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Placenta-derived mesenchymal stem cells (PMSCs) were isolated from placenta and had differentiation and self-
renewal potential. We transfected PMSCs with glial cell line-derived neurotrophic factor (GDNF) and compared
their effect for repairing spinal cord injury (SCI) with that of GDNF-transfected bone marrow-derived mesen-
chymal stem cell (BMSC).

The PMSCs were isolated from Sprague-Dawley rat placenta; BMSCs were isolated from Sprague-Dawley rat
thigh bone marrow. Primary cultured BMSCs and PMSCs were uniformly spindle-shaped. Flow cytometry indi-
cated that both cell types were CD29- and CD90-positive and CD34- and CD45-negative, confirming that they
were MSCs. The PMSCs and BMSCs were transfected with recombinant lentivirus containing the GDNF gene in
vitro. PMSC and BMSC viability was increased after transfection, and GDNF expression was increased until 10
d after transfection. SCl was created in the rats (n=64) and was repaired using transfected PMSCs and BMSCs
or untransfected PMSCs and BMSCs.

The transfected PMSCs and BMSCs repaired the SCI. Flow cytometry, histology, immunohistochemical, kine-
siology properties, and Basso-Beattie-Bresnahan locomotion score measurements determined no significant
difference between transfected PMSCs and BMSCs at 7, 14, and 21 d post-transplantation (P>0.05); the injury
healed better in transfected PMSCs and BMSCs than in untransfected PMSCs and BMSCs (P<0.05).

MSCs have similar biology characteristics and capacity for SCI repair to BMSCs and can be used as a new re-
source for treating SCI.

Bone Marrow ¢ Mesenchymal Stromal Cells ¢ Spinal Cord Injuries

BMSCs — bone marrow-derived mesenchymal stem cells; PMSCs — placenta-derived mesenchymal stem
cells; GDNF - glial cell-derived neurotrophic factor; GFP — green fluorescent protein; SCI - spinal cord in-
jury; DMEM - Dulbecco’s modified Eagle’s medium; MTT - 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide
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Background

Spinal cord injury (SCl) is one of the most serious spinal trau-
mas and is the main cause of disability. At present, nerve repair
and regeneration after SCI remains a worldwide problem [1,2].
Early high-dose hormone impact therapy, prompt interven-
tion, minimally invasive surgery, and postoperative rehabilita-
tion exercise all do not achieve a satisfactory effect. In recent
years, advancement in stem cell transplantation has brought
new hope for treating SCI. Many studies have confirmed that
stem cell transplantation can repair neurons, improving the
symptoms of nervous system diseases [3-5]. Bone marrow-
derived mesenchymal stem cells (BMSCs) are an appealing re-
source for use in nerve repair and regeneration. However, very
small number of cells can be derived from bone marrow, and
only 1 mesenchymal stem cell (MSC) can be isolated from ev-
ery 10*-10° mononuclear cells. Worse, BMSCs numbers and
differentiation and proliferation capability tend to decline with
age [6,7]. Therefore, it is essential to find a new source of MSCs.

Recently, MSCs with differentiation and self-renewal potential
were isolated from various sources, including muscle, fat, pe-
ripheral blood [8,9]. These tissues have a common feature in
that they derive from the mesoderm in embryonic develop-
ment. Many studies have demonstrated that various parts of
the placenta, including umbilical cord blood, chorion, umbilical
cord, and amnion, are great future sources of MSCs [10-12].
Beyond easier access and fewer ethical restrictions, MSCs iso-
lated from the placenta have obviously greater growth poten-
tial than BMSCs because of their telomerase expression [13,14].
Because the require no invasive procedures, the discovery of
PMSCs appears to have had a notable impact on stem cell
therapy research.

Previously, we gained PMSCs from term human placental de-
cidua basalis. Such PMSCs have multipotent differentiation
and self-renewal ability under controlled conditions in vitro.
Such cells have similar phenotypes as BMSCs. Besides, they are
moderately positive (in the 33.5-44.6% range) for stage-spe-
cific embryonic antigen Oct-4, TRA-1-60, TRA-1-81, (SSEA)-1,
SSEA-3, and SSEA-4, which are mainly expressed in embryon-
ic stem cells [15].

Glial cell line-derived neurotrophic factor (GDNF) was first iso-
lated from the B49 cell line by Lin in 1993 [16]; it can promote
survival in dopaminergic, motor, sensory, and other neurons.
Further research has indicated that GDNF has good applica-
tion prospects for treating nerve injury and neurodegenera-
tive disease [17-19].

In this study, we tried to repair SCI in Sprague-Dawley rats
using GDNF-transfected PMSCs and BMSCs to construct a
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clinical research foundation for PMSC transplantation in ner-
vous system damage.

Material and Methods

Isolation and cultivation of PMSCs and BMSCs

To get PMSCs, the pregnant SD rat (weighing approximate-
ly 300 g) was sacrificed. Then, we dissected decidua basalis
from the placenta and washed it in NaCl/p\Pi (pH 7.4). The
harvested tissue was chopped into approximately 1-2 mm?
pieces and digested with 0.25% trypsin and 0.1% collagenase
IV (1: 1; Gibco, Grand Island, NY, USA) for 30 min. Digestion
was terminated by adding 10% fetal bovine serum (HyClone,
Rockford, IL, USA). We removed undigested tissues with a 100
mesh. The mixture was centrifuged at 250xg for 5 min, and
the pellet was dissolved in 1 mL of Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) containing 20% fetal bovine serum.
Next, we added 5mL lymphocyte separation liquid (Hengxin
Chemical, Shanghai, China). The mixture was exposed to den-
sity gradient centrifugation at 800xg for 20 min, then we har-
vested the monocyte layer and dissolved in 1 mL DMEM con-
taining 20% fetal bovine serum, and centrifuged it at 250xg
for 5 min. The harvested cells were seeded into a culture bottle
containing DMEM and 15% fetal bovine serum at 1x10¢ mL™,
then cultured in a 5% CO, incubator (Sanyo, Osaka, Japan) at
37°C. We replaced medium every 2 d.

To get BMSCs, an adult SD rat was sacrificed. We isolated the
femur and cut open its ends. The bone marrow was swilled out
with low-glucose DMEM using a 1-mL syringe. We harvested
the cells in a culture dish, dissolved using a Pasteur pipette,
seeded into a flask containing DMEM and 15% fetal bovine
serum, then cultured in an incubator. We replaced the medi-
um 2 d later. When the cells were about 85% confluent, they
were passaged with 0.1% EDTA and 0.25% trypsin (2: 1). We
monitored cell growth under an inverted phase-contrast mi-
croscope (Olympus, Tokyo, Japan).

Identification of cell surface markers

Well-growing third-generation PMSCs and BMSCs were col-
lected and washed twice using phosphate-buffered saline
(PBS), and digested with 0.25% trypsin and 0.1% EDTA (1: 2).
The digestion was terminated by adding 10% fetal bovine se-
rum. The cell suspension was centrifuged at 250xg for 10 min,
and the pellet was resuspended with a moderate amount of
PBS to prepare a concentration of 1x10° mL™. Mouse anti-rat
monoclonal antibodies against CD90, CD29, CD34, and CD45
(20 pL; BD, Franklin Lakes, NJ, USA) were added to a 100 pL cell
suspension, which was then incubated in 5% CO, for 30 min.
PBS (1.5 mL) was added and mixed, the cell suspension was
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centrifuged at 250xg for 10 min, resuspended in PBS, and
transferred to the flow tubes. CD90, CD29, CD34, and CD45
expression was detected and analyzed.

GDNF gene transfection

Third-generation PMSCs and BMSCs were inoculated into 6-well
plates at an inoculation density of 1x10°in 1 hole, cultured in a
5% CO, incubator at 37°C, and then transfected with the GDNF
overexpression lentivirus (Genechem, Shanghai, China). Each
well contained a total volume of 2 mL with different volume
fractions of serum-free DMEM and the recombinant adenovi-
rus suspension; the respective infection scores (MOI) were 10,
50, 80, 100, 150, and 200. After 2-h incubation in a constant
temperature incubator, the DMEM and adenovirus combina-
tion was replaced with 2 mL DMEM containing 10% fetal bo-
vine serum and the culture was continued; we observed GFP
expression every 12 h.

PMSC and BMSC viability post-transfection

PMSCs and BMSCs were transfected in 96-well plates at an
inoculation density of 1x10%in 1 hole. After 24-h incubation,
the PMSCs and BMSCs were rinsed twice in PBS and random-
ly seeded in 5 wells each in 96-well plates. After 1-, 3-, 5-, 7-,
and 9-d culture, 20 pL MTT working solution was added to
random wells in each group. After 4-h incubation in the dark,
the solution was removed and 150 pL dimethyl sulfoxide per
well was added, and the plates were placed on a shaker for
15 min. The absorbance was detected at 492 nm.The experi-
ment was repeated 3 times and the data were collected and
analyzed using analysis of variance to compare the differenc-
es between all groups of data.

Western blot analysis

GDNF-transfected PMSCs and BMSCs were seeded in 6-well
plates that were cultured for 7 d. Total cellular extracts were
obtained by lysing the cells in radioimmunoprecipitation as-
say lysis buffer. Protein concentrations of the cell lysates
were determined by Coomassie blue dye-binding assay (Bio-
Rad, CA, USA). Aliquots of cell lysates containing 50 ug pro-
tein were separated by 10% SDS-polyacrylamide gel electro-
phoresis and transferred to nitrocellulose filters. The filters
were blocked with TBST buffer (10 mM Tris-HC|, pH 8.0, 0.15
M NacCl, 0.05% Tween 20) containing 5% skimmed milk, incu-
bated with rabbit anti-mouse GDNF antibody overnight, fol-
lowed by the addition of horseradish peroxidase-linked anti-
rabbit 1gG and electrochemiluminescence visualization of the
bands. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression was used as the internal control to normalize the
expression of other proteins.
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Animal model

SD rats were selected randomly and anesthetized with 0.3%
chloral hydrate anesthesia. Then, the rats were tied to the ex-
periment board and the dorsal skin was shaved and sterilized.
Next, the spinal cords were surgically exposed and struck with
a fixed amount force of 10x1.25 g cm, where spasmodic trem-
bling of the tail and congestion of the struck tissue could be
observed. After confirming a successful strike, the back inci-
sion was sutured and subjected to kinematics analysis. Three
days after surgery, the spinal cords were re-exposed and ran-
domly divided into 4 groups (group A, untransfected PMSCs;
group B, untransfected BMSCs; group C, transfected PMSCs;
group D, transfected BMSCs, 16 rats in each group). Four cell
suspensions were injected sequentially into the spinal cords
injury area using a microinjection syringe, and there were 7
points for each sample injection. Every point was injected with
2.5 ul of cell suspensions with a concentration of 4x10%/ul and
dissolved by cell medium. Subsequently, normal feeding was
resumed after the incision was sutured. The kinematics prop-
erties of each rat were assessed at 7, 14, and 28 d post-injec-
tion. After death, the rats were perfused with 4% formalde-
hyde. The spinal cord was removed and embedded in paraffin
for HE staining and immunohistochemical staining. The recov-
ery of the rat spinal cord from the SCI was observed.

BBB scores

The BBB scores were assessed at 7, 14, and 28 d post-sur-
gery using the BBB locomotor rating scale [20], which was
performed by personnel external to our laboratory but who
were familiar with the scoring standard (they are not co-au-
thors). Every experiment was repeated 3 times to obtain the
average. The BBB scores was used to assess limb function af-
ter spinal cord injury.

Histology and immunohistochemistry

Spinal cord samples were fixed in 10% formalin solution at 7,
14, and 28 d post-surgery, and then cut into 4-ym thick par-
affin sections for histology and immunohistochemistry anal-
ysis. Routine HE staining was performed. Briefly, paraffin sec-
tions were washed 3 times (every 5 min) in PBS, 15 min in
1 g L Triton, and 3 times (every 5 min) in PBS, and then in-
cubated with BSA (ZsBio, Beijing, China) at room temperature
for 30 min. After the serum was discarded and anti-NSE (1:
200, Abcam, Cambridge, UK) antibody was added, the sections
were embedded in a wet box at 4°C overnight. The sections
were washed 4 times (every 5 min) in PBS and then horserad-
ish peroxidase-labeled streptavidin-avidin solution was add-
ed. Finally, the sections were counterstained with the chro-
mogenic solution diaminobenzidine (Boster, Wuhan, China),
mounted, and observed under an inverted phase-contrast
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Morphology

GFP

Figure 1. (A, B) PMSC and BMSC morphology under inverted phase-contrast microscopy (x100). Day 5 first-generation PMSCs
(A) and BMSCs (B) are elongated spindle-shaped and followed similar patterns such as uniform fibroblast-like colony
growth. (C, D) Morphology of GDNF-transfected PMSCs and BMSCs. Cells were observed under inverted phase-contrast
microscopy (x100), MOI=100 12 h after transfection. GFP expression of PMSCs (C) and BMSCs (D) was significant and the cell

morphology was intact without obvious cytopathic effects.

microscope. GFAP and NF-200 (Abcam, Cambridge, UK) expres-
sion was assessed using the same preparation as above; the
concentration of the GFAP and NF-200 antibodies was 1: 100.
The immunohistochemistry analysis of HE, NSE, and GFAP was
assessed based on optical density and analyzed using Image-
Pro Plus 5.1 software (Media cybernetics, MD, USA). Three sec-
tions were selected from each group and the optical density
of positive cells per field was calculated to obtain the mean.
The results for NF-200 were analyzed using Image-Pro Plus
5.1 software and the length of the nerve fibers was calculat-
ed to obtain the mean.

Statistical analysis

All samples were analyzed using a paired Student’s t-test.
Therefore, all data are expressed as the mean + standard

deviation. Statistical analysis was performed using SPSS 16.0
statistical software (Chicago, IL, USA); measurement data were
analyzed using variance. The results were considered statisti-
cally significant at P<0.05.

Results

Primary culture of PMSCs and BMSCs

PMSCs and BMSCs were both isolated and cultivated success-
fully. Approximately 30% of cells began to adhere 48-72 h after
seeding in primary cultures, where they grew and formed colo-
nies. All cells had a long spindle-like shape after 4 d culturing.
On day 5, the cells were passaged when they reached 80-90%
confluence. Both PMSCs and BMSCs formed morphologically
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Figure 2. Flow cytometry of PMSCs and BMSCs. CD29 and CD90 were highly expressed in PMSCs (A) and BMSCs (B), while CD34 and

CD45 were not.

homogeneous populations of fibroblast-like cells in 5 d with
a doubling time of 4-5d (Figure 1A, 1B).

Identification of cell surface markers

Flow cytometry showed high CD29 and CD90 expression in
the PMSC and BMSC cell membrane and cytoplasm; the cells
were negative for CD34 and CD45 expression, showing that
both cell types were MSCs (Figure 2).

GDNF gene transfection

After 12-h transfection, both PMSCs and BMSCs had a multi-
plicity of infection (MOI) of 100 and expressed significant levels
of green fluorescent protein (GFP). The morphological integri-
ty of the cells was intact and there was no obvious cytopath-
ic effect. When MOI <100, there were significantly fewer GFP-
positive PMSCs and BMSCs than when MOI=100; when MOI
>100, fluorescence intensity was strong, but varying degrees

of cytopathic effects were observed. There was no GFP expres-
sion when MOI=0. Therefore, MOI=100 indicated the best in-
fection numerically (Figure 1C, 1D).

PMSC or BMSC viability post-transfection

The tetrazolium (MTT) assay showed that both PMSCs and
BMSCs were in the logarithmic growth phase at 3-5 d and grew
slowly, plateauing at 6-7 d after transfection. Cell viability was
not significantly different in groups A (untransfected PMSCs),
B (untransfected BMSCs), C (GDNF-transfected PMSCs), and D
(GDNF-transfected BMSCs) (P>0.05) at 24 h after transfection,
but 3 d after transfection, the cell viability of groups C and D
was slightly but significantly higher than that of groups A and
B (P<0.05). Nevertheless, cell viability in groups C and D was
not significantly different (P>0.05) (Figure 3).
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Figure 3. MTT assay of untransfected PMSCs (A) and
untransfected BMSCs (B) and GDNF-transfected PMSCs
(C) and GDNF-transfected BMSCs (D). After 3-5 d of
transfection, PMSCs and BMSCs exhibited logarithmic
growth and the growth rate slowed at 6-7 d. The cell
viability of all 4 groups was not significantly different
(P>0.05) at 24 h after transfection. At 3 d after
transfection, the cell viability of GDNF-transfected-
PMSCs and GDNF-transfected-BMSCs gradually became
significantly higher than that of PMSCs and BMSCs
(P<0.05). The cell viability of GDNF-transfected-PMSCs
and GDNF-transfected-BMSCs was not significantly
different (P > 0.05).

Western blot detection of GDNF expression in PMSCs and
BMSCs after transfection

Western blotting showed that PMSCs and BMSCs expressed
GDNF (Figure 4) at 7 d after transfection.

General observations

All rats revived within 2 h after surgery and could feed and
move their forelimbs freely within 24 h. All surgical lesions
healed without infection.

Basso-Beattie-Bresnahan (BBB) score after SCI

One day after SCl induction in the rats using the Allen hit de-
vice, all experimental groups (A, B, C, D) presented lower-limb
paralysis; the BBB score was 0 points. After 7 d, the motor func-
tion in all 4 groups was slightly improved; the lower limbs of
some of the rats in C and D had 1-2-joint activities. After 14
d, there was lower limb movement in group C and D rats, and
some of the rats had better leg joint activity; lower-limb func-
tion recovery was slow in group A and B. After 28 d, there was
lower limb motor function recovery in group C and D rats, and
some of the rats could support their body weight with both
lower limbs; group A and B rats showed slower limb recovery.
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Figure 4. Western blotting showing that PMSCs (A) and BMSCs
(B) express GDNF after 7-d GDNF transfection.

16- BBB score (n=16) <0.05

Figure 5. BBB score. At 1, 2, and 4 weeks after surgery, the BBB
score between PMSCs (A) and BMSCs (B) and GDNF-
transfected-PMSCs (C) and GDNF-transfected-BMSCs
(D) were significantly different (P<0.05); the difference
between GDNF-transfected-PMSCs (C) and GDNF-
transfected-BMSCs (D) was not significant (P>0.05).

At 1, 2, and 4 weeks after surgery, the BBB scores of group C
and D rats showed no significant difference (P>0.05). However,
the scores of group A and B rats and group C and D rats were
significantly different (P<0.05) (Figure 5), suggesting similar
nerve regeneration abilities of the PMSCs and BMSCs and that
GDNF promotes such abilities.

Histological observation

One week after surgery, microscopic observation of hematox-
ylin-eosin (HE)-stained sections revealed microcapsules and
necrotic nerve fibers in the inflammatory cells, cavities, and
white matter of the damaged rat spinal cord tissue. Nerve cell
proliferation was observed in group C and D. After 2 weeks,
all SCI tissues were filled with dense fibrous connective tis-
sue, and astrocytes had proliferated and accumulated around
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Figure 6. (A, B) HE staining observed under inverted phase-contrast microscopy (x100). One week after surgery, inflammatory
cells, cavities, and nerve fiber necrosis can be observed in the SCI. Nerve cell proliferation can be also observed in GDNF-
transfected-PMSCs (C) and GDNF-transfected-BMSCs (D). After 2 weeks and in all 4 groups, the SCI was filled with dense
fibrous connective tissue. Astrocyte proliferation and accumulation in the glial scar is visible. There were obviously more
proliferating cells in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) than in PMSCs (A) and BMSCs (B).
After 4 weeks, the scar tissue can still be observed in each group but with reduced cysts and necrosis. The tissue is denser,
while there are significantly increased nerve cells as compared to that at 2 weeks. There was significantly increased nerve
cell proliferation in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) but it was much lower in PMSCs (A)
and BMSCs (B). Overall, GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) did not differ greatly, but were
significantly improved as compared to PMSCs (A) and BMSCs (B).
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4 weeks

GFAP

NF-200

Group C

Figure 7. GFAP expression in the SCI area was significantly higher in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs
(D) than in PMSCs (A) and BMSCs (B). The blue nuclei are surrounded by the brown-stained cytoplasm. NSE expression in
the SCI area was significantly higher in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs(D) than in PMSCs (A)
and BMSCs (B). The blue nuclei are surrounded by brown-stained cytoplasm. The NF-200 nerve fibers in the SCI area were
significantly longer in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) than in PMSCs (A) and BMSCs (B).
GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) were not obviously different.

the glial scar. There were significantly more proliferated nerve
cells in group C and D rats than in group A and B rats. After 4
weeks, the scar tissue in each group remained visible, but the
number of necrotic cysts was reduced, the tissue was denser,
and the number of nerve cells had obviously increased. There
were significantly increased proliferating nerve cells in group
C and D rats, and some neural cell proliferation was observed
in group A and B rats. Overall, there was no significant differ-
ence between group C and D, but group C and D were signifi-
cantly different from group A and B, and injury repair was sig-
nificantly better than in group A and B (Figure 6A, 6B).

Glial fibrillary acidic protein (GFAP) expression at SCI site

Four weeks after surgery, microscopy observation of immu-
nohistochemically stained sections showed considerably in-
creased GFAP expression in the SCl sites in group C and D that
was significantly higher than that in group A and B (P<0.05)
(Figure 7). Group C and D were not significantly different
(P>0.05) (Figure 8).

Neuron-specific enolase (NSE) expression at SCI site

Four weeks after surgery, microscopy observation of immu-
nohistochemically stained sections showed considerably in-
creased NSE expression in the SCl sites in group C and D that
was significantly higher than that in group A and B (P<0.05)
(Figure 7). Group C and D were not significantly different
(P>0.05) (Figure 8).

NF-200 expression at SCI site

Four weeks after surgery, microscopy observation of immuno-
histochemically stained sections showed significantly longer
NF-200-positive nerve fibers in the SCI sites in group C and D
than in group A and B (P<0.05) (Figure 7). Group C and D were
not significantly different (P>0.05) (Figure 8).

Discussion

Recovering neurological function after spinal nerve injury re-
mains a worldwide problem. In recent years, stem cell trans-
plantation for treating neurological disease has gradually

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

1807




ANIMAL STUDY

LuY.etal.:
Glial cell line-derived neurotrophic factor-transfected...
© Med Sci Monit, 2017; 23: 1800-1811

GFAP express optical density

06- p<0.05

0.5 1
0.4

0.3

0D

0.2 1

0.1

0.0

A B C D

NF-200 positive fiber relative lenght

120 p<0.05

NSE express optical density

0.7+ p<0.05

0.6
0.5
0.4
S
0.37
0.2
0.17
0.0 T T T
A B C D

NF relative length

100 l
80
60
40 1
‘B
0 T T T
A B C D

Figure 8. The optical density of GFAP expression in the SCI area was higher in GDNF-transfected-PMSCs (C) and GDNF-transfected-
BMSCs (D) than in PMSCs (A) and BMSCs (B). The optical density of NSE expression in the SCI area was higher in GDNF-
transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) than in PMSCs (A) and BMSCs (B). The relative length of NF-200-
positive nerve fibers in the SCI area was greater in GDNF-transfected-PMSCs (C) and GDNF-transfected-BMSCs (D) than in

PMSCs (A) and BMSCs (B).

become a popular research topic. After glial precursor cell
and Schwann cell transplantation to the SCI region, glial pre-
cursor cells can differentiate into oligodendrocytes and form
new myelin over the damaged axons. Furthermore, SCI ani-
mals also recover nerve functions to a certain degree [21,22].
Some studies have also indicated that the transplantation of
neural stem cells (NSC) to brain lesion regions is followed by
increased expression of presynaptic protein and regeneration-
associated protein at the injury site and significantly higher
neuromotor function and selective behavior scores as com-
pared to the control group [23].

MSCs were first isolated from bone marrow by Haynesworth et al.
[24]. The cells have also been isolated from muscle, adipose
tissue, periodontal ligament, peripheral blood, and other types
of connective tissue [25-28]. MSCs have been isolated from
amniotic fluid and the amnion and have demonstrated better
amplification capability than BMSCs. PMSCs and BMSCs have
similar phenotypes, such as positive CD166, CD105, CD29,
and CD44 expression and negative CD117, CD45, CD34, and
CD14 expression. They are also positive for human leuko-
cyte antigen (HLA)-ABC expression, but negative for HLA-DR

expression [29,30]. Some have reported that PMSCs have mul-
tiple differentiation potential and are able to differentiate into
bone cells, fat cells, cartilage cells, liver cells, and pancreatic
islet cells [31,32]. Our study confirms that PMSCs are similar
to BMSCs, which have moderate positive expression (ranging
33.5-44.6%) of Oct-4, TRA-1-60, TRA-1-81, (SSEA)-1, SSEA-3,
and SSEA-4, which are mainly expressed in embryonic stem
cells [15]. The present study illustrates the fact that PMSC are
primitive cells with multi-directional differentiation ability. As
they are considered medical waste, there are fewer ethical re-
strictions and better practicability regarding their use in medi-
cal research; the placenta is viewed as an ideal source of MSCs,
which can be used in clinical research and stem cell therapy.

In this study, SD rat PMSCs and BMSCs were isolated and cul-
tivated successfully, presenting homogeneous fibroblast-like
morphology and similar doubling times. Flow cytometry con-
firmed that the PMSCs and BMSCs have high CD29 and CD90
expression and low CD34 and CD45 expression, indicating suc-
cessful transfection of the GDNF gene and good growth abil-
ity following transfection.
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Neurotrophic factors include nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
GDNF. Among them, GDNF was first discovered by Lin [16] as
a target-derived neurotrophic factor that provides nutrition
to specific neurons by retrograde transport or the paracrine
effect. In nerve cell differentiation, GDNF stimulates neuron
pathway survival and growth via the Ras/MARK pathway and
induces neuronal lamellipodia formation through the phospha-
tidylinositol 3-kinase (P13K) signaling pathways, which are di-
rectly involved in the occurrence of axons and dopaminergic
neuron differentiation. GDNF has tropism for many kinds of
neurons [33-35], meaning it is a good prospect for treating
neurological disorders.

The study of SCI has spanned a century. Many models have
been created, including the cuts (transection/hemisection)
model, the contusion and compression injury model, the isch-
emic injury model, and the photochemical damage model. Each
model has a different focus and scope of application. Briefly,
the cuts model is a cutting spinal cord transection injury whol-
ly or in part, or even the removal of small pieces of the spinal
cord, which is suitable for researching transplantation and re-
generation in nerve tissue engineering [36]. However, it has
drawbacks, such as poor concordance with clinical conditions,
relatively demanding care, and high mortality of animal mod-
els [37]. The compression injury model can specifically simu-
late clinical disease subacute chronic SCI resulting from tumor
compression and disc herniation, and has the advantage of
more precise control of the area and extent of damage/injury;
however, it fails to simulate SCIs with high clinical incidence
and that are difficult to treat. The contusion model is a good
mimic of SCI due to various traumas, which especially suits
the variation of secondary pathophysiology after SCI [38,39].
In summary, the classic SCI model caused by heavy impact
was chosen because of the simple equipment required, easy
operation, and minor collateral injury. The impact apparatus
used in this experiment is 10 mm high, weighs 10 g, and has
a drop height of 1.25 cm. As the site and range of injuries in
the modeling process can be controlled to maintain the in-
tegrity of the dura, no exogenous components can invade the
damaged area, and exposure of the spinal cord and cerebro-
spinal fluid leakage can be prevented. Accordingly, the stabil-
ity of the model can be ensured.

In recent years, many studies have found that stem cells can
repair SCls to some extent and improve neurological function
after nerve injury. However, a series of problems exist, includ-
ing survival of the transplanted stem cells at the injury site,
the issue of directional differentiation, and integration of the
structure and function between differentiation of nerve cells
and host cells. A variety of strategies have been adopted to
resolve these problems and have achieved good effects. First,
stem cells are transplanted after pre-differentiation. Due to
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the pathophysiological microenvironment after SCI, the ma-
jority of stem cells differentiate into astrocytes with few neu-
rons and oligodendrocytes after MSC transplantation into the
spinal cord. Accordingly, in recent years, many studies have
pre-differentiated MSCs into oligodendrocyte precursor cells
or neuronal precursor cells [40], and then implanted them
into injured spinal cords. The results show that this method
promotes the recovery of spinal cord motor function. Second,
transgenic stem cells are used for transplantation. The char-
acteristics of stem cells mean that they are relatively easy to
genetically modify. If gene transfection is successful, the stem
cells can promote nerve cell survival and orientation differ-
entiation, which will help solve existing problems in the cur-
rent stem cell transplantation process. Recent studies on gene
transfection have mainly involved GDNF, NGF, BDNF, NT-3, and
molecules that can promote stem cell differentiation, such as
Noggin and MASH1. Rat embryo-derived glial-limiting precur-
sor cells were transfected with the BDNF and NT3 genes by
retrovirus, and then implanted to the thoracic cord which had
been injured 9 d before [41]. The implanted cells successfully
differentiated into mature oligodendrocytes. Implanting stem
cells transfected with the NT3 gene to chronic SCI that had
formed a glial scar over 6 w also revealed that these cells can
promote axon passage through the glial scar and reach the site
of injury [42]. In the present study, PMSCs and BMSCs trans-
fected GDNF by overexpressing lentivirus were implanted into
SCl, and also achieved excellent nerve repair results. Moreover,
cells United scaffolds were transplanted. After SCI, the inju-
ry site forms local tissue necrosis and chronic glial scars and
cavities due to the primary mechanical damage and second-
ary pathological damage that constitute physical and chemical
barriers to spinal cord regeneration. Therefore, filling scaffolds
that can bridge the 2 parts of an injury into the site before
glial scar and necrotic cavity formation can promote SCl re-
pair. The scaffold can also prevent inflammatory cell invasion.
Additionally, the modified scaffolds are beneficial for stem cell
adhesion and nutritional factor agglomeration. A copolymer
scaffold made of lactic acid and glycolic acid was first co-cul-
tured with NSC for 4 d, and then was implanted to a T9/10
hemisection SCI. The cells in the scaffold were arranged in or-
der and no scar tissue or aggregates formed.

The mechanism of PMSC differentiation into neurons is un-
clear. It may be a collective effect of a variety of mechanisms
that alter PMSC expression. Subsequently, gene expression in
the neural ectoderm is activated, resulting in PMSC differen-
tiation into neurons. In recent years, studies have found that
the Wnt/B-catenin pathway may play a regulatory role in PMSC
differentiation into neuronal cells [43]. We found that PMSCs
transplanted with the GDNF gene can promote nerve regen-
eration and significantly improve motor function.
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Overall, several theories explain the main mechanism of MSC
reduction of nerve damage, promotion of neuroprotection,
and nerve regeneration. First, MSCs differentiate into nervous
system cells after transplantation, which can take the place
of apoptotic and necrotic neurons to promote axon myelina-
tion [44]. Second, MSCs can inhibit microglia activation after
nerve injury, which can reduce the immune and inflammatory
response [45]. Third, the secreted cytokines and neurotroph-
ic factors, such as GDNF, NT-3, interleukin (IL)-6, BDNF, basic
fibroblast growth factor (bFGF), and glucocorticoid-induced
tumor necrosis factor-3 (TNF-3), have a neuroprotective ef-
fect [46,47]. Fourth, MSCs promote angiogenesis, on the one
hand secreting vascular endothelial growth factor receptor-3
(VEGFR-3) and on the other hand differentiating into endothe-
lial cells [45]. Lastly, MSCs may play a role in endogenous NSC
activation and proliferation. These factors may act synergisti-
cally rather than alone [48]. Although considerable improve-
ment has been made in using stem cells for treating SCI, where
there is improved motor and sensory function after SCl, many
remaining issues require further study. First, most studies are
based on immunochemical methods to track stem cell prolifer-
ation and differentiation, lacking direct evidence proving that
transplanted stem cells express voltage-gated ion channels,
generate action potential, and have direct functional integra-
tion with the host spinal cord. Second, many measures play
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arole in promoting transplanted stem cell survival, differenti-
ation, and physiological function; however, the efficiency re-
mains relatively low in clinical terms. Further study would still
focus on how efficiency can be improved.

Conclusions

In this study, we demonstrate that PMSCs have similar biolog-
ical properties to BMSCs and can be successfully transfected
with the GDNF gene. After transplantation, PMSCs can promote
nerve regeneration and significantly improve motor function.
Therefore, PMSCs can be used as a new source of cells in clin-
ical and experimental research on nerve damage.
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