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Abstract
Objective The aim of this study was to address the question
of whether bone marrow-originated mononuclear cells
(MNC) or mesenchymal stem cells (MSC) induce neural
regeneration when implanted intraspinally.
Materials and Methods The study design included 4 groups
of mice: Group 1, non-traumatized control group; Groups 2,
3 and 4 spinal cord traumatized mice with 1 g force Tator
clips, which received intralesionally either no cellular
implants (Group 2), luciferase (Luc) (+) MNC (Group 3)
or MSC (Group 4) obtained from CMV-Luc or beta-actin
Luc donor transgenic mice. Following the surgery until
decapitation, periodical radioluminescence imaging (RLI)

and Basso Mouse Scale (BMS) evaluations was performed
to monitor neural activity. Postmortem immunohistochemi-
cal techniques were used to analyze the fate of donor type
implanted cells.
Results All mice of Groups 3 and 4 showed various degrees
of improvement in the BMS scores, whereas there was no
change in Groups 1 and 2. The functional improvement was
significantly better in Group 4 compared to Group 3 (18 vs
8, p00.002). The immunohistochemical staining demon-
strated GFP+Luc+ neuronal/glial cells that were also positive
with one or more of these markers: nestin, myelin associated
glycoprotein, microtubule associated protein or myelin oli-
godendrocyte specific protein, which is considered as
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indicator of donor type neuronal regeneration. Frequency of
donor type neuronal cells; Luc + signals and median BMS
scores were observed 48–64 % and 68–72 %; 44–80 %;
8 and 18 within Groups III and IV respectively.
Discussion MSCs were more effective than MNC in obtain-
ing neuronal recovery. Substantial but incomplete functional
improvement was associated with donor type in vivo imag-
ing signals more frequently than the number of neuronal
cells expressing donor markers in spinal cord sections in
vitro. Our results are in favor of functional recovery arising
from both donor MSC and MNCs, contributing to direct
neuronal regeneration and additional indirect mechanisms.

Keywords Mesenchymal stem cell . Regeneration .

Spinal cord . Stem cell . Trauma

Introduction

It has long been believed that intrinsic repair is restricted
after spinal cord injury (SCI) because neurogenesis rarely
occurs in the nervous system. However, we wanted to chal-
lenge this dogma taking advantage of stem cell technology.
Repair and replacement of the defective or damaged neuronal
tissue and restoration of normal functioning is the objective of
stem cell therapy for SCI [1, 2].

To demonstrate the events leading to regeneration, in
vivo imaging techniques, i.e. magnetic resonance imaging
or bioluminescence imaging (BLI) have been developed.
These imaging techniques possess the potential to track
donor type luciferase (Luc)+ cells within a recipient, which
is Luc−. This is a very valuable technique for the tracking of
stem cells used in regenerative medicine and enables moni-
toring of cellular therapy. Thus, other markers to track donor
type cells in pathological specimens are required [2].

Using these advanced technologies, we initiated a research
project to track donor type bone marrow mononuclear cells
(MNCs) and mesenchymal stem cells (MSCs) implanted into
the injured spinal cords of mice both in vivo and in vitro. Mice
were also monitored for functional recovery using the Basso
Mouse Scale (BMS) scoring system.

This study aimed to analyze in vivo imaging, in addition
to functional and morphological assessment of neuronal
regeneration, following implantation of MNCs and mesen-
chymal stem cells.

Materials and Methods

Animals and Injury Model

Wild type, 2-month-old mice were used for the experiments
as recipients and control group. Mice in the study were

traumatized with a standard 1 g closing force Tator clamp
(Fig. 1) [3]. The mice in the Group 2 were only traumatized
without any cell implantation. Following the trauma the
mice in Group 3 and 4 received MNCs and MSCs, respec-
tively as described below.

Eighth-generation Active – Luc+ green fluorescent protein
(GFP)+ transgenic mice were used for neuronal regeneration
experiments as donors. All animal procedures were performed
in accordance with the Guidelines for the Care and Use of
Experimental Animals.

Collection of Murine Bone Marrow Mononuclear Cells

Following general anesthesia, adult transgenic mice were
decapitated. Long bones (femur and tibia) were removed
under sterile conditions for bone marrow cells harvesting
and concentration. Mononuclear cells (MNCs) were recorded
by flow cytometry. Following adjustment to the appropriate
concentration, MNCs were either implanted directly or were
cultured to obtain MSCs.

Analysis of MNCs and MSCs by Flow Cytometry

Mononuclear cells were separated by Ficoll density gradient
from transgenic mice bone marrow aspirate. Cells were
diluted with RPMI and analyzed by flow cytometry in order
to detect the numbers of the cells within this suspension.
100 μL of cell suspension were mixed with 100 μL of
calibrated beads (StemCount Fluorospheres, Beckman
Coulter, Miami, USA) and 20 μL of 7-Aminoactinomycin
D (7AAD). Upon 20 min incubation at room temperature,

Fig. 1 View of spinal cord after total laminectomy
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events were collected by the acquisition of 100,000 events
per tube using flow cytometer (FC500). Viable nucleated
cells were selected according to their FSC and SSC charac-
teristics and their 7AAD expression. Cells were also evalu-
ated for their green fluorescence expression in a FL1 vs SSC
dot plot (Fig. 2). Cells to be implanted in the injury model
were diluted in RPMI 1640 medium according to the counts
achieved 10,000 cells/μL.

Culture of Murine Mesenchymal Stem Cells

Long bones were flushed with DMEM-LG medium, and
washed twice with phosphate buffered saline (PBS) at
1500 rpm for 5 min (min). Cells were cultured in complete
medium (CM) consisting of DMEM-LG (Biochrom, Ger-
many), 20% fetal bovine serum (FBS) (Biochrom, Germany),
2 mM glutamine, and 1 % penicillin/streptomycin at 5%CO2,
37°C and at a cell density of 3×105/cm2. After 48 h (h), non-
adherent cells were discarded and CM was changed every
3–4 days. When cells reached subconfluency (70–80 %) in
15–20 days, they were washed with PBS, and adherent cells
were removed by Cell Scraper. Cells were then cultured at 6×
103cells/cm2 for the following passages. Analyses were done
on P2 cells. Cell counts and viability were assessed routinely
with an automatic cell analyzer system (Nucleocounter YC-
100; Denmark) or manually. Excess cells were cryopreserved
at the end of each passage in CMwith 10 % DMSO (dimethyl
sulfoxide). 1×106 cells in 100 microliters (μL) of PBS was
used for injection. For adipogenic differentiation, MSCs were
cultured in the presence of adipogenic medium consisting of
CM with 1 μM dexamethasone, 60 μM indomethacin,
500 μM isobutyl methylxanthine (IBMX) and 5 μg/ml insulin

(Sigma, St. Louis, USA) for 21 days and stained with Oil Red
O (Sigma, St. Louis, USA). For osteogenic differentiation,
MSCs were maintained for 21 days in osteogenic medium
consisting of CM with 100 nM dexamethasone, 10 mM ß-
glycerophosphate and 0.2 mM ascorbic acid (Sigma, St.
Louis, USA). Cells were stained with Alizarin Red S (Sigma,
St. Louis, USA) to confirm the presence of calcium phosphate
deposits [4, 5].

Implantation of Murine MNCs into the Injured Spinal Cords
of Mice

Bone marrow mononuclear cells were implanted into the
spinal cords of Luc−GFP− recipient mice using 30-gauge
(G) fine needles. Implantation was introduced in four mul-
tiple injections directly to 1 mm proximity of the lesion area
in both directions. Mice were anesthetized by inhalation of
5 % halothane, which was reduced to 2 % during surgery, in
combination with a mixture of nitrous oxide and oxygen
(1:2, v/v). The spinal cord was exposed by laminectomy at
thoracic level T8 and a 30-G needle was used at the injection
site to aid penetration of the micropipette tip into the spinal
cord. Donor type MNCs or MSCs were resuspended in
culture medium at 10,000 cells/μL. Cell viability was
assessed with 7AAD using flow cytometry, and 5 μL of
the cell suspension was injected at a rate of 2.5 μL/min via a
100-mm aperture glass micropipette into the intact spinal
cord at level T8. Following injection, the micropipette was
left in place for 2 min to prevent backflow of cells. Mice
were sacrificed 8 weeks after transplantation by lethal over-
dose with pentobarbital and transcardially perfused with 4 %
paraformaldehyde in PBS. Tissue was cryoprotected in
30 % sucrose, and a rostrocaudal segment of the spinal cord
1.0 cm in length encompassing the transplant site was re-
moved, embedded in optimal cutting temperature (OCT)
compound, and cryosectioned longitudinally into 20 μ serial
sections.

In Vivo Imaging of Engrafted Donor Type Cells

For in vivo imaging of mice, IVIS 3-dimensional biolumi-
nescence/fluorescence optical imaging system IVRS50
(Xenogen, Alameda) was used. Five minutes after 150 mg/
kg Luc injection into the peritoneum, mice were sedated
with sebofluorein and placed in the camera revealing the
operation site visible to the IVS 100 camera. Camera imag-
ing was used for detection of BLIs and captured pictures
(Fig. 3). Images were taken immediately in the perioperative
period and after sutures were completed.

To examine the viability of transplanted cells in the
injured spinal cord, contusion injury was induced at the
8th thoracic vertebra level and transplantation of neural stem
and progenitor cells (NSPCs) was performed after injury.

Fig. 2 A Luc (+) beta-actin mouse, after intraperitoneal injection of
luciferin, in vivo view
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Images were obtained daily for 1 week, then weekly over 8-
week period. We observed drastic reductions (nearly 80 %)
in signal intensity within the first 4 days after transplanta-
tion, then a relatively stable bioluminescent signal for the
next 8 weeks. Cell distribution and signal intensity were
assessed in living animals using BLI. An intense focal spot
of bioluminescence was observed at the transplantation site
without leaking to the surrounding tissue.

Monitoring Functional Recovery following Implantation
of Cellular Products Using Basso Mouse Scale Open Field
Locomotor Scoring System

The recovery of locomotor function was evaluated for
8 weeks using the generally utilized BMS scoring system
(Tables 1, 2, 3 and 4).

Immunocytochemical Analysis of Green Fluorescent
Protein Expression in Recipients of Cell Transplantation
for Tracking of Donor Type Regeneration

The green fluorescent protein (GFP) transgenic mice were
sacrificed 8 weeks following the injury. Animals were deep-
ly anesthetized with an intraperitoneal injection of sodium
pentobarbital and were transcardially perfused with 4 %
paraformaldehyde in 0.1 M PBS, pH 7.4. The spinal cords
were dissected and fixed in 4 % paraformaldehyde for 8 h
and embedded in Cryomatrix (Shandon Cryomatrix com-
pound VWR International; Mississauga, Ontario, Canada)
and stored in −80°C freezer. Immunoflourescent staining
was performed on eight micrometer cryostat sections placed
on positive charged glass slides (Superfrost Fisher Scientific;

Ottawa, Ontario, Canada). The cryostat sections were dried
and stored at −20°C freezer until antibody incubation.

Immunostaining of GFP/Luc Expressing Donor Cells
in Postmortem Spinal Cord Sections with Neuronal Markers

For immunohistochemistry, the cryostat sections were
thawed and rehydrated in PBS for 5 min. The sections were
then incubated with protein blocking solution for 30 min.
The primary antibodies were performed for demonstration
of different cell types. For demonstration of neural differen-
tiation, mouse monoclonal microtubule associated protein
(MAP) 2a and 2b (Abcam-ab3096), for oligodendroglial
and Schwann cell differentiation, mouse monoclonal myelin
oligodendrocyte specific protein (MOSP) (Abcam-ab3094),
and for neural stem cell differentiation mouse monoclonal
Nestin (Abcam-ab6142) were used. As luciferase was one of
the proteins transfected to the donor mice, primary antibody
against luciferase was used on tissue sections for demon-
stration and amplification the signals of the donor originated
differentiation. The cocktails of polyclonal anti-goat lucif-
erase antibody (Novus -NB100-1677) and primary antibod-
ies against one of the differentiation antigens were applied.
The antibody cocktail combinations (and dilutions) were
performed as: Luciferase (1/1000) with Nestin (1/300), Lucif-
erase (1/1000) with MAP2 (1/150), and Luciferase (1/1000)
with MOSP (1/150) mentioned dilutions. The primary anti-
body cocktail incubations were performed overnight at +4°C.
The slides were rinsed in PBS for 10 min at the end of the
incubation. The secondary antibody coctails Texas red conju-
gated rabbit anti-mouse IgG (Pierce biotech 31610) (1/200)
and FITC conjugated anti-goat IgG (Sigma F 9012) (1/25)

Fig. 3 Weekly imaging of rats in Group 4 showing continuous donor type of cell presence

Table 1 Comparison of mean
values of in vivo imaging, im-
munocytochemistry and BMS
scores indicates donor type cells
expressing neuroglial markers
and the associated functional
improvement

Radio luminescence
imaging

Nestin&luciferase MAP&luciferase MOSP&luciferase BMS
score

Group I – – – – 21

Group II – – – – 0

Group III 44 % 64 % 52 % 48 % 8

Group IV 80 % 72 % 76 % 68 % 18
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were incubated for 2 h at room temperature. The slides were
rinsed in PBS for 10 min and 4′-6-diamidino-2-phenylindole
(DAPI) was performed for nuclear counterstaining. Micro-
scopic examination was performed by using SpectrumGreen,
SpectrumOrange, DAPI and triple filters. Green signals were
interpreted as transfected cell origin, whereas red signals were
interpreted as the final differentiation signal. The differentiat-
ed implanted cell signals were demonstrated as yellow.

Statistical Analysis

Kruskal-Wallis test was used to test the difference between
groups. SPSS for Windows 11.5 was used for statistical
analysis. A p value less than 0.05 were considered as
significant.

Results

According to the data that obtained, BMS score in Group 3
increased to a median of 8, and in Group 4, to 18. The
recovery started on the 7th and the 5th days in Group 3 and
Group 4, respectively. The highest values were reached on
the 21st and 17th days. Images of the Luc+GFP+ cells
applied intralesionally to mice in Groups 3 and 4 were taken
during the operation and following the simultaneous lucif-
erase enzyme given intraperitoneally with real-time in vivo

imaging system demonstrated brightness proportional to
stem cell density in the application region (Fig. 4).

The stem cells transplanted in Groups 3 and 4 due to GFP
content of the spines extracted were green. Goat antiluciferase
antibody was used as the transfected cell indicator. The signal
from the cells containing luciferase was amplified. Whether
these cells transformed to neural stem cells or to neurons were
investigated with Nestin and MAP, respectively. In addition,
Schwann cells around myelinated fibers were examined to
determine whether or not they contained luciferase.

In Group 3 (MNCs), histopathological evaluation
revealed that there was no transformation of transfected cells
to any nerve tissue cells in any of the 3 test subjects. In
Group 4 (MSCs), there was evidence that the transfected
cells expressed Nestin and neural cell markers changed to
neurons in 5 subjects, and changed to Schwann cells in 3
(Figs. 5, 6 and 7). No signal of change was observed in the
Group 2. The comparative results obtained by in vivo im-
aging, immunocytochemistry and BMS evaluation is sum-
marized in Table 1. The functional recovery was observed
both in the presence and absence of neuronal cells express-
ing Luc/GFP partially. Also in vivo Luc signals was not
always correlated with the presence of such cells. However
BMS scores correlated with in vivo signals more often.

Discussion

Improved recovery was found in both MNC and MSC
transplantation groups compared with the no cell-injected
control group, and statistically significant differences be-
tween the control and cellular therapy groups were deter-
mined using the BMS scoring (p<0.001) (Table 2). It has
been suggested that cellular implants such as bone marrow-
derived MNCs and MSCs can help to overcome some of the
barriers to regeneration [6]. BMS values were analyzed
using Kruskal Wallis variance test and p value was deter-
mined as <0.001. This result indicated statistically signifi-
cant clinical improvement in group 3 and 4. It was
remarkable that mean BMS score in group 3 was 8 while
18 in group 4. BMS scores were analyzed with Mann–
Whitney U test and p value was determined as 0.002. This
result indicated a better improvement with MSC than MNC.

Table 2 Comparison of BMS scores between all groups reveals a
significance (<0.001)in favour of the MSC treated mice

Table 3 The weekly results on
the BMS represent mean
value of BMS score±standard
deviation

1th
week

2nd
week

3rd
week

4th
week

5th
week

6th
week

7th
week

8th
week

Group 1 21±0 21±0 21±0 21±0 21±0 21±0 21±0 21±0

Group 2 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0

Group 3 0±0 0±0 3±2 4±2 5±2 7±3 8±3 8±4

Group 4 0±0 0±0 3±2 4±2 8±2 11±3 16±3 18±5
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In some previous studies, in vivo fluorescence tracking
with GFP has suggested that mouse MSCs transplanted into
the mouse spinal cord migrate towards the injury site within
4 weeks after transplant, and some of these cells express
neuronal or astrocytic markers. MSCs have two phenotypes:
nestin-positive MSCs which are able to integrate some
extrinsic signals when co-cultured with neurons leading to
a differentiation into astrocyte-like cells and nestin-negative
MSCs which are unable to adopt a neural phenotype but
remain able to differentiate into adipocytes, chondrocytes or
osteocytes [7]. Nestin-positive MSCs are able to stimulate
astroglial fate in striatal progenitor cultures and to repress
neuronal and oligodendroglial fate through the release of
diffusible factor. Functional improvement was also observed

in a mouse model, either with or without expression of
markers of neurons and astrocytes [8–11]. Chopp et al.
found that intramedullary transplantation of MSCs 1 week
after SCI improved functional outcome over a five-week
period, with a few cells expressing neural markers [12].
Wu et al. also showed functional recovery after MSC trans-
plantation at the time of injury and attributed this to en-
hanced differentiation of endogenous neural stem cells as
indicated by in vitro coculture experiments [13]. In contrast,
some authors observed functional recovery only when
MSCs were transplanted in a delayed fashion after 1 week,
and suggested that the strands formed by MSCs may pro-
vide axon guidance to explain the improvement rather than
cellular replacement [14, 15]. Others failed to find function-
al recovery in rats, but agreed that MSCs were associated
with preservation of host tissue including the white matter,
and provided directional guidance to regenerating axons
[15–17].

MSCs have an immunosuppressive role in the injured
spinal cord [18, 19]. Syková [20] reported that immunosup-
pressive properties may combine to reduce the acute inflam-
matory response, and therefore, reduce cavity formation, as
well as decrease astrocyte and microglia/macrophage reac-
tivity. In addition, Vaquero et al. [17] intravenously admin-
istered rat MSCs directly into the injured rat spinal cord and
reported formed bundles and reduced cavity formation in all
rats. These studies have shown the immunosuppressive
properties of MSCs. In addition the immunsuppressive ef-
fect of MSCs may promote axonal regeneration or may
encourage functional plasticity by establishing an environ-
ment that supports axonal growth. Wright et al. [21]
reported that MSCs may promote axonal regeneration or
encourage functional plasticity by establishing an environ-
ment that supports axonal growth, for example, by abrogating
the inhibitory influence of the glial scar. MSCs synthesize
brain-derived neurotrophic factor, nerve growth factor

Table 4 Schematic representation of weekly BMS values among all groups

Fig. 4 First minute view of transgenic mouse after stem cell implantation
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(NGF), and vascular endothelial growth factor (VEGF), and
these neurotrophic cytokines stimulate the nerve growth [22].

Dasari et al. [23] reported that MSCs reduce apoptosis within
a few weeks in order to restore neurological functions.

The fluorescence image revealed that few transfected
cells were differentiated to neurons according to the yellow
signals obtained on MAP-2 stained sections. When viewed
with direct fluorescence, native GFP expression was not
detectable in the grafted cells on tissue sections. Antiluciferase
antibody was thus used for signal amplification.

Nestin is a neural stem cell marker, but its expression by
reactive astrocytes has been shown [24]. Thus, the neural
differentiation in this study was interpreted reliably by dem-
onstration of MAP-2 positivity on GFP+, Luc + cells.

Oligodendrocytic but not neuronal differentiation has
also been observed following intravenous transplantation
into a rat model of SCI. Transplanted cells survived without
immunosuppression and resulted in functional recovery at 3
and 4 weeks [25]. Human MSCs transplanted into the injured
spinal cord may survive long–term, and after transplantation
into the injured cord, very few cells may remain 11 weeks.
Persistence of the transplanted cells may not be required for
functional recovery [26].

There are several limitations to the current dataset that
require further investigation. To avoid a discussion about the
quantity and the quality of cells implanted, pre-defined
numbers of MNCs (1×106) and of MSCs (1×105) were
injected in the injury sites. In addition, cells were analyzed
by flow cytometry and quantitated. The best method of
administering MSCs is being explored, and while direct
administration results in the highest number of cells in the
injury site.

Using both BLI and histological examination, we inves-
tigated the relation between the timing of transplantation

Fig. 5 Nestin positive (spectrum orange) (a) and luciferaz (b) positive
(spectrum green) transfected origined cell may reveal neural stem cell
diferantiation. The double labeling with yellow signal (c) reveals the
trasfered stem cell origin of the nestin positive cell. Neural stem cell
phenotype in view of the yellow cytoplasm is observed (Blue signal
nuclear dye DAPI) (100× objective, Zeiss Axioskop 40)

Fig. 6 Double labelled cell with orange-yellow color cytoplasm,
which is the combination of Microtubule-associated protein (MAP2)
(red) and luciferaz (green) signals accepted as an indicator of neural
differentiation. Blue color reflects DAPI stained nucleus (100× objective,
Zeiss Axioskop 40, with triple filter for FITC, TR, DAPI)

Stem Cell Rev and Rep (2012) 8:953–962 959



and cell viability, migration, morphology, and function, by
observing differences in NSPCs when transplanted at

different times relative to injury. The methods in the present
study can be widely applied to various research fields of
regenerative medicine, including cell transplantation therapy
and the study of primary cultured cells [27–31].

The interpretation of differentiation was done with the
help of transfected proteins. The in vivo tracking of the
transfected stem cells was done by luciferase. For this pur-
pose, we performed double immunofluorescent technique.
Antiluciferase antibody and the primary antibody against
the antigens present in the final differentiation were used.
The green signal demonstrated the stem cell origin of the
cell whereas the red signal showed the type of final differ-
entiated cell. The double-labelled cells were detected in
yellow with the combination of green and red signals. How-
ever we cannot exclude the possibility of phagocytosis of
cytoplasmic material from damaged donor marrow cells by
neuronal cells at the injury site. This may explain the lack of
positive correlation between functional recovery and presence
of Luc/GFP positive neuronal cells. The better outcome fol-
lowing implantation of MSCs compared to BMNCs may
result from the stromal cell behavior of MSCs, specificity
not observed among adult BM cells. Thus MSCs may secret
growth factors promoting endogenous neuronal regeneration.
Only dynamic in vitro imaging may solve the underlying
mechanism and prove if trans differentiation is occurring in
this model. However, as seen in our study in vivo imaging is
not the optimal but the best tool among the ones used in our
experiments for detection of neuronal regeneration.

Fluorescent protein reporters such as GFP are advanta-
geous because GFP fluorescence can be visualized directly,
without further processing [2]. The cloning of GFP was the
first example of a gene-based fluorescent protein reporter
that is intrinsically fluorescent. A number of methods can be
used to introduce the reporter gene, including pronuclear
injection, retroviral- mediated gene transfer, or gene transfer
in embryonic stem cells. The classic and most widely used
route for the production of transgenics is through the intro-
duction of a DNA construct linking a promoter/enhancer
element to the reporter gene into zygotes by pronuclear
injection [2]. The phenotype of the transplanted GFP-
expressing cells was evaluated with cell type–specific anti-
bodies within each cell lineage to show that the transgene
marker is useful for tracking all cell types within a trans-
plant. These data show that cultured cells generated from
GFP-expressing mouse can be easily visualized and tracked
in vivo after transplantation into the spinal cord with direct
fluorescence or anti-GFP immunohistochemistry [27, 32–38].

The advantage of generating cells from GFP-expressing
mice for transplantation into mouse hosts is that it is tech-
nically simpler to perform transplants in rats than in mice for
studies such as spinal cord regeneration, and this allows for
syngenic transplant studies without the potential concerns
of donor cell rejection. We have shown that utilizing the

Fig. 7 a and b Schwan cell signals in red color on a double stained
case with anti MOSP and Luciferase. This Picture represents no difer-
entiation of the transfected cells to schwann cells in that case. c The
schwann cells in yellow color of another case represents the double
labelled signals revealing the differentiation of the transfected cells to
scwann cell. (A 40× objective, B&C 100× objective, Zeiss Axioskop
40, with triple filter for FITC, TR, DAPI)
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transgenic mouse strains that constitutively express GFP as a
marker for identifying transplanted cells in situ has a number
of distinct advantages, including the specificity of fluores-
cence signal and the stable and retained expression of GFP
in vivo for long-term studies. We have shown that GFP-
expressing stem/progenitor cells derived from the spinal epen-
dymal region can be detected for at least 42 days after trans-
plantation into the spinal cord and that these differentiate into
astrocytes and oligodendrocytes. However, we cannot exclude
that there is partial silencing of the transgene after transplan-
tation. We have also determined that generating cells for
transplantation from the GFP-expressing W mouse strain is
advantageous compared with the SD strain, because GFP
expression of cells derived from the W mouse strain is readily
detected by direct fluorescence both in vitro and in vivo,
without the need for immunohistochemical amplification of
the GFP signal. Also, GFP-expressing transplanted cells
derived from the W strain can be readily identified, their
migration can be tracked in situ, and their phenotype
can be determined by immunostaining with cell type–specific
antibodies [21, 39–41].

Conclusion

In summary, this study was able to show that intralesional
implantation of MSCs may result in durable engraftment
more frequently than MNCs. Both in vivo BLI and in vitro
immunocytochemistry supplied proof suggesting the contri-
bution of donor cells to functional improvement either directly
by inducing donor type GFP− and Luc + neuronal differenti-
ation or indirectly leading to improvement in BMS scores and
in vivo BLI signals in the absence of such cells.

The clinical applicability of our results is still immature
unless studies analyzing the optimal timing of implantation
that allows preparation of autologous MSCs are completed.
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