, while in this study we applied both methods

in the extraction and purification procedure, and obtained

active target cells of a high purity. Currently, there is no
specific molecular marker for bone marrow
mesenchymal stem cells. Bone marrow mesenchymal



Huang Y, et al. / Neural Regeneration Research. 2013;8(10):869-881.

stem cells are mainly identified through cell morphology,
cell surface differentiation antigens and the potential for
multi-lineage differentiation. It was previously reported
that CD44, CD90 and CD106 are highly expressed on
the surface of bone marrow mesenchymal stem cells,
whereas CD34, CD45 and other hematopoietic lineage
markers are scarcely expressed®®. In this study, CD90,
CD34 and CD45 expressions were detected with flow
cytometry to exclude bone marrow hematopoietic stem
cells. Bone marrow mesenchymal stem cells can be
differentiated into three kinds of cell lineages: adipose,
osteoblast, and cartilage®*?. The identification of bone
marrow mesenchymal stem cells depends on the
characteristics of stem cells and their differentiation
abilities. Target cells were isolated from rat bone marrow
using the adherent screening and gradient centrifugation
methods. The obtained cells were wide and flat, with a
fibroblast-like shape, and were arranged in radial or
spiral colonies. After induction medium was added, cells
can differentiate into osteoblasts and adipocytes,
indicating a potential for multi-lineage differentiation.
Flow cytometry results showed a high expression of
CD90 and low expression of CD34 and CD45, which is
consistent with the characteristics of bone marrow
mesenchymal stem cells surface markers. Together,
these results indicate that the cultured cells were bone
marrow mesenchymal stem cells.

There are three methods for bone marrow
mesenchymal stem cells differentiation into neurons in
vitro: (1) induction with antioxidants, such as
B-mercaptoethanol or dimethylsulfoxide/butylated
hydroxyanisole®¥; (2) induction with dibutyryl-cyclic
AMP and isobutyl methylxanthine to enhance
intracellular cyclic AMP content, thereby inducing bone
marrow mesenchymal stem cells to differentiate into
neuron-like cells®®: and (3) induction with cell growth
factors. In this experiment, bone marrow mesenchymal
stem cells were differentiated into bone marrow-derived
neuron-like cells using growth factors as the inducers,
where thrombospondin 1 played an important role in the
formation of synapses during the differentiation period.
Therefore, our study provides an efficient method for
producing safe target cells for transplantation in the
treatment of spinal cord injury. Our results indicate that
although thrombospondin 1 cannot increase the
differentiation rate of bone marrow mesenchymal stem
cells, it significantly upregulated the expression of
synaptophysin 1 and postsynaptic density protein 95,
and increased the number of synapses after
differentiation. This indicates that thrombospondin 1
has an important role in establishing functional

synapses and in the transmission of neural signals. It
has been confirmed in in vitro experiments that
chemical reagents can induce bone marrow
mesenchymal stem cells to differentiate into neural cells
with a high induction rate; however, the induced cells
only survive for a short period and cannot meet the
needs of further research. Furthermore, the side effects
after cell implantation remain unclear. Woodbury et al 4
used B-mercaptoethanol and butylated hydroxyanisole
to induce bone marrow mesenchymal stem cells
differentiation into neuron-like cells in a short time
period, with the differentiation rate up to 80%. However,
it takes a few days to induce neuronal cells with
chemical inducers, and these neuron-like cells have no
physiological characteristics of nerve cells. Although
the induction of bone marrow mesenchymal stem cells
with cell-derived factors is a longer process and obtains
low efficiency, its induction effect is mild and can
effectively simulate the growth environment of neural
cells in vivo. This result is consistent with the normal
development process of human neurons and the
induced neurons exhibit a high safety profile, thus
ensuring their safe application in cell transplantation
therapy. In this study, after a cell growth factor was
used as an inducer, the flat cells inwardly contracted,
and the cell bodies became small and were round- or
oval-shaped. The surrounding processes were longer in
both the basic fibroblast growth factor + glial cell
line-derived neurotrophic factor and basic fibroblast
growth factor + glial cell line-derived neurotrophic factor
+ thrombospondin 1 groups. These neurites became
slender and dendritic as the induction advanced. At day
5, most cells showed changes in neuronal morphology,
with a three-dimensional sense, strong refraction, and
unipolar, bipolar or multipolar morphologies, while very
few cells were cone-shaped. In addition, the
neuron-specific enolase-positive cells accounted for
65% of the total cells, while the glial fibrillary acidic
protein-positive cells were only 10% in the basic
fibroblast growth factor + glial cell line-derived
neurotrophic factor and basic fibroblast growth factor +
glial cell line-derived neurotrophic factor +
thrombospondin 1 groups. This evidence suggests that
the induced cells mainly expressed the surface antigen
of mature neurons, and the surface antigen expression
of glial cells was rarely seen. After cells were induced
with the cytokine, the cell morphology and cell surface
antigen expression were similar to mature neurons.
Statistical analyses revealed that there was no
significant difference in positive staining for the
neuron-specific markers between the two groups. Thus,
thrombospondin 1 has no impact on the rate of bone
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marrow mesenchymal stem cells differentiation.

Lu et al ® highlighted that thrombospondin 1 regulates
the proliferation and stability of neural progenitor cells
through multiple signal pathways. In addition, they
showed thrombospondin 1 induced the differentiation of
neural progenitors into neurons. Christopherson et al ?*
revealed that astrocyte-secreted thrombospondin 1
could enhance the formation of synapses and increase
the number of synapses by several folds. We speculate
that, although thrombospondin 1 can promote synaptic
formation in bone marrow mesenchymal stem
cells-differentiated neuron-like cells and promote the
differentiation of neural progenitor cells into neurons, it
does not promote bone marrow mesenchymal stem
cells differentiation into neurons.

In the process of bone marrow mesenchymal stem cells
differentiation into neuron-like cells, although
thrombospondin 1 did not affect the differentiation rate,
it significantly increased synaptic density, length, and
formation in the induced neurons. The synaptic density
and length in the basic fibroblast growth factor + glial
cell line-derived neurotrophic factor + thrombospondin 1
group were significantly higher than the basic fibroblast
growth factor + glial cell line-derived neurotrophic factor
group. The expressions of postsynaptic density protein
95 and synaptophysin 1, which are markers of synaptic
formation, were significantly increased in the basic
fibroblast growth factor + glial cell line-derived
neurotrophic factor + thrombospondin 1 group
compared with the basic fibroblast growth factor + glial
cell line-derived neurotrophic factor group.
Christopherson et al *® tried to culture retinal ganglion
cells with thrombospondin 1 and thrombospondin 2
secreted by astrocytes in vitro and obtained similar
results. This indicates that the thrombospondin
1-induced neuron-like cells are similar to mature
neurons in morphological structure, and that
thrombospondin 1 promotes synaptic differentiation in
neuron-like cells differentiated from bone marrow
mesenchymal stem cells. The mechanism associated
with thrombospondin 1 promotion of synapse formation
may be mediated by its binding to the receptor a26, and
activation of downstream presynaptic and postsynaptic
cascades, resulting in neural cytoskeletal
rearrangement®®. In addition, thrombospondin 1 has
cellular de-adhesion properties®”, which may induce
excessive growth of the neuronal matrix and promote
synaptic formation. In conclusion, the mechanism of
thrombospondin 1 promotion of synapse formation may
be achieved by the interactions of a series of growth
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factors, extracellular matrix proteins, cell adhesion
molecules and receptor proteins.

We conducted a quantitative analysis on the levels of
postsynaptic density protein 95 and synaptophysin 1 to
detect the influence of thrombospondin 1 on synapse
formation after bone marrow mesenchymal stem cells
were differentiated into neurons. Experimental findings
showed that thrombospondin 1 promoted synaptic
formation; however, this effect was not as evident as it
was in retinal ganglion cells. The synaptic density in
thrombospondin 1-induced retinal ganglion cells was
increased several-fold compared with primarily cultured
neurons®®®. After the induction of thrombospondin 1, the
density of postsynaptic density protein 95 and
synaptophysin 1 was less than twice as high as that of
the control group. Differences in these experimental
results may be due to variations in the timing of the
neuronal cultures with thrombospondin 1. At different
developmental stages of neurons, thrombospondin 1
has varying degrees of promoting effects'®®. Thus, at
different time points of induction with thrombospondin 1,
its role in synapse formation may be directly affected. In
addition, as thrombospondin 1 acts by different
mechanisms for promoting synapse formation in
different types of neurons, this may also explain the
variance in experimental findings.

After bone marrow mesenchymal stem cells are
induced to differentiate into neural cells in vitro, it is
important to observe structural changes and to identify
cell functions. In addition, certain stimuli should be
examined to see if they induce the release of
neurotransmitters, or generate action potentials that
cross synapses and transfer excitatory or inhibitory
signals to neighboring cells. In this study, we confirmed
the high differentiation of bone marrow-derived
neuron-like cells, and the influence of thrombospondin
1 on synaptic formation at the morphological and
protein expression levels. However, there is no
electrophysiological evidence to support the theory that
these synapses had normal physiological functions. A
previous study found a transient membrane
depolarization (mainly a transient change in K current)
in the induced neuron-like cells by electrophysiological
examination®®, but the depolarization process was not
stable and disappeared as cells died. The identification
of the differentiated neuron-like cells should not be
confined to analyses of cell morphology and the
expression of marker proteins, but focus also on the
physiological functions of neuron-like cells and the
formed synapses. For example, whole cell patch-clamp
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detection using voltage clamp and current clamp
methods®*“*? should be performed to record Na* and K
currents and action potentials in cells to confirm the
existence of functional synapses between the neurons.
Synaptic vesicles have been labeled using a
fluorescent probe, without any impact on vesicle
activity™. Accordingly, neural endocytosis and
exocytosis can be examined by measuring
fluorescence intensity, thus allowing tracking of
transport vesicles in an activity-dependent manner. This
evidence can confirm the neurotransmitter releasing
capacities of nerve cells, with glutamic acid being the
main neurotransmitter in excitatory synapses!*?*4.
There are two types of neurotransmitter receptor:
metabotropic and ionotropic. The ionotropic receptor
has three members: the AMPA receptor, NMDA
receptor and KA receptor. If a postsynaptic membrane
expresses only the NMDA receptor, and not the AMPA
receptor, the synapses lack normal physiological
function, and are known as silent synapses!*>*°.

+

In this study, thrombospondin 1 induction significantly
upregulated the expression of postsynaptic density
protein 95 and synaptophysin 1. However, Malinow

et al * found that the density of the glutamate receptor
1 subunit cluster of the AMPA receptor did not change
significantly, even when postsynaptic density protein 95
density was significantly increased by thrombospondin
1. This indicates that thrombospondin 1-induced
synapses are silent synapses because of the absence
or low expression of the AMPA receptor, and thus will
have no normal physiological function. Further studies
are needed to examine synaptic transmission and to
confirm that these neuron-like cells have silent
synapses.

In summary, we simulated the synaptic growth
environment in vivo and obtained highly differentiated
bone marrow-derived neuron-like cells using a
combination of growth factors. Moreover,
thrombospondin 1 showed an obvious effect on synapse
formation after induction of bone marrow mesenchymal
stem cells differentiation into neurons, where synaptic
morphology, number and length were significantly
improved. The number of cells positive for postsynaptic
density protein 95 and synaptophysin 1 was also greatly
increased™’*®. Experimental findings indicate a possible
mechanism for thrombospondin 1 in synapse formation,
and provide an effective induction method and
theoretical evidence for the use of bone marrow
mesenchymal stem cells transplantation in the treatment
of spinal cord injury.

MATERIALS AND METHODS

Design
A randomized, controlled, in vitro experiment.

Time and setting

Experiments were completed in the Central Laboratory in
Affiliated Hospital to Guangdong Medical College, China
from October 2011 to July 2012.

Materials

Healthy, clean Sprague-Dawley rats, aged 4 weeks,
weighing 125 + 20 g, specific-pathogen free, were
purchased from the Experimental Animal Center of
Guangdong Medical College, China, under the license
No. A2010067SCXK (Yue) 2008-0008.

All experimental disposals were in line with the Guidance
Suggestions for the Care and Use of Laboratory Animals,
formulated by the Ministry of Science and Technology of
China*?.

Methods

Acquisition and amplification of bone marrow
mesenchymal stem cells

Rats were killed by cervical dislocation under anesthesia.
Femoral and tibial bones were isolated, and the ends were
removed in medium. Tissues were then incubated with
low-glucose Dulbecco’s modified Eagle’s medium (DMEM,;
Hyclone, Logan, UT, USA) containing 10% fetal bovine
serum, 100 U/mL penicillin and 100 U/mL streptomycin.
The bone marrow cavity was washed and prepared into a
uniform cell suspension. The cell suspension was
centrifuged at 1 000 r/min for 10 minutes. The supernatant
was discarded and cells were inoculated into 25-mm? cell
culture flasks (4.5 mL) with 5% CO, at 37°C for 3 days.
The culture medium was completely changed, and the
non-adherent cells were removed. Then, culture medium
was replenished every 2 or 3 days. When the primary cells
grew 80—90%, cells were subcultured at a 1:2 ratio. This
study used bone marrow mesenchymal stem cells at
passage 3, in a good growth state!®.

Identification of bone marrow mesenchymal stem
cells

Fluorescein isothiocyanate (FITC)-labeled CD34, CD45,
CD90 antibody identification: 100 uL of cell suspension,
at a density of 1 x 10° cells/mL, was added to four
centrifuge tubes, following which 20 uL of FITC-labeled
rabbit anti-rat monoclonal antibodies to CD45, CD34,
CD90, or the negative control, rabbit anti-rat 20%
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IG1-FITC (Jackson Immunoresearch, West Grove, PA,
USA), were added separately to each of the tubes. Each
tube was incubated at room temperature in the dark for
20 minutes. Then, 1.5 mL PBS was added to each tube
and centrifuged at 1 800 r/min for 5 minutes. The
supernatant was removed and 500 uL PBS was added to
each tube to prepare the cell suspension for analysis by
flow cytometry®®>?.

Multi-lineage differentiation potentials of bone marrow
mesenchymal stem cells®: (1) Osteogenic induction:
bone marrow mesenchymal stem cells at passage 3
were incubated in 6-well culture plates at 1 x 10° cells/L.
When the cells reached 80% confluence, the medium
was replaced with osteogenic induction medium,
containing 0.1 M dexamethasone, 50 mg/L vitamin C,
10 mM B-glycerophosphate sodium (Sigma, St. Louis,
MO, USA) at 37°C with 5% CO,. The induction medium
was replenished every 3 days. At day 21 of
differentiation, the osteogenic induction medium was
aspirated and the cells were washed with PBS. Then,
the cells were fixed with 95% ethanol for 10 minutes
and stained with alizarin red. The orange-red nodule
size, number and distribution of staining were observed
under a CKX41 inverted phase contrast microscope
(Olympus, Tokyo, Japan). The nodule distribution
represents the distribution of calcium nodules in
osteoblasts. (2) Adipogenic induction: bone marrow
mesenchymal stem cells at passage 3 were incubated
in 6-well culture plates at a density of 1 x 10° cells/L.
Cell slices were prepared and cultured for 24 hours.
Cells were then incubated with adipogenic inducing
medium, composed of DMEM/Nutrient Mixture F-12,
containing 0.25 yM dexamethasone, 50 yM
indomethacin, 0.5 mM IBMX, 10 mg/L bovine insulin,
and 10% fetal bovine serum (Sigma) at 37°C with

5% CO,. The induction medium was replenished every
3 days. At day 14 after differentiation, the medium was
removed and the cells were washed with PBS and fixed
with 10% neutral formalin for 1 hour at room
temperature. Oil red O staining was performed to detect
fat deposition. The distribution of red lipid droplets was
observed under CKX41 inverted phase contrast
microscope (Olympus), to determine lipid droplet
distribution and fat secretion.

Neural induction and identification of induced
neurons

Epidermal growth factor + basic fibroblast growth factor
group: Passage 3 bone marrow mesenchymal stem
cells at a density of 2 x 10’ cells/L were cultured in
6-well culture plates®**"\. Pre-induction was performed
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for 24 hours using DMEM containing 10% fetal bovine
serum, 20 ug/L epidermal growth factor (Sigma) and

20 pg/L basic fibroblast growth factor (Sigma). Then, the
culture medium was completely changed and cells were
rinsed with PBS twice. Cells were incubated for 5 hours to
6 days using serum-free DMEM and then with Neurobasal
Medium/B27 medium. Both culture mediums contained
20 pg/L basic fibroblast growth factor and 20 pg/L
epidermal growth factor. The morphology and the number
of cells were observed daily.

Epidermal growth factor + basic fibroblast growth factor +
thrombospondin 1 group: Passage 3 bone marrow
mesenchymal stem cells at a density of 2 x 10’ cells/L
were cultured in 6-well culture plates. Pre-induction was
performed for 24 hours using DMEM containing 10%
fetal bovine serum, 20 pg/L epidermal growth factor and
20 pg/L basic fibroblast growth factor. Then, the culture
medium was completely changed and cells were rinsed
with PBS twice. Cells were incubated for 5 hours to

6 days using serum-free DMEM and then with
Neurobasal Medium/B27 medium (Gibco, New York, NY,
USA). Both culture mediums contained 20 ug/L basic
fibroblast growth factor and 20 ug/L epidermal growth
factor. Cell morphology was observed daily. At days 3-4
of induction, cells began to contract and peripheral
neurites were visible, following which cells were
incubated with thrombospondin 15 pg/L®¥.

Blank control group: Bone marrow mesenchymal stem
cells were conventionally cultured without basic fibroblast
growth factor, epidermal growth factor or
thrombospondin 1.

Identification of neuron-like cells: Cells were fixed with
4% paraformaldehyde and rinsed with 0.01 M PBS. Then,
cells were incubated with goat anti-rat neuron-specific
enolase and glial fibrillary acidic protein polyclonal
antibody (Qiyun Biotechnology Co., Ltd., Guangzhou,
Guangdong Province, China; 1:100) at 4°C overnight.
Next, cells were incubated with an antibody (Qiyun
Biotechnology Co., Ltd.; 1:100) and streptavidin-biotin-
peroxidase complex at room temperature for 30 minutes.
Stains were developed with 3,3’-diaminobenzidine for

30 minutes. The percentage of cells positive for
neuron-specific enolase and glial fibrillary acidic protein
in the total population was calculated in each visual field.
Positive results were as follows: the cytoplasm was
stained orange-yellow or brown, with the nuclei as deep
blue. Five non-overlapping views were randomly
selected in each group under the light microscope
(Olympus). The positive cell rate was calculated
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according to the following formula: positive rate =
number of positive cells/number of total cells x 100%.

Determination of synaptic morphology

The 6-well culture plate was stained using the
streptavidin-biotin-peroxidase complex method. The
neurites were measured under an inverted phase
contrast microscope using a micrometer. Five visual
fields were selected from each hole at 200 x
magnification. The neurite number and length were
calculated and analyzed statistically.

Determination of postsynaptic density protein 95 and
synaptophysin 1

Cells cultured for 12 days were used for
immunocytochemical staining. In brief, cell slices were
incubated on ice for 30 minutes and treated with 0.1%
Triton X-100 for 10 minutes. Cells were then rinsed with
0.1 M PBS three times, each for 5 minutes, and blocked
with the serum for 20 minutes at room temperature. Cells
were finally incubated with rabbit anti-mouse
postsynaptic density protein 95 polyclonal antibody
(Qiyun Biotechnology Co., Ltd.; 1:100) and
synaptophysin 1 polyclonal antibody (Qiyun
Biotechnology Co., Ltd.) at 4°C overnight. Subsequently,
cells were rinsed with 0.1 M PBS three times for

5 minutes each. Blank controls were incubated with PBS
and tetramethyl rhodamin isothiocyanate (TRITC;
Jackson Immunoresearch, West Grove, PA,
USA)-labeled goat anti-rabbit antibody. Then cells were
rinsed with PBS three times, for 5 minutes each. Cell
slices were stained with monoclonal propidium iodide
(1:500; Sigma) and mounted with neutral resin. Cell
morphology and staining were observed under
fluorescence microscopy (Leica, Solms, Germany).

Image analysis

The fluorescence intensity of postsynaptic density
protein 95 and synaptophysin 1 was analyzed using
Image Pro Plus Version 6.0 image analysis software
(Media Cybernetics Company, Bethesda, MD, USA).

Statistical analysis

Measurement data were expressed as mean = SD and
statistical analysis was performed using SPSS 18.0
statistical software (SPSS, Chicago, IL, USA). The mean
values between groups were compared with two samples
t-test, with a = 0.05.
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