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Abstract
Background: Bone marrow-derived mesenchymal stem cells (MSCs) have been shown to migrate to
injured spinal cords and promote functional recovery when systemically transplanted into the
traumatized spinal cord. However, the the mechanisms underlying their migration to spinal cords are not
yet fully understood

Methods: In this study, we systemically transplanted GFP- and luciferase-expressing MSCs into the rat
models of spinal cord injury and examined the role of the stromal cell-derived factor 1 (SDF-1)/CXCR4
axis in regulating the migration of transplanted MSCs to spinal cords.

Results: After intravenous injection, MSCs migrated to the injured spinal cord where the expression of
SDF-1 was increased. Spinal cord recruitment of MSCs was blocked by pre-incubation with an inhibitor of
CXCR4. Their presence correlated with morphological and functional recovery. In vitro, SDF-1 or
cerebrospinal �uid (CSF) collected from SCI rats promoted a dose-dependent migration of MSCs, which
was blocked by an inhibitor of CXCR4 or an SDF-1 antibody.

Conclusions: The study suggests that SDF-1/CXCR4 interactions recruit exogenous MSCs to injured
spinal cord tissue and may enhance neural regeneration. Modulation of homing capacity may be
instrumental in harnessing the therapeutic potential of MSCs.

Background
Mesenchymal stem cells (MSCs) represent a promising source of cells for tissue repair because they are
multipotent, easy for isolation and expansion in vitro, and lack of the promotion of immuno-rejection [1,
2]. Much evidence shows that MSCs can home to tissues, particularly when injured or under pathological
conditions [3]. For example, MSCs can migrate to damaged tissues, including bone or cartilage fracture
[4, 5], liver injuries [6], acute lung injuries [7], myocardial infarctions [8], nerve injuries [9–12], and skins
[13]. Apart from differentiating into functional cells for tissue reparation after location, MSCs, themselves,
secrete a broad spectrum of bioactive macromolecules that are both immunoregulatory and serve to
regenerative microenvironments in �elds of tissue injury [2, 14]. Therefore, MSCs appear to be valuable
mediators for tissue repair and regeneration.

Although the mechanisms by which MSCs home to tissues and migrate across the endothelial cell layer
are not yet fully understood, it is likely that chemokines and their receptors, as well as adhesion
molecules, are involved, as they are important factors known to control cell migration [15, 16]. Among
them, the predominant role of the chemokine, stromal-cell-derived factor 1 (SDF-1) and its receptor C-X-C
chemokine receptor type 4 (CXCR4) expressed on MSCs is now well-established [17]. SDF-1 is
constitutively expressed in a wide range of tissues, including the central nervous system [15, 18–20].

Natural chemo-attractive mechanisms can bring MSCs from far sites and near to sites of tissue damage
to establish reparative/regenerative microenvironments. Clearly, by direct delivery or manipulative
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targeting of MSCs to sites of tissue injury, we could profoundly control the extent of damage, cell death,
and subsequent regeneration of various tissues. Herein, we investigated the homing of bone marrow-
derived MSCs to the site of spinal cord injury (SCI), which will lay the foundation for MSC-based therapy
of SCI.

Methods

Animals
GFP transgenic rats (Japan SLC, Inc.; Hamamatsu, Japan) and Sprague-Dawley (SD) wild-type rats,
genetically identical to each other except for their transgenes, were used. All experimental procedures
employed in this study have been approved by Institutional Animal Care and Use Committees of
Shenzhen University.

Culturing of mesenchymal stem cells
Bone marrow-derived MSCs were harvested from GFP transgenic rats according to the procedure
described previously [21]. Brie�y, after the sacri�ce of the animal, the femur and tibia were removed and
�ushed out with phosphate-buffered saline (PBS). The marrow was collected and spun down, the
supernatant discarded, and the resulting cell pellet suspended in Dulbecco's modi�ed Eagle's medium
(DMEM; Gibco, USA) with 10% fetal bovine serum (Biosera, UK) and antibiotics (100IU/ml penicillin G and
100 μg/ml streptomycin), namely MSC culture medium, and transferred to tissue culture �asks (Costar,
USA) at densities ranging from 1× 105/cm2 to 1× 106/cm2. Cultures were incubated at 37oC in 5% CO2.
The medium was changed after 48 h and then every 2 to 3 days. Primary cultures were maintained for 7
to 10 days, during which time the non-adherent hematopoietic cell fraction was depleted. After the cells
had grown to near con�uence, they were passaged 2 to 3 times by digestion with 0.25% trypsin and
0.02% EDTA.

Lentiviral vectors and MSC transfection
The lentiviruses were created using the ViraPower™ Lentiviral Expression System (Invitrogen, Paisley, UK).
The coding sequence of luciferase was subcloned into pLenti6/V5-D-TOPO (Invitrogen). pLenti6/V5-
DTOPO/luciferase vector and the ViraPower™ Packaging Mix (Invitrogen) were co-transfected using a
gene carrier kit (Epoch-Biolabs, Missouri City, TX, USA) into the 293T cell line to produce a lentiviral stock.
Forty-eight hours post-transfection, virus-containing supernatant was harvested by collecting the
medium. Viral particles were puri�ed by ultracentrifugation through a 20% sucrose cushion. For infecting
MSC, cells were cultured in 24-well plates, and when the culture reached 80% con�uence, the
concentrated lentivirus was added to the culture dishes. After incubation for 48 h, the medium was
replaced with selection medium containing 10 μg/ml blasticidin. The selection medium was replaced
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every 2 days until antibiotic-resistant colonies were identi�ed, and thus a stable cell line of MSC-GFP-Luci
was established.

In vitro �re�y luciferase assays
Cells were dislodged from culture �asks to be resuspended in PBS. Cell suspensions were divided into a
96-well plate in known concentrations. After administration of D-Luciferin (4.5 μg/ml, Goldbio, USA), peak
signal expressed as photons per second per centimeter square per steridian (photons/s/cm2/sr) was
measured using a charged coupled device camera (IVIS100, Xenogen, Alameda, CA, USA). All samples
were conducted in triplets.

Spinal cord injury (SCI) and postoperative care
Eighty-three male SD rats (240 to 260 g) were used for visualizing the location of transplanted MSCs-
GFP-Luci on the whole spinal cord. The lesion induction and cellular transplantation were standardized.
Under anesthesia with pentobarbital sodium (50 mg/kg, ip), contusion injury was performed at the mid-
thoracic (T8-T9) level of the spinal cord. A standard spinal cord contusion was made using a weight-drop
device. A metal rod 8 g in weight and 2.0 mm in diameter was dropped from a height of 10 mm onto the
exposed spinal cord for contusion injury. Sixty-nine rats were used for MSCs-GFP-Luci transplantation,
and the remaining 14 rats served as controls. Sixty-nine rats for transplantation were divided into three
groups: 23 rats were treated with MSCs, 23 rats with the injection of SDF-1 followed by transplantation of
MSCs, and the other 23 rats with AMD3100-pretreated MSCs. The control rats were treated with PBS. 3
rats of each experimental group were performed in vivo �uorescence imaging at time points of 1, 3, 5, 7,
11, and 14 days after cell injection, 14 rats were performed RT-PCR and western blotting, while the other 6
rats were respectively undergone transcardiac perfusion with a �xative containing 4% paraformaldehyde
in 0.1 M phosphate buffer.

For the rats pretreated with SDF-1, a Hamilton syringe needle was inserted into the spinal cord to a depth
of 2 mm from the surface of the dura mater at a point 3 mm rostral to the injury site, and 5 μl of SDF-1
(500ng/ml) were introduced into the spinal cord over 5 min with an automatic microinjection pump
(Muromachi Kikai Co., Tokyo, Japan).

Animals received continuous attention after surgery. Weight control was performed daily. Bladder
expression was performed per day until reaching a maximum of 2 ml of urine in the morning expression,
or the animal recovered its bladder function. Urine volume, PH, and blood presence were also monitored.
Urinary tract infections were treated with the suspension of cefazolin and administration of 12 mg/kg
gentamicin for 1 week. Ascorbic acid (60 mg/ml; Merk, Germany) was administered to prevent bacterial
growth. Animals were examined daily for signs of autophagia, and treated with acetaminophen 64 mg/kg
(baby Tylenol, McNeil, USA) for 1 week to stop self-mutilation.
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Cerebrospinal �uid (CSF) collection
For rats, CSF was collected before and 24, 48, 72, 96, and 120 h after SCI. Prior to CSF collection, the fur
on the neck region of the rat was removed and anesthetized with 5% halothane. A needle connected to a
syringe was inserted horizontally and centrally into the cisterna magna for CSF collection without making
any incision at this region. A gentle aspiration will make the CSF �ow through the needle. The colorless
CSF sample is slowly drawn into the syringe, and the color of the CSF was carefully observed to avoid
any possible blood contamination. The non-contaminated sample was drawn into the syringe.

SDF-1 in CSF was measured by enzyme-linked immunosorbent assay (ELISA) with commercial kits (R&D
System, USA) and western blotting. ELISA was carried out according to the manufacturer's
recommendations.

For western blotting, the collected CSF or tissue sample was lysed with lysing buffer (Sigma-Aldrich).
Protein concentration was measured using the Bradford protein assay. Proteins were denatured by boiling
for 3 min in the presence of β-mercaptoethanol. Equal amounts of protein were separated by SDS-PAGE
and transferred to polyvinylidene di�uoride membrane (Millipore Corp., Bedford, MA, USA). Membranes
were blocked in TBST containing 5% nonfat milk at room temperature for 2 h and probed with the rabbit
anti-rat polyclonal primary antibody directed against SDF-1 (Santa Cruz, CA) overnight at 4˚C. Then the
membranes were blotted with horseradish peroxidase (HRP)-linked mouse anti-rabbit IgG (Bio-Rad,
Hercules, CA). β-actin was shown as a control. Proteins were visualized by using Kodak �lm (Kodak,
Rochester, USA)

Cell transplantation and in vivo bioluminescence imaging
(BLI)
The experimental rats were randomly divided depending on their treatment after thoracic SCI. For
transplantation group, MSCs-GFP-Luci were trypsinized with 0.25 M EDTA and 0.05% trypsin (Invitrogen)
on the day of transplantation and resuspended in PBS at 1×10 7 cells/ml; 1×10 6 of cells were injected
into the tail vein of SCI-rats. The animals were examined at different time points after the injection using
the imaging system (IVIS100, Xenogen). For each time, D-luciferin was dissolved in PBS and given to
each rat by intraperitoneal injection at a dose of 150 mg/kg. Rats were imaged 5 min later using a 20-cm
�eld of view and an exposure time of 3 min (3 min exposure; f-stop, 1; binning, 16; the �eld of view, 15
cm). Bioluminescence values were calculated by measuring photons/s/cm2/sr in the region of interest
(ROI). For the control group, the rats received an injection of PBS, the amount of which was similar with
that of the transplanted MSC group.

Histological Analysis
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Histological evaluation was performed at the time points of the different groups in the experiment. The
animals were killed at 1, 3, 7, 14, and 21 days after transplantation surgery. The T8-10 portion of the
spinal cord was removed from the vertebral column and was then immersed for 24 h in the �xative
containing 4% paraformaldehyde. The tissue was embedded in para�n and sectioned sagittally (6 μm
thickness). All sections were stained with hematoxylin-eosin (HE) for general histology. For assessment
of the distribution of transplanted MSCs-GFP-Luci, the �uorescence emitted by GFP was directly observed
by �uorescence microscopy (BX51; Olympus Optical, Tokyo, Japan).

Transwell migration assay
The migratory ability of MSCs-GFP-Luci was determined using transwell plates (Corning Costar,
Cambridge, MA) that were 6.5mm in diameter with 8 μm pore �lters. In brief, cells were suspended in
serum-free medium and seeded into the upper well, and different concentrations of SDF-1-containing
medium or different concentrations of CSF-containing medium were placed in the lower well of a
transwell plate. Following incubation for 4 h at 37oC, cells that had not migrated from the upper side of
the �lter were scraped off with a cotton swab, and those in the lower surface were �xed with 95% ethanol,
stained with hematoxylin. The number of cells that had migrated to the lower side of the �lter was
counted under a light microscope at 200 magni�cation in �ve randomly-selected �elds. Each experiment
was performed in triplicate. Where indicated, cells were incubated with AMD3100 blocking against CXCR4
or the antibody against SDF-1 (Sigma). Serum-free medium was used as an experimental control.

RT-PCR
Total RNA was extracted with Trizol reagent (Invitrogen). Equal amounts of mRNA were subjected to RT-
PCR analysis using a SuperScriptTM One-step RT-PCR kit (Invitrogen) according to the manufacturer's
instructions. The endogenous gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also
quanti�ed to normalize differences in the added RNA and e�ciency of reverse transcription. Following
oligonucleotide primers were used: SDF-1 (AF189724), forward 5′-CCCTGCCGATTCTTTGAG-3′, reverse 5′-
GTCCTTTGGGCTGTTGTG-3′; GADPH (NM002406), forward 5'-CCA CAGTCCATGCCATCACTG-3', reverse
5'-CGCTGTTGAAGTCAGAGGAGA-3’; CXCR4 (AF452185), forward 5'-GGCAATGGGTTGGTAATC-3', reverse
5'-GACAATGGCAAGGTAGCG-3'. 1 μg of total RNA was reverse transcribed to synthesize cDNA at 50˚C for
30 min, and then the cDNA was subjected to PCR ampli�cation with speci�c primers in 25μl mixtures.
The ampli�cation conditions were 30 cycles at 94˚C for 30 sec, 56˚C for 30 sec, and 72˚C for 45 sec in
each cycle using an MJ PCR System. The PCR products were electrophoresed in a 2% agarose gel. All
results represented the average density of positive bands obtained from 3 independent experiments.

Behavioral testing
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The rats were tested behaviorally to evaluate the effect of MSCs-GFP-Luci on the recovery of motor
function of the injured rats. Behavioral testing was performed for each limb using the Basso-Beatie-
Bresnahan (BBB) locomotor rating scale at different time points (before the injury and on day 1, 7, 14, 21,
28 post-injury). For BBB assessment, rats were placed in an open �eld. Hindlimb motor function was
scored simultaneously by two independent observers who were blind to the transplantation status of the
animals. A 0 score represents no locomotion, and a 21 score represents a normal motor function. The
scores for the left and right leg were averaged to generate the actual score for each trial.

Statistical analysis
All experiments were repeated at least three times unless otherwise indicated. Data are presented as
mean±SD. Statistical analysis involved the use of the Student t-test. A P<0.05 was considered signi�cant.

Results

Cell characterization of rat MSCs-GFP-Luci
Cultured rat MSCs-GFP-Luci had a �broblast-like morphology (Figure 1A). They grew slowly for the �rst 5
days, then proliferated rapidly and gradually formed colonies with �ne edges (Figure 1B). Cells were
observed for GFP expression directly under a �uorescent microscope (Figure 1C). Luciferase imaging of
MSCs-GFP-Luci at different cell concentration (100, 500, 1000, 5000, 10000, 15000, 20000, and 30000 per
well) is shown using IVISTM (Xenogen) (Figure 1D). Cells produced in vitro a luciferase activity and cell
number showed well correlation with luciferase signal on BLI (Figure 1E).

Expression of SDF-1 in the injured spinal cords
Total RNA and protein were extracted from spinal cord tissue in the control group on days 0, 1, 3, 5, 7, 11,
14 after surgery operation (n=2 for each time point). RT-PCR and western blotting analysis analyzed the
expression levels of SDF-1 mRNA and protein (Figure 2A and 2B). SDF-1 expression increased in the
injured tissue on day 1. Expression further increased on day 3 and maintained a constant level for the
following days and then subsided after day 14. This result indicates the involvement of SDF-1 in the
acute phase of SCI.

Expression of CXCR4 in spinal cords after transplantation of
MSCs-GFP-Luci
RT-PCR analysis revealed an increase in CXCR4 mRNA expression in the injured spinal cords on day 3
after only transplantation of MSCs-GFP-Luci (Figure 3A and 3D). The expression levels markedly
increased on day 5 and maintained a signi�cant level for about 10 days (Figure 3A and 3D). On day 11,
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the mRNA expression became weak and further decreased on day 14 (Figure 3A and 3D). This result
indicated the pro�cient reaction of the exogenous stem cells to SDF-1 released from the injured tissue.

Expression of CXCR4 in the injured spinal cords after the
pretreatment of SDF-1 and transplantation of MSCs-GFP-
Luci
To investigate the effect of SDF-1, the SDF-1 had been injected into the injured spinal cord before the
transplantation of MSCs-GFP-Luci. The expression of CXCR4 mRNA in the injured spinal cords was
examined again. Its expression level was signi�cantly elevated, starting on day 3 and continuing through
the following days (Figure 3B and 3D). On day 14, the expression maintained the level higher than the
group without pre-injection of SDF-1 (Figure 3D). Therefore, additional SDF-1 treatment could improve
MSC migration in vivo.

Expression of CXCR4 in the injured spinal cords after
transplantation of AMD3100-preincubated MSCs-GFP-Luci
To functionally con�rm whether the SDF-1/CXCR4 axis plays an essential role in mediating MSC
migration in vivo, AMD3100, a CXCR4-speci�c antagonist, was utilized in the study. AMD3100 at
concentrations ranged from 1 to 10 μg/ml did not affect cell proliferation and survival, but exhibited a
strong inhibitory effect on MSC migration in vivo when used at 5 μg/ml (Figure 3C and 3D). Before
implantation, the serum-starved MSCs were pre-incubated with AMD3100 (5 μg/ml for 30 min at 37oC).
After their systematical injection into the SCI rats, the expressions of CXCR4 mRNA were much weaker
compared with the previous groups (Figure 3C and 3D), suggesting that these AMD3100-pretreated cells
scarcely migrated to the injured site. Thus, the pretreatment with the CXCR4-speci�c antagonist
AMD3100 could signi�cantly prevent the migration of MSCs to the injured spinal cord.

SDF-1 level in the CSF of SCI rat
SDF-1 was detectable in CSF of rats after SCI by western blotting and ELISA and analysis (Figure 4A and
4B). The CSF level of SDF-1 was increased at 48 hours after injury. A clear elevation was observed at 72
hours after injury (Figure 4B). The level remained after 5 days. In all, this indicated production of SDF-1 in
CSF of SCI animals.

In vivo bioluminescence imaging (BLI)
After cell transplantation, rats were imaged on day 1, 3, 5, 7, 11, and 14 until sacri�ce and cell-derived
photons were analyzed using the IVIS 100 (Xenogen) system. Photons could be easily observed in the
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transplantation group (Figure 5A). The signals from the site of SCI were quite weak on day 1, almost
trapped in the lungs of the rats. It increased on day 3 and gradually became strong in the following days.
The increasing signals suggested a growing number of donor cells in the injured spinal cord. On day 11,
after injection, total photon emission began to decrease. The signals slowly faded out within 14 days,
indicating that most of the donor cells had vanished or died after an initial increase in BLI signal.

For another group, SCI rats were transplanted with MSCs-GFP-Luci after their local injection of SDF-1
(Figure 5B). On day 1, the photon emission increased and was easily detectable compared with the
previous group. During the following days, the signals remained strong and maintained at a relatively
constant level until they became weak on day 14. The intensity and duration time of cell-provoking
signals were stronger and lasted longer than the group without the treatment of SDF-1.

For the third group, MSCs-GFP-Luci were pretreated with AMD3100, the inhibitor of CXCR4 before their
injection into SCI rats (Figure 5C). The bioluminescence signal was observed around the whole body, with
higher intensity in the lungs on day 1 after injection. High luciferase activity was observed in the spinal
cord on day 5 and decreased gradually to the baseline level about two weeks after administration.

Distribution of transplanted MSCs-GFP-Luci in the spinal
cord
The anatomical integrity of injured spinal cords in the PBS control group and MSC-transplanted group
were evaluated (Figure 6A). Large cavities were found in the spinal cord of rats of the PBS control group.
Fewer and smaller cavities were found in the injured spinal cord of rats of the MSC group. Although the
tissue structure seemed to be porous, the anatomical integrity of the MSC group was better than that of
the PBS group, which suggested that MSCs could promote the tissue regeneration of injured spinal cords.

To examine the dynamic distribution of the transplanted MSCs-GFP-Luci, we observed the �uorescence
emission of the sectioned tissues from different groups under the �uorescence microscopy (Figure 6B).
On day 1, few GFP-positive cells were detected in the spinal cords in the MSC group, whereas the
pretreatment with SDF-1 could increase the number of GFP-positive cells in the spinal cords as compared
to MSCs only. By contrast, AM3100 pretreatment led to fewer GFP-positive cells in the spinal cords on day
1. On day 7, more GFP-positive MSCs migrated to the spinal cords as compared to those on day 1. On
day 14, the numbers of GFP-positive MSCs were decreased signi�cantly. However, SDF-1 pretreatment
could maintain more GFP-positive MSCs in the spinal cords on day 14 as compared to only MSCs. By
contrast, AM3100 pretreatment reduced the number of GFP-positive MSCs in the spinal cord on day 14.
The results from the GFP �uorescence are similar with those from the above bioluminescence imaging.
Taken together, activation of the SDF-1/CXCR4 axis could promote the distribution of MSCs in the injured
spinal cords.

Measurement of functional recovery
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All groups showed hindlimb dysfunction that was maximal during the �rst few days after the surgery,
with a BBB score of 0 on day 1 after the injury (Figure 6C). MSC-treated animals generally showed better
performance of gait than the PBS control animals. In the control group, the BBB score increased to 1.9 on
day 7 and to 5.9 on day 28 after injury. In the MSC group, the BBB score increased to 2.5 and 10.5,
respectively. From day 7, post-operation, there were signi�cant differences between the MSC-treated
animals and the PBS control animals (P<0.05). SDF-1-pretreated rats showed a remarkable recovery in
locomotion on days 21 and 28, post-operation (BBB scores 11.15 and 11.93). In contrast, rats treated with
AMD3100-preincubated MSCs had a BBB score of 6.02 on day 28, showing no signi�cant difference with
the PBS control group. These data suggest that activation of SDF-1/CXCR4 axis in MSCs can promote
functional recovery in rat models of SCI.

In vitro effect of SDF-1 on CXCR4 expression on MSCs-GFP-
Luci
MSCs-GFP-Luci were exposed to SDF-1 for various concentrations (0-400ng/ml) in vitro. The expression
of CXCR4 on these cells was determined using PCR analysis. Their expressions remained unchanged
during the whole period of incubation (Figure 7A). The negative result suggested that the expression of
CXCR4 on MSCs was not affected by SDF-1.

In vitro effect of SDF-1 on the migration of MSCs-GFP-Luci
Transwell migration assay demonstrated the migration of MSCs-GFP-Luci in response to various
concentrations (0-400 ng/ml) of SDF-1. SDF-1 induced MSCs-GFP-Luci migration in a dose-dependent
manner, with the maximum observed at 200 ng/ml of SDF-1 (Figure 7B). This result indicated the
relevance of SDF-1/CXCR4 axis in the migration of MSCs. The number of migrated MSCs-GFP-Luci to
SDF-1 was decreased when the effective concentrations of SDF-1 were added into both the top and
bottom chambers in the assays (data not shown).

In vitro effect of AMD3100 on the migration of MSCs-GFP-
Luci in response to SDF-1
MSCs were pretreated with AMD3100 before the migration assay. The pretreatment of MSCs with
AMD3100 abrogated the effect of SDF-1 at its optimal concentration (Figure 7C). Therefore, the in vitro
data might indicate that CXCR4 plays a role in the engraftment of these cells in the spinal cord of SCI
rats.

Effect of CSF collected from SCI rats on the migration of
MSCs-GFP-Luci
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To investigate the capacity of CSF to induce the migration of MSCs-GFP-Luci, we collected four
concentrations of CSF (5, 10, 20, and 30%) from rats at 5 days after SCI and normal rats and tested their
effects by using the in vitro migration model (Figure 8A). The chemotactic effect of CSF on MSCs-GFP-
Luci was dose-dependent at concentrations of 5-20%. The signi�cant chemotactic activity was observed
at 20% of CSF. However, with a higher concentration, the number of migrated MSCs-GFP-Luci decreased
instead. It might be caused by the increasing number of dead cells with a higher concentration of CSF. 

MSCs-GFP-Luci were pretreated with AMD3100 or SDF-1 antibody for 30 min before the migration assay.
Both AMD3100 and SDF-1 antibody signi�cantly decreased CSF-induced migration (Figure 8B). This
study indicated that the SDF-1/CXCR4 reaction is a main but not the only chemotactic mechanism in
regulating the migration of MSCs.

Discussion
Severe SCI usually results in long-lasting de�cits involving partial or complete paralysis and loss of
sensation below the level of the injury [22]. Because intrinsic repair is limited after SCI, the development
of new strategies to treat such injuries is a major clinical challenge. Nowadays, a variety of experimental
strategies, including stem cell transplantation, are emerging to promote regeneration of the injured spinal
cord [22–24]. The primary objectives of such cellular transplants are to enhance neuronal survival and
create permissive conditions for the regeneration of injured tissue. The identi�cation of a rich source of
appropriate cells for replacement or inductive therapies is one of the most important steps in this
process. Among the different stem cell sources available, MSC is an abundant source of immature
immune cells, with no ethical concerns [14, 25]. They can be easily acquired, maintained, expanded
quickly, and differentiated into neural cell types in vitro and in vivo [26, 27]. No invasive procedures are
required to obtain bone marrow-derived MSCs, and it has been safely used clinically. Furthermore, MSCs
were reported to have an ability to home to tissues, particularly when injured or in�amed, involving
migration across endothelial cell layers [3, 28]. Thus, these attractive features encourage the investigation
of bone marrow-derived MSCs as therapeutic tools and are leading us to potential uses for cell therapy of
SCI.

While the migratory behavior of MSCs has now been extensively reported [29], we have yet to determine
what signal guides migration of MSCs to speci�c in vivo targets. If such a signal exists, what molecule
mediates the migration of MSCs? In�ammation at wound sites appears to be an initial signal, in which
the homing and migration of leukocytes are promoted for the �rst defense through the deployment of
chemokines and receptors [30]. It has recently been shown that MSCs also express some of these
molecules. Hence, it is likely that injured tissue expresses speci�c ligands to facilitate tra�cking,
adhesion, and in�ltration of MSCs to the site of injury, as is the case with the recruitment of leukocytes to
sites of in�ammation [31]. Among these components, SDF-1 and its receptor CXCR4 are crucial for bone
marrow retention, mobilization, and are involved in homing and recruitment of stem cells to sites of
injured tissues [17]. SDF-1 has been reported to be expressed in a wide range of issues, including those of
the heart, skeleton, live, pancreas, endothelium, skin, and spinal cord [20, 32–36]. Recent studies suggest
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that the interaction of SDF-1 and CXCR4 could partially mediate the tra�cking of MSCs to the impaired
nucleus in the brain [20, 37]. Here, we examined the role of the SDF-1/CXCR4 axis in the migration of
MSCs to the site of the injured spinal cord.

Recent studies con�rm the potential therapeutic application of bone marrow-derived MSCs in animal
models of neurological disease, including SCI, stroke, and sclerosis [38–40]. The rat is the animal most
frequently used in models of SCI, because of low cost, size, and accessibility. Given the fact that similar
neurological injuries may occur in most cases of SCI, we have developed a standard contusion injury
model of rat, in which the spinal cord is vertically contused from a de�ned height and with a �xed force
correlating with severe neurological injury and weak functional recovery. In previous studies, cell
transplantation for SCI was performed by direct injection into the injured spinal cord parenchyma [41–
43]. However, direct injection into the spine lesion with a needle would be clinically unrealistic, and the
procedure itself is potentially harmful to the parenchyma. Less invasive techniques suited for the clinical
application need to be developed. Trials by intravenous injections of MSCs in rodents were widely
reported [44–48]. Cultured rat and human MSCs have been shown to migrate into sites of brain injury
after cerebral ischemia when transplanted intravenously in rats [49]. MSCs have also been used to treat
lung injury in mice when administered by the intravenous route [50]. In clinical trials, cultured MSCs have
been administered systemically to humans to treat several conditions, including osteogenesis imperfecta
(OI) [51]. Hence, the systemic delivery of manipulated MSCs indeed provides a feasible therapeutic
approach for cell therapy in SCI.

No previously reported study has tracked MSCs that were intravenously transplanted into the spinal cord
in living animals; to date, only histological assessments have con�rmed the fate of stem cells after their
systemic transplantation [27, 44–48]. These studies did not evaluate the survival, proliferation, and
migration of transplanted cells. Given this, we used the cell tracing technique to achieve repeated and
non-invasive monitoring of the fate of transplanted cells and clarify the factors needed for successful
engraftment of donor cells and assessing the safety of their transplantation. In this study, we harvested
MSCs from GFP-transgenic rats and transfected them with luciferase and then focused on the
characteristic migration of MSCs-GFP-Luci to injury sites. The repetitive in vivo bioimaging of luciferase
activity could continually monitor the cell distribution, noninvasively, in individual animals in a simple and
rapid fashion [52], and provided us with a better perspective on the behavior of transplanted cells.

We systemically transplanted GFP- and luciferase-expressing MSCs into rats subjected to spinal cord
contusion. We �rst observed the increased expression of SDF-1 in the injured spinal cord, indicating the
involvement of SDF-1 in the acute phase of SCI. Moreover, the increased temporal expression of SDF-1
paralleled the number of migrated MSCs (Fig. 2 and Fig. 5A). However, when CXCR4 on MSCs was
blocked with AMD3100, we still detected the expression of CXCR4 in the injured site (Fig. 3C), indicating
that there may be some other chemokines involving in MSC migration, or that some endogenous cells
expressing CXCR4 migrated to the injury site. The in vivo BLI showed that transplanted MSCs-GFP-Luci
migrated toward the injury site after they were getting trapped in the lungs for a short time (Fig. 5A). The
number of migrated donor cells signi�cantly increased when SCI rats were pretreated with SDF-1
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(Fig. 5B). In contrast, the pretreatment with the CXCR4-speci�c antagonist AMD3100 markedly prevented
the migration of MSCs to the lesion site (Fig. 5C). The �ndings were veri�ed by histological evaluation
(Fig. 6). On histological analysis, the transplanted MSCs-GFP-Luci were distributed surrounding the
impaired site. Because the model of spinal cord contusion used in this study produces a cavity of injury,
the transplanted MSCs-GFP-Luci most likely distributed around the site of injury and were unable to pass
over it. All in vivo results suggested that MSCs-GFP-Luci did have the ability to migrate to the injured
spinal cord in response to SDF-1 expressed by damaged tissue. The CSF level of SDF-1 was also found to
be increased, but not signi�cantly (Fig. 4). We speculated that a small amount of SDF-1 secreted from the
injured spinal cord �owed to the CSF through the incomplete open central canal caused by the injury. So,
we collected the CSF from the SCI rats to induce MSC migration in vitro to simulate the migration of
MSCs in vivo.

In vitro study showed that the expression of CXCR4 on MSCs. The expression level remained unchanged
when MSCs were incubated with SDF-1 (Fig. 7A), suggesting that the expression of CXCR4 on MSCs-GFP-
Luci was not affected by SDF-1. Transwell migration assay demonstrated that SDF-1 induced MSCs-GFP-
Luci migration in a dose-dependent manner, while the pretreatment of MSCs-GFP-Luci with AMD3100
abrogated the effect of SDF-1 (Fig. 7B and 7C), indicating the relevance of SDF-1/CXCR4 in MSC
migration. Moreover, the chemotactic effect of CSF collected from SCI rats on MSCs-GFP-Luci was also
dose-dependent at a certain concentration range (Fig. 8). With a higher concentration of CSF in the
medium (> 20%), the environment required for cell survival changed considerably, causing more cells to
die (Fig. 8A). After MSCs-GFP-Luci were pretreated with AMD3100 or SDF-1 antibody, CSF induced
migration was signi�cantly abrogated, but not completely blocked (Fig. 8B). This result indicated that the
SDF-1/CXCR4 reaction is a main but not the only chemotactic mechanism in regulating the engraftment
of MSCs in the spinal cord of SCI rats.

It is known that the adult CNS, especially the injured CNS, may provide a relatively non-permissive
environment for transplanted MSCs and other stem cells [43, 53, 54]. Even under the best circumstances,
cell survival in injured CNS has been estimated to be less than 10% [43, 55, 56]. In our study, therefore,
with increasing time post-transplantation, the number of transplanted MSCs-GFP-Luci gradually
decreased, and few could survive on d 14 (Fig. 5). One of the most important reasons why those cells
could not survive in the injured spinal cord for a long time is probably due to the sustained in�ammation
in the injury sites or the immediate in�ammatory response elicited by surgery and injection manipulation
[53, 56, 57].

Our results further indicated that systemic delivery of MSCs-GFP-Luci could stimulate tissue regeneration,
reduce lesion size, and promote the functional recovery from SCI, as determined by histological analysis
and improved behavioral outcome. The anatomical integrity of the injured spinal cord was better in MSC-
treated rats than in PBS-treated ones. The rats received MSCs also displayed a more rapid recovery of
BBB assessment performance than the control rats receiving PBS only. Our interpretation of these data is
that the transplanted MSCs reach the site of injury and provide a neuroprotective effect for endogenous
tissue repair and regeneration. The mechanisms underlying the bene�cial effect need to be de�ned. First,
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transdifferentiation of MSC into neurons and myelin-forming cells may occur in the regenerated tissue
after they reach the injury site. However, the time for which the transplanted MSCs could survive is
relatively short, not su�cient for these donor cells to be induced to transdifferentiate into functional cells
and further contribute to the endogenous neural repair. Second, the intrinsic secretory activity of MSCs
also establishes a regenerative microenvironment at sites of tissue injury or damage. These bioactive
factors are supposed to limit the area of damage and to mount a self-regulated regenerative response.
They may inhibit scarring, inhibit apoptosis, stimulate angiogenesis, and stimulate the mitosis of tissue-
intrinsic stem or progenitor cells. This complex, multifaceted activity caused by the secretory activity of
MSCs is referred to as trophic activity, as distinctive from the capacity of MSCs to differentiate.

Conclusions
Different cellular transplantation strategies have shown some e�cacy in treating SCI, although very few
have been translated into clinical trials. Before clinical application, it is necessary to generate su�cient
preclinical data regarding the e�cacy and the biological mechanisms of any functional improvement.
Results from this study suggest that intravenous delivery of bone marrow-derived MSCs results in their
speci�c migration to the injury site of the spinal cord and that the interaction of SDF-1 and CXCR4 is
involved in MSC migration. Harnessing the migratory potential of MSCs by modulating their chemokine-
chemokine receptor interaction may be a powerful way to enhance the recruitment of ex vivo-cultured
MSCs and increase their therapeutic potential in the damaged or diseased tissues. However, further
investigation may be necessary to determine the speci�c roles of the exogenous MSCs and make clear
how these donor cells participate in the injury response and contribute to the neuroprotection in the
injured spinal cord.
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Figure 1

Characteristics of rat bone marrow-derived MSCs-GFP-Luci. (A) MSCs-GFP-Luci showed a �broblast-like
morphology (original magni�cation ×200) under a microscope. (B) MSCs-GFP-Luci formed colonies with
�ne edges (original magni�cation ×200). (C) MSCs-GFP-Luci isolated from GFP transgenic rats expressed
GFP (original magni�cation ×200). (D) MSCs-GFP-Luci were incubated with luciferin, and photon
emission was measured with the Xenogen IVIS system. Bioluminescence imaging (BLI) signal from
luciferase expression re�ects viable cell numbers. BLI of varying numbers of cells (100, 500, 1000, 5000,
10000, 15000, 20000, and 30000) in a 96-well plate showed a correlation with increasing signals. (E)
Regression analysis revealed a signi�cant linear increase of luminescence with cell numbers. Scale
bars=100 μm (A-C).
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Figure 2

Expression of SDF-1 in the injured spinal cords. (A) Expression of SDF-1 mRNA in the injured spinal cords.
(B) Expression of SDF-1 protein in the injured spinal cords. The relative intensity was determined by the
ratio of the speci�c marker to GAPDH or β-actin, as measured by densitometry. Results are representative
of 3 independent experiments. Bar with * is signi�cantly different (P<0.05).
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Figure 3

Expression of CXCR4 in the injured spinal cords. (A) Expression of CXCR4 mRNA in spinal cords after
transplantation of MSCs-GFP-Luci. (B) Expression of CXCR4 mRNA in spinal cords after the pretreatment
of SDF-1 and transplantation of MSCs-GFP-Luci. (C) Expression of CXCR4 mRNA in spinal cords after
transplantation of AMD3100-preincubated MSCs-GFP-Luci. (D) The relative intensity was determined by
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the ratio of the speci�c marker to GAPDH as measured by densitometry. Results are representative of 3
independent experiments. Bar with * is signi�cantly different (P<0.05).

Figure 4

SDF-1 level in the CSF of SCI rats. SDF-1 was detected in CSF at different time points of before and 24,
48, 72, 96, and 120 hours after SCI by western blotting analysis (A) and ELISA (B). Data are presented as
mean±SD. Bar with * is signi�cantly different (P<0.05).
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Figure 5

In vivo distribution of intravenously administered MSC-GFP-Luci. Representative bioluminescent images
showed MSCs-GFP-Luci location after intravenous administration at 1, 3, 5, 7, 11, and 14 days. (A)
Intravenous injection of MSCs-GFP-Luci in SCI rats. BLI showed the accumulation of MSCs in the lungs
on day 1 after injection. On day 3, MSCs homed in the spinal cord. The increasing signals suggested a
growing number of cells in the injured spinal cord. After day 11, the decreasing signal intensity is
indicative of acute donor cell death. (B) Intravenous injection of MSCs-GFP-Luci in SCI rats after injection
of SDF-1. On day 1, BLI showed retention of transplanted cells not only in the lung but also in the spinal
cord. BLI signals over the spinal cord revealed an increase in signal from day 1 to day 7 and maintained a
constant level on day 11. It gradually became weak on day 14. (C) Intravenous injection of MSCs-GFP-
Luci pretreated with AMD3100. The bioluminescence signal was observed around the whole body, with
higher intensity in the lungs on day 1 after injection. High luciferase activity was observed in the spinal
cord on day 5 and decreased gradually to the baseline level about two weeks after administration.
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Figure 6

Distribution of transplanted MSCs-GFP-Luci and time course of locomotor recovery evaluated by BBB
scores (n=6). (A) Hematoxylin-eosin (HE) analysis of the histological tissues of the injured spinal cords
from control mice treated with PBS and mice treated with MSCs-GFP-Luci. (B) Immunohistochemistry
analysis of the distribution of MSCs-GFP-Luci in the injured spinal cords in different groups on day 1, 7,
and 14 after transplantation. MSCs group: mice received an intravenous injection of MSCs-GFP-Luci only;
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MSCs+SDF-1 group: mice received an intravenous injection of MSCs-GFP-Luci and pretreatment with
SDF-1; MSCs+AMD3100: mice received an intravenous injection of MSCs-GFP-Luci that were pretreated
with AMD3100. Scale bars=100 μm (A and B). (C) Performance in locomotor function was enhanced in
the MSC-treated animals compared with the PBS control animals. A statistical difference in the BBB
scores was achieved 1 week after transplantation. After 3 weeks, there was a signi�cant difference on the
BBB scale between the MSC and PBS groups. After pretreatment with SDF-1, animals treated with MSCs
had more improved motor function than the animals transplanted with MSCs only. However, the animals
treated with AMD3100-preincubated MSCs had lower BBB scores than the MSC-treated animals. Data are
presented as mean±SD, *P<0.05 vs control, #P<0.05 vs MSC.
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Figure 7

Effect of SDF-1 on the expression of CXCR4 on and migration of MSCs-GFP-Luci. (A) Effect of SDF-1 on
surface expression of CXCR4 on MSCs-GFP-Luci detected by RT-PCR. (B) Chemotactic effect of SDF-1 on
MSCs-GFP-Luci. The number of migrated MSCs increased dose-dependently at the concentration of 10-
200 ng/ml SDF-1 (P<0.05), compared with control. The maximum effect of SDF-1 was observed at the
concentration of 200 ng/ml. (C) The speci�city of the effect of SDF-1 on the migration of MSCs-GFP-Luci.
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When AMD3100 inhibited CXCR4 on MSCs, the chemotactic effect of SDF-1 on MSCs was abolished.
Control or 0 showed the “spontaneous” migration capacity of MSCs in the presence of medium along.
Data are presented as mean±SD, *P<0.05 vs control. Scale bars=25 μm (A).

Figure 8

Effect of CSF collected from SCI rats on the migration of MSCs-GFP-Luci. (A) Chemotactic effect of CSF
from SCI rats on MSCs-GFP-Luci. The number of migrated MSCs increased dose-dependently at the
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concentration of 5-20% CSF from SCI rats (P<0.05), compared with control and CSF from normal rats.
The signi�cant chemotactic activity was observed at 20% of CSF. (B) The speci�city of the effect of SDF-
1 on the migration of MSCs-GFP-Luci. When CXCR4 on MSCs was inhibited by AMD3100 or SDF-1 was
blocked by SDF-1 antibody (450μg/ml), the chemotactic effect of CSF from SCI rats was signi�cantly
abrogated. The control showed the “spontaneous” migration capacity of MSCs in the presence of
medium along. Data are presented as mean±SD, *P<0.05 vs control, #P<0.05 vs normal CSF. Scale
bars=25 μm (A).


