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Spinal cord injury (SCI) always
results in severe functional im-
pairment and leads to high
cost for the family and society.

A variety of methods including medicine,
surgery, rehabilitation, and gene therapy
have been used to treat SCI. Although
these treatments may provide benefits,
many patients still cannot obtain sub-
stantial functional recovery (1, 2). Thus,
the search for effective therapeutic meth-

ods for SCI is of major public health
importance.

In recent years, stem cell treatment
for SCI has been extensively investigated
and may be a viable therapeutic strategy.
Previous research found that embryonic
stem cells (3) and adult stem cells, in-
cluding bone marrow-mesenchymal stem
cells (BM-MSCs; 4) and neural stem cells
(5), were able to promote locomotor re-
covery after SCI. However, the applica-
tion of embryonic stem cells is limited in
a clinical setting because of ethical issues
arising from the destruction of human
embryo when the inner mass is removed
(6, 7). BM-MSCs also have their own lim-
itations due to the disadvantage of low
frequencies and limited proliferation/
differentiation capacity with age (8, 9).
Furthermore, neural stem cells decrease
in neurogenesis and undergo replicative
senescence over time (10).

Obtained studies have found that stem
cells could be obtained from embryo-
derived tissues, such as amnion (11), am-
niotic fluid (12), umbilical cord blood

(13), and umbilical cord, itself (14, 15).
These tissues are discarded after birth, so
isolation of these stem cells is noninva-
sive and safe for both mothers and chil-
dren. In 2003, Mitchell et al (16) firstly
identified MSCs from human umbilical
cord-Wharton’s jelly. It was reported that
human umbilical cord (hUC)-MSCs have
greater ex vivo expansion capabilities,
faster proliferation, and lower immuno-
genicity than BM-MSCs (17, 18). Further-
more, they can be induced to differentiate
in vitro into bone, cartilage, adipose (19,
20), skeletal muscle cells (21), cardiomy-
ocytes (22, 23), endothelium (24), and
especially neural cells (16, 25–27). There-
fore, the cells posses a potential thera-
peutic role for treating patients with neu-
rodegenerative diseases and central
nervous system injuries.

For these reasons, the purpose of this
study is to explore the potential efficacy
of hUC-MSCs transplanted into the spinal
cord to promote axon regeneration and
functional recovery after SCI by using a
contusion model in rats. We provide the
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Objective: Spinal cord injury results in loss of neurons, degen-
eration of axons, formation of glial scar, and severe functional
impairment. Human umbilical cord mesenchymal stem cells can
be induced to form neural cells in vitro. Thus, these cells have a
potential therapeutic role for treating spinal cord injury.

Design and Setting: Rats were randomly divided into three
groups: sham operation group, control group, and human umbilical
cord mesenchymal stem cell group. All groups were subjected to
spinal cord injury by weight drop device except for sham group.

Subjects: Thirty-six female Sprague-Dawley rats.
Interventions: The control group received Dulbecco’s modified

essential media/nutrient mixture F-12 injections, whereas the
human umbilical cord mesenchymal stem cell group undertook
cells transplantation at the dorsal spinal cord 2 mm rostrally and
2 mm caudally to the injury site at 24 hrs after spinal cord injury.

Measurements: Rats from each group were examined for neu-
rologic function and contents of brain-derived neurotrophic fac-
tor, glial cell line-derived neurotrophic factor, and neurotrophin-3.
Survival, migration, and differentiation of human umbilical cord
mesenchymal stem cells, regeneration of axons, and formation of

glial scar were also explored by using immunohistochemistry and
immunofluorescence.

Main Results: Recovery of hindlimb locomotor function was
significantly enhanced in the human umbilical cord mesenchymal
stem cells grafted animals at 5 wks after transplantation. This
recovery was accompanied by increased length of neurofilament-
positive fibers and increased numbers of growth cone-like struc-
tures around the lesion site. Transplanted human umbilical cord-
mesenchymal stem cells survived, migrated over short distances,
and produced large amounts of glial cell line-derived neurotrophic
factor and neurotrophin-3 in the host spinal cord. There were
fewer reactive astrocytes in both the rostral and caudal stumps of
the spinal cord in the human umbilical cord-mesenchymal stem
cell group than in the control group.

Conclusions: Treatment with human umbilical cord mesenchy-
mal stem cells can facilitate functional recovery after traumatic
spinal cord injury and may prove to be a useful therapeutic strategy
to repair the injured spinal cord. (Crit Care Med 2010; 38:2181–2189)
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nal cord injury; transplantation; umbilical cord
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first demonstration that hUC-MSCs ob-
tained from Wharton’s jelly can survive,
migrate, and produce large amounts of
glial cell line-derived neurotrophic factor
(GDNF) and neurotrophin-3 (NT-3) in
the rat spinal cord without immunologic
suppression therapy, which may help spi-
nal cord repair.

MATERIALS AND METHODS

Cell Culture

All parts of this study, especially the isola-
tion of the human umbilical cord (hUC), were
performed according to the Declaration of
Helsinki. Ethical approval was obtained from
the Third Military Medical University (Chong-
Qing, China), and written informed consent
was obtained from donors of UC. The isolation
and culture of hUC-MSCs was carried out ac-
cording to the methods previously described
(28). In brief, each hUC was collected from
full-term Caesarian section births and pro-
cessed within 3–6 hrs. Umbilical arteries and
veins were removed, and the remaining tissue
was transferred to a sterile container in Dul-
becco’s modified essential media/nutrient
mixture F-12 (DMEM/F12; Hyclone, Fisher
Scientific, Logan, UT) and diced into small
fragments. The explants were transferred to
50-mL culture flasks containing the DMEM/
F12 along with 10% fetal bovine serum (FBS;
PAA, Linz, Austria). They were left undis-
turbed for 4–6 days to allow migration of cells
from the explants, at which point the media
was replaced. Cultures were maintained at
37°C in an incubator containing 5% CO2.
They were re-fed and passaged as necessary.

Animal Preparation and
Experimental Protocol

The animal study protocol used in this
research was approved by the ethics commit-
tee for animal experimentation and was con-
ducted according to the Guidelines for Animal
Experimentation of our institute. Thirty-six
female Sprague-Dawley rats (from Experimen-
tal Animal Center of Third Military Medical
University) weighing between 230 and 270 g
were used. Rats were allowed free access to
food and water before and after the surgical
procedure. They were randomly divided into
three groups: sham operation group (n � 12),
control group (n � 12), and hUC-MSC group
(n � 12). All groups were subjected to SCI by
weight drop device based on the technique
described by Wamil et al (29) except for the
sham group. The control group received
DMEM/F12 injections, whereas the hUC-MSC
group undertook cells suspension treatments.
Rats from each group were examined for neu-
rologic function and contents of brain-derived

neurotrophic factor (BDNF), GDNF, and NT-3.
Survival, migration, and differentiation of hUC-
MSCs, regeneration of axons, and formation of
glial scar were also explored with immunohisto-
chemistry and immunofluorescence.

Surgical Procedures

Animals were anesthetized with an intra-
peritoneal injection of pentobarbital (40 mg/kg).
A 4-cm-long skin incision was made in the
midline and a laminectomy was carried out at
the thoracic 9–11 level to expose the thoracic
9–11 spinal segment, leaving the dura intact.
An area of the thoracic 10 segment in the
spinal cord was contused by delivery of a
12.5g � cm force, produced by dropping a 10-g
weight a distance of 1.25 cm through a stain-
less steel guide tube onto a 2.3-mm diameter
steel cylinder. The sham operation rats were
treated identically except for the contusion.
After impact, the skin and muscles incision
was closed by using sutures.

Transplantation of
Superparamagnetic Iron
Oxide-Labeled hUC-MSCs

One day after SCI, rats were anesthetized
with pentobarbital (40 mg/kg, intraperito-
neal). The spinal cord was reopened at the
injury area. To prepare the cell suspension,
passage 5 hUC-MSCs were collected and resus-
pended in the appropriate volume of DMEM/
F12 to produce the final concentration (4 �
104/�l). Cell viability was assessed by trypan
blue. The cells were then loaded into a 5-�l
microsyringe mounted on a stereotactic appa-
ratus for transplantation. Cells were injected
into the dorsal spinal cord 2 mm rostrally and
2 mm caudally to the injury site at a depth of
1.2 mm and 0.75 mm laterally from midline at
a rate of 1 �l/min. At each site, 2.5 �l of cell
suspension was injected. The needle was left in
position for a further 2 min before being
slowly withdrawn. A total volume of 10 �l of
cell suspension was injected (total 4 � 105

cells). After operation, incision was closed by
using sutures, and animals were allowed to
recover. Control group rats received 10-�l
DMEM/F12 injections.

Basso, Beattie, and Bresnahan
Open Field Locomotion Score

The Locomotor Rating Scale was used to
assess locomotor recovery in an open field
(30). Before testing, bladders were expressed,
because spontaneous bladder contraction of-
ten accompanies hind-limb activity. For exam-
ination, the rats were placed individually in an
open field with a nonslippery surface. The 22-
point (0–21) Basso, Beattie, and Bresnahan
(BBB) scale was used to assess hindlimb loco-

motor recovery including joint movements,
stepping ability, coordination, and trunk sta-
bility. A score of 21 indicates unimpaired lo-
comotion as observed in uninjured rats. The
duration of each session was 5 min per rat.
BBB tests were performed at 1 day after injury,
and after transplantation of hUC-MSCs, the
rats were tested at 1 wk, 3 wks, 5 wks, 7 wks,
and 8 wks.

In Vitro Immunocytochemistry

For in vitro immunocytochemistry, pas-
sage 4/5 hUC-MSCs were collected and plated
on glass slides placed in 24-well plate. The
cells were grown in a culture medium con-
taining DMEM/F12 plus 10% fetal bovine se-
rum (FBS). Then, the cultures were grown for
2–3 days, at which time they were fixed with
4% paraformaldehyde (PFA) and washed three
times with PBS. The cultures were blocked
with 5% normal goat serum and 0.3% Triton
X-100 in PBS for 1 hr at room temperature
and exposed to the following primary antibod-
ies: rabbit anti-nestin (1:100; Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit anti-
GDNF (1:50; Bo-Ao-Sen, Peking, China),
rabbit anti-BDNF (1:50; Santa Cruz Biotech-
nology), and rabbit anti-NT-3 (1:100; Santa
Cruz Biotechnology). The cultures were incu-
bated with the primary antibody for 1.5 ht at
room temperature or overnight at 4°C. Cul-
tures were washed three times with PBS,
treated with fluorescent fluorescein isothio-
cyanate-conjugated goat anti-rabbit secondary
antibody (1:300; Millipore, Billerica, MA) for 1
hr, washed three times with PBS, counter-
stained the nuclei with 4�, 6-diamidino-2-
phenyl-indole, and coverslipped. The images
were taken by using a Zeiss (Thornwood, NY)
510META laser confocal microscope.

Assessment of hUC-MSCs
Migration and Differentiation

For the assessment of the possible differ-
entiation of hUC-MSCs into subpopulations of
neurons, astrocytes, or oligodendrocytes, we
applied double staining for human nuclei
(hNu) antigen (31) and �-tubulin III, glial
fibrillary acidic protein (GFAP), and platelet-
derived growth factor-� receptor, respectively.

Animals were killed with an overdose of
pentobarbital and perfused transcardially with
4% PFA in 0.1 M PBS, pH 7.4. The spinal cords
were subsequently postfixed in the perfusing
solution for 24 hrs at 4°C. Then, the tissues
were cryoprotected in 30% sucrose in PBS for
24 hrs at 4°C. A 1.5 cm length of the spinal
cord centered at the injury site was separated
and embedded in tissue embedding medium
on dry ice. Cryostat sections (20 �m) were cut
and mounted onto poly-L-lysine-coated slides
and stored at �70°C. For immunostaining,
the frozen slides were air dried at room tem-
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perature for 30 min and washed three times
with PBS. Then they were blocked by using
5% normal goat serum and 0.3% Triton X-100
in PBS for 1 hr at room temperature, and the
primary antibody was applied for 1.5 hrs at
room temperature or overnight at 4°C.

The following primary antibodies were
used: rabbit anti-platelet-derived growth fac-
tor-� receptor (1:50; Santa Cruz Biotechnol-
ogy) for oligodendrocyte progenitor cells, rab-
bit anti-GFAP (1:50; Zhong-Shan, Peking,
China) for astrocytes, and rabbit anti-�-
tubulin III (1:50; Sigma-Aldrich, St. Louis,
MO) for neurons. The slides were washed in
PBS three times and incubated with fluores-
cent fluorescein isothiocyanate-conjugated
goat anti-rabbit secondary antibody (1:300;
Millipore, Billerica, MA) for 1 hr. In double
staining for human nuclei, the slides were
treated with mouse anti-hNu (to label cells of
human origin; 1:30; Millipore, Billerica, MA)
first and then incubated with Cy3-conjugated
goat anti-mouse secondary antibody (1:400;
Bi-Yun-Tian, Peking, China). The slides were
washed three times with PBS, counterstained
the nuclei with 4�, 6-diamidino-2-phenyl-
indole, and coverslipped. The images were
taken by using a Zeiss (Thornwood, NY)
510META laser confocal microscope.

Immunohistochemistry on
Tissue Sections

Spinal cord sections were treated with a
blocking solution for 1 hr in order to prevent
nonspecific antibody-antigen binding. Immu-
nohistochemistry was performed by using pri-
mary antibodies against neurofilament-200
(NF-200; 1:100; Bo-Ao-Sen) for axons, GFAP
(1:50; Zhong-Shan, Beijing, China) for astro-
cytes, and growth associated protein-43 (GAP-
43; 1:100; Bo-Ao-Sen) for growth cone, as well
as biotin-conjugated goat anti-rabbit second-
ary antibodies (working dilution; Zhong-
Shan), followed by avidin-horseradish peroxi-
dase complex (SP KIT, Zhong-Shan) and 3,3�-
diaminobenzidine (DAB KIT, Zhong-Shan).
Tissue sections were dehydrated and cover-
slipped. Pathologic changes and quantification
of the nerve fibers and astrocytes in the in-
jured site of the spinal cord were observed
under an optical microscope and analyzed by
software ImagePro Plus 5.1 (Media Cybernet-
ics, Inc., Silver Spring, MD).

Enzyme-Linked Immunosorbent
Assay (ELISA) of Neurotrophin
Expression in the Injured Spinal
Cord

A total of six animals received contusive
SCI as described above. One day later, they
were then randomly divided into two groups,
which received hUC-MSCs or DMEM/F12 in-

Figure 1. Characteristics of human umbilical cord mesenchymal stem cells. A and B, The primary
isolates migrate from the Wharton’s jelly tissue (asterisk) and demonstrate a fibroblast-like or
spindle-shaped morphology in culture (original magnification, �100). C and D, After passaged, human
umbilical cord mesenchymal stem cells still grow as adherent cells with a spindle morphology
(original magnification, �100).

Figure 2. Human umbilical cord mesenchymal stem cells survive and engraft within the injured spinal
cord. Immunofluorescence for human nuclei (hNuclei) antigen and glial fibrillary acidic protein
(GFAP) reveals extensive human cells survival and engraftment within the injured rat spinal cord. A–D,
By 8 wks, many human cells have migrated away from the implantation site for approximately 5 mm
along the rostrocaudal axis into the rim of the injured spinal cord and even at the epicenter. B, Injury
site (asterisk); D, implantation site; arrow, Human umbilical cord mesenchymal stem cells bar. Bar,
500 �m (A); bar, 50 �m (B–D).
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jections, respectively, at four sites as described
above. Three weeks after transplantation, ani-
mals were anesthetized with pentobarbital (40
mg/kg) and transcardially perfused with 250
mL of ice-cold normal saline, and 1.3 cm of
spinal cord centered at injured site was used
for protein isolation. Spinal cords were ho-
mogenized with buffer consisting of 50 mM
Tris, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, and protease inhibitor (Bi-Yun-
Tian) and centrifuged for 15 min at 1500 � g
at 4°C to remove cell debris. Expression of
GDNF, BDNF, and NT-3 was examined by
commercially available sandwich technique
ELISA kit (R&D Systems, Minneapolis, MN)
following the recommended protocol of the
manufacturer. Oxidized horseradish peroxi-
dase enzymatic products in the microplate
wells were read at 450 nm absorbance using a
Bio-Rad Model 550 plate reader (Hercules,
CA). Human recombinant GDNF, BDNF, and
NT-3 (R&D Systems) was used to generate a
standard curve. Neurotrophin levels were then
normalized against total protein.

Statistical Analysis

All data are reported as �� 	 s. Statistical
analysis of changes in relative length of NF
were performed by using two-tailed unpaired
t test. Changes in optical density (OD) of GFAP
staining and contents of GDNF, BDNF, and
NT-3 were compared by using one-way
ANOVA. BBB scores of the three rat groups
were analyzed by repeated measure ANOVA. A
p value of �0.05 was considered significant.

RESULTS

Culture of MSCs in hUC

The hUC-MSCs were successfully iso-
lated from all of the 10 umbilical cords
and examined by phase contrast imaging.
The primary isolates demonstrated a fi-
broblast-like or spindle-shaped morphol-
ogy in confluent layers in culture (Fig. 1,
A and B). We isolated 5 � 105 cells per
centimeter of cord length. After passaged,
hUC-MSCs grew as adherent cells with a
spindle morphology that was evident as
early as passage 1 (Fig. 1C). At passage 9,
the populations were morphologically
similar to the parent cells (Fig. 1D).

hUC-MSCs Survive and Engraft
within the Injured Spinal Cord

Anti-hNu antigen immunostaining
was used to trace the survival and migra-
tion pattern of the hUC-MSCs. Rats re-
ceiving hUC-MSCs grafts were eutha-
nized at 4 and 8 wks posttransplantation.
Immunofluorescence for hNu antigen re-

vealed extensive human cells survival and
engraftment within the injured rat spinal
cord. A series of sections showed that
large numbers of hUC-MSCs survived at

least for 8 wks after transplantation. At 4
wks posttransplantation, numerous hu-
man cells had migrated out from the in-
jection site. By 8 wks, many human cells

Figure 3. Human umbilical cord-mesenchymal stem cells (hUC-MSCs) remain undifferentiated in the
host spinal cord. A–C, Double-staining of anti-human nuclei antigen (hNu) and anti–tubulin III (Tuj1)
reveals that most hUC-MSCs do not differentiate into neurons. D–F, Double-staining of anti-hNu
antigen and antiplatelet-derived growth factor-receptor (PDGF-R) shows that the majority of hUC-
MSCs have not differentiated into oligodendrocytes. G–I, Staining with anti-hNu antigen and anti-glial
fibrillary acidic protein (GFAP) indicates that most hUC-MSCs are GFAP-negative cells, suggesting these
cells do not differentiate into astrocytes. (Arrow, hUC-MSCs; arrowhead, host cells; bar, 50 �m).

Figure 4. Immunofluorescence for glial fibrillary acidic protein reveals that human umbilical cord-
mesenchymal stem cells inhibit activation of astrocytes. A, Sham group. Immunofluorescence shows
increased expression of glial fibrillary acidic protein in spinal tissues near the injury site in the control
group (C and E) compared with the human umbilical cord-mesenchymal stem cell group (B and D).
Bar, 200 �m, A–C; bar, 50 �m, D and E; injury site (asterisk).
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had migrated away from the implantation
site for approximately 5 mm along the
rostrocaudal axis. hNu-immunopositive
cells were found in both gray and white
matter. In sagittal sections, migration
into the rim of spared tissue in the con-
tused cord, even at the epicenter, was
frequently observed (Fig. 2, A–D).

hUC-MSCs Remain
Undifferentiated in the Host
Spinal Cord

Double-staining of anti-hNu antigen
and anti-�-tubulin III revealed that most
hUC-MSCs did not differentiate into neu-
rons (Fig. 3, A–C). Double-staining of an-
ti-hNu antigen and anti-platelet-derived
growth factor-� receptor showed that the
majority of hUC-MSCs had not differen-
tiated into oligodendrocytes (Fig. 3,
D–F). Staining with anti-hNu antigen
and anti-GFAP indicated that most hUC-

MSCs were GFAP-negative cells, suggest-
ing these cells did not differentiate into
astrocytes (Fig. 3, G–I).

hUC-MSCs Inhibit Formation of
Glial Scar

Anti-GFAP immunostaining was per-
formed to assess the distribution of astro-
cytes and formation of glial scar at 8 wks
after contusion. Immunofluorescence
showed increased expression of GFAP in
spinal tissues near the injury site in the
control group compared with the hUC-
MSCs group (Fig. 4, A–E). These astro-
cytes were packed tightly together as a
scar barrier (Fig. 5, D–F). However, in the
hUC-MSCs group, the astrocytes ap-
peared to be permissive and did not form
a prominent glial limitans to completely
block regenerative axons (Fig. 5, G–I).
Our quantitative analysis showed that the
stains of GFAP in the hUC-MSCs group

decreased significantly in the white and
gray matters near the injury site com-
pared with the control group (Fig. 5J).

hUC-MSCs Enhance
Neuroregeneration and Provide
Neuroprotection

Eight weeks after contusion, the neu-
rofilament-positive fibers near the lesion
site were scarce in the control group (Fig.
6, A and B). Quantification was performed
in spinal sections obtained from the site.
The average relative length of neurofila-
ment-positive axons in the control group
was 53.6 	 3.4. In the hUC-MSCs group,
the neurofilament-positive fibers near the
lesion site were prominently labeled (Fig.
6, C and D). The average relative length
was 89.2 	 11.3, which was statistically
greater than that of the control group
(Fig. 6E). In the hUC-MSCs group, nu-
merous GAP-43-positive cells and growth
cone-like structures were observed near
the injury site, whereas they were scarce
in the control group (Fig. 7, A–F).

hUC-MSCs Express
Neurotrophin in Rat Spinal Cord

In vitro immunocytochemisty showed
that most hUC-MSCs were GDNF- and
NT-3-positive (Fig. 7, G and H), whereas
they did not express nestin and BDNF
(data not shown). We also used an ELISA
assay to examine whether hUC-MSCs
could stably secret GDNF, NT-3, and
BDNF into the injured spinal cord after
transplantation. As shown in Figure 7I,
expression of GDNF and NT-3 in animals
that received grafts of hUC-MSCs
(33.38 	 5.18 pg/mg and 18.76 	 2.39
pg/mg) was significantly higher com-
pared with ones that received grafts of
DMEM/F12 (23.09 	 2.39 pg/mg and
12.20 	 1.20 pg/mg) at 3 wk posttrans-
plantation. But there is no statistical sig-
nificance in the expression of BDNF be-
tween the hUC-MSCs group (43.60 	
10.02 pg/mg) and the control group
(41.19 	 9.34 pg/mg) (Fig. 7I).

hUC-MSCs Promote Locomotor
Recovery

There is no evident locomotor dys-
function in the sham group. BBB scores
were improved over time in the hUC-
MSCs group and control group. Scores
were significantly higher at week 3, 5, 7,
and 8 than at week 1 after injury. More
importantly, BBB scores in hUC-MSCs-

Figure 5. Immunohistochemistry for glial fibrillary acidic protein reveals that human umbilical
cord-mesenchymal stem cells (hUC-MSCs) inhibit formation of glial scar in injured spinal cord. A–C,
Sham group. Astrocytes appear to be permissive and do not form a prominent glial limitans in the
hUC-MSCs group (G–I), which is different from the formation of dense scar barrier in the control
group (D–F). Quantitative analysis shows that the stains of glial fibrillary acidic protein in the
hUC-MSCs group decreased significantly in the white and gray matters near the injury site compared
with the control group (J). Arrow, astrocytes; A, D, and G, original magnification �40 ; B, C, E, F, H,
and I, original magnification, �250; injury site (asterisk); **p 
 .01 compared with the sham group;
##p 
 .01 compared with the control group.
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grafted animals were 13.3, 14.8, and 15.8
at 5, 7, and 8 wks after graft, respectively,
which were significantly higher than
those of the DMEM/F12-grafted group
(12.4, 13.3, and 14.0). BBB scores be-
tween the two groups were not signifi-
cantly different from week 1 to week 3
after injury (Fig. 7J).

DISCUSSION

Wharton’s jelly of umbilical cord is the
way through which totipotent cells, such
as primordial germ cells and hematopo-
etic stem cells, migrate from the yolk sac
to target tissues in the embryo and fetus
during embryogenesis (32). Therefore, it
is a rich source of primitive cell types and
may be a convenient source of stem cells
because it is always discarded after birth.
In 2003, Mitchell et al firstly identified
MSCs from human umbilical cord-
Wharton’s jelly (16). Further research
find that the hUC-MSCs can be isolated
from umbilical cord blood (33, 34), peri-
vacular regions (20, 35), and umbilical
vein subendothelium (36–38) of the um-
bilical cord. hUC-MSCs express matrix
markers (CD90) and MSCs markers
(CD73, CD105) but do not express hema-
topoietic lineage markers (CD34, CD45,

CD14) and HLA-DR, which is similar to
MSCs derived from bone marrow, umbil-
ical cord blood, and placenta (21, 22, 37).
More important, OCT-4 is also expressed
by hUC-MSCs (39–41), which is marker
of undifferentiated state and not ex-
pressed by BM-MSCs. Expression of OCT
by hUC-MSCs indicates that these cells
may be an intermediate hierarchy of stem
cells between embryonic stem cells and
adult stem cells. We also successfully iso-
late hUC-MSCs from Wharton’s jelly of
umbilical cord and find that they express
similar surface markers to other sources
of MSCs (28). In the present study, ap-
proximately 5 � 106 hUC-MSCs are col-
lected from a 10 cm-umbilical cord. hUC-
MSCs may be superior to BM-MSCs and
embryonic stem cells for translational med-
icine because they have characteristics of
easily availability, great expansion capabili-
ties, and fast proliferation (17, 42, 43).

Recent studies have shown that hUC-
MSCs can be induced in vitro to form
neurons, glial cells (16, 25, 26), and es-
pecially dopaminergic neurons (27). In
addition, emerging data have demon-
strated that transplantation of hUC-MSCs
can promote neuroprotection or locomo-
tion recovery in experimental models of
cerebral global ischemia (40, 44), Parkin-

son’s disease (27, 39), and retinal degen-
erative diseases (45). Thus, we hypothe-
size that the hUC-MSCs may be an ideal
cell source for treating SCI.

It is always considered that stem cells
transplantation for SCI could affect his-
tologic and/or functional outcome in a
number of ways including differentiating
into neural cells such as neurons or oli-
godendrocytes to replace damaged and
diseased cells and promoting host neuro-
nal or oligodendroglial survival and re-
generation by providing cytokines or
neurotrophins (46, 47). In our study, re-
covery of hindlimb locomotor function is
significantly enhanced in the hUC-MSCs
grafted animals compared with the con-
trol group rats. This recovery is accom-
panied by increased length of neurofila-
ment-positive fibers and increased
numbers of growth cone-like structures
around the lesion site. These results sug-
gest that hUC-MSCs survival in the host
plays an important role in the mainte-
nance of improved performance. We also
find the transplanted human cells survive
and engraft within the injured rat spinal
cord, and at 8 wks, most of them have
migrated for about 5 mm distance along
the rostrocaudal axis into the rim of the
injured spinal cord, and even at the epi-
center. However, the majority of the im-
planted hUC-MSCs do not differentiate
into neurons, astrocytes, and oligoden-
drocytes. Therefore, the mechanism un-
derlying the functional recovery after
transplantation of hUC-MSCs is not the
differentiation of these cells into neuro-
nal or glial cells. In addition, our results
show that most hUC-MSCs express GDNF
and NT-3 and stably secrete GDNF and
NT-3 into the injured spinal cord after
transplantation. Then, taken together,
these data suggest that cytokines or growth
factors released by implanted undifferenti-
ated hUC-MSCs could be the mechanisms
for sustained locomotor recovery. Similar
conclusions have been reported by Yang et
al (39) and Weiss et al (48).

Past studies have suggested that the
mechanisms by which hUC-MSCs promote
functional recovery involved: 1) differenti-
ation into neural cells (44); 2) production of
cytokines or neurotrophins (39, 45, 48); 3)
inhibition of the host immune response
and inflammation (39, 48); 4) improvement
of vascularization (44); 5) suppression of
glial scar formation (48), and 6) activation
of endogenous neural stem cells (49). Our
results show that the production of GDNF

Figure 6. Human umbilical cord mesenchymal stem cells (hUC-MSCs) provide neuroprotection. The
neurofilament (NF)-200-positive fibers near the lesion site are scarce in the control group (A and B)
whereas in the hUC-MSCs group, the NF-positive fibers are prominently labeled (C and D). Quanti-
tative analysis shows that the average relative length of NF-positive axons in the hUC-MSCs group is
statistically greater than that in the control group (E). Arrow, NF200-positive fibers; Original mag-
nification, �40, A and C; original magnification, �250, B and D; injury site (asterisk); **p 
 .01
compared with the control group.
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and NT-3 by hUC-MSCs and inhibition of
glial scar formation could be the underly-
ing mechanism.

GDNF is one of the most potent tro-
phic factors for motor neuron survival,
connectivity, and axonal growth. Rooney
et al (50) found that GDNF genetically
modified MSCs survived posttransplanta-
tion and possessed therapeutic benefits
without differentiating into neural cells.

NT-3 is one kind of neutrophin that
regulates neuronal development and ax-
onal regeneration (51). Administration of
NT-3 can promote the growth of cortico-
spinal axons and improve functional def-
icits after chronic scar resection (52).
Transplantation of NT-3-expressing glial-
restricted precursor cells can also facili-
tate functional recovery after traumatic
SCI (53).

After SCI, the astrocytes response be-
gins immediately after injury and evolves

over time and finally forms glial scar,
which is not only a physical barrier but
also an inhibitory environment for axonal
regeneration and remyelination (54). The
main inhibitory molecules produced by
reactive astrocytes is chondroitin sulfate
proteoglycans (55). These molecules have
been shown to inhibit axonal regenera-
tion, and degradation of them by chon-
droitinases has been demonstrated to im-
prove functional recovery after SCI (56).
Transplanted stem cells can secrete extra-
cellular matrix and cytokines that help
provide counterbalance to the inhibitory
effects of the glial scar to promote cell
migration and axonal regeneration. Our
studies show that astrocytes appear to be
permissive and do not form a prominent
glial limitans to completely block regen-
erative axons in the hUC-MSCs group,
which is different from the formation of
dense scar barrier in the control group.

This study demonstrates that hUC-
MSCs can survive and migrate in the rats
spinal cord after transplantation without
immunologic suppression therapy and
produce large amounts of GDNF and
NT-3, which inhibits the formation of
glial scar, enhances neuroregeneration,
and facilitates functional recovery after
traumatic SCI. Although functional re-
covery is significantly enhanced in the
hUC-MSCs-grafted animals compared
with control group. The improvement is
small. Therefore, further research is
needed to be explored in future work.
Firstly, we may increase the amounts of
implanted cells and study the dose-
dependent effects of hUC-MSCs trans-
plantation on SCI. Secondly, we may take
some measures to promote hUC-MSCs to
differentiate into neural cells in vivo.

CONCLUSION

Our study provide evidence that trans-
plantation of hUC-MSCs from Wharton’s
jelly of the umbilical cord can be consid-
ered as a potential therapeutic strategy
for the treatment of SCI. Although our
transplantation strategies are successful
in the acute phase of SCI, we still need to
overcome the inhibitory obstacles pre-
sented by chronic SCI that interfere with
cell transplantation.
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