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Abstract
Objective: This study is an attempt to examine the transdifferentiation of bone marrow 
stromal cells (BMSCs) into tyrosine hydroxylase immunoreactive cells in parkinsonian rats 
associated with angiogenesis.
Materials and Methods: In this study, Sprague-Dawley rats received unilateral stereotax-
ic injections of 6-hydroxydopamine(6-OHDA) into the left corpus striatum and then were 
divided into two groups. One group, the negative control, received only medium while the 
other group was treated with BMSCs. BMSCs were harvested from femur bones, labeled 
with bromodeoxyuridine (BrdU) and then transplanted into parkinsonian rats, where a be-
havioral study and immunohistochemistry were used to evaluate the treatment.
Results: The results showed statistically significant improvement in rotational behavior. 
Anti-BrdU antibody showed engraftment of the transplanted cells at the transplantation 
site.  Additionally, double immunolabeling confirmed that these cells were positive for neu-
rofilament-200 and tyrosine hydroxylase (TH).
Conclusion: It may be concluded that BMSCs transplants could engraft and differentiate 
into TH immunoreactive cells which may cause recovery from motor deficits. Also, BMSCs 
may contribute to angiogenesis at the transplantation site.
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Introduction
Parkinson's disease (PD) affects more than 1% of 
the population over age 60 in the western world.  
The main clinical features of PD are bradykinesia, 
tremor, rigidity and postural instability, although 
significant other deficits are seen in most patients 
including disturbances of mood, cognition and au-
tonomic dysfunction reflecting the diffuse pathol-
ogy of advanced PD. PD is a progressive neuro-
degenerative disease, characterized by the loss of 
dopaminergic neurons in the substantia nigra pars 
compacta and a reduction in striatal dopamine. A 
wide range of pharmacological therapies exists 
for PD, which are especially effective in the early 
stages and include levodopa, dopamine agonists 
and MAO-Binhibitors. Levodopa is the most ef-
fective drug therapy that is ultimately used in most 
patients; however it is associated with problem-
atic side effects such as motor fluctuations with 
long-term use. Surgical ablative and stimulating 
therapies, whilst being effective in advanced PD, 
do not attempt to cure the patient. Neural trans-

plantation however aims to be curative by replac-
ing the missing dopamine neurons and in so doing 
effectively curing the PD patient, or providing at 
least a substantial recovery (1-3). 
The use of fetal tissues and embryonic stem cells 
(ESCs) have raised major ethical issues, in addi-
tion to the possibility of immunologic rejection, 
whereas the use of adult stem cells provides the 
possibility for autologous cell transplantation 
with a low risk for teratoma formation. Adult 
stem cells have been isolated from the brain, 
bone marrow, skin, fat, skeletal muscle and other 
visceral organs (4). Bone marrow stromal cells 
(BMSCs) have attracted interest through their 
possible use for cell therapy in neurological dis-
eases (5, 6). These cells are stem cells derived 
from the adult marrow that give rise to both mes-
enchymal and non-mesenchymal lineages. BMSC 
are multipotent, easily available from aspirates of 
whole bone marrow and can be isolated by their 
adherence to the tissue culture surface. Recent re-
ports have demonstrated that BMSCs are able to 
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migrate extensively throughout the adult animal 
and have the potential for neuronal differentiation 
after transplantation into the brain parenchyma. 
BMSCs are considered to be an option for re-
placement therapy (7-10). In PD therapy, donor 
cells should be easily available, capable of rapid 
expansion in culture, immunologically inert, ca-
pable of long-term survival and integration in the 
host brain. One possible source of such cells is 
the bone marrow (11, 12). 
There are three different approaches responsible 
for the beneficial effect of stem cell treatment: 
firstly, cell replacement or direct replacement 
of degenerated cells with functional cells, (e.g., 
implantation of differentiated dopaminergic 
neurons to replace lost cells in the denervated 
nigrostriatal pathway) (13-16). The second ap-
proach is neuroprotection, where transplanted 
stem cells provide environmental support to the 
affected brain cells by secreting cytokines and 
neurotrophic factors. Thirdly, genetically engi-
neered cells capable of producing glial or brain-
derived neurotrophic factors to the brain could 
protect the remaining unaffected neurons and 
restrain PD (17-21).
The purpose of this study is to evaluate the neuro-
nal phenotype of transplanted BMSCs in parkinso-
nian rats and to evaluate the vasculogenic activity 
at the site of BMSCs transplantation.

Materials and Methods
Animals 
Adult male Sprague-Dawley rats, weighing 200-
250g purchased from Razi Institute, Karaj, Iran, 
were kept at standard conditions according to the 
guidelines of the University Animal Care Codes 
in order to minimize suffering. This study was 
approved by Damghan University Animal Ethics 
Committee.

Model induction
Rats were maintained for 15 days at the medical 
laboratory animal house. Animals were anesthe-
tized (ketamine 60 mg/kg plus xylazine 3 mg/kg, 
i.p.) and received unilateral stereotaxic injections 
of 6-OHDA (4μg of 6-OHDA dissolved in 2μl of 
0.9% physiological saline containing 0.02% ascor-
bic acid; Sigma) into the left corpus striatum with 
10 μl Hamilton syringes at a rate of 0.5 μl/minute, 
(the flow rate was controlled by a microsyringe 
with an EICOM EP-60 pump) (22-26). The injec-
tion was carried out using a stereotaxic apparatus 
according to the atlas of Paxinos and Watson (-3.0 
mm lateral, +4.5 mm ventral, +0.2 mm rostral from 
the bregma with tooth bar at -3.3 mm). The needle 

was left in place for an additional 5 minutes after 
the injection, then withdrawn at a rate of 1 mm/
min  (27-30).

Behavioral test
Two weeks after loading the neurotoxin, a behav-
ioral test was done (31-34). Animals were tested 
for the rotational behavior test by apomorphine 
hydrochloride (2.5 mg/kg, i.p.). Those rats that 
exhibited a net rotational asymmetry (turns ip-
silateral to the lesion subtracted from contralat-
eral turns) of at least six full turns per minute, or 
showing >250-300 turns per hour (contralateral 
against the lesioned side) were selected as par-
kinsonian models. Full contralateral rotations 
were counted in a cylindrical container (33cm 
diameter by 35cm height) (35).

BMSC culture and injection
Parkinsonian rats were subsequently divided into 
two groups. Group 1 received only injections of 2 
μl of medium, while group 2 received a suspen-
sion of 1×105 BMSCs (6th passage) into their left 
dopamine denervated striata (36-38).
For BMSCs isolation, the tibias and femurs from 
the sacrified rats were removed. Then bone mar-
row was aspirated according to Rismanchi (39) and 
cultured in α-minimal essential medium (α-MEM) 
supplemented with 15% FBS, 1% penicillin and 
streptomycin, and 25 ng/ml amphotericin B. Af-
ter 48 hours of incubation, the non-adherent cell 
population was removed by replacing the medium. 
Adherent cells formed a confluent layer (80%), 
which was passaged by 0.25% trypsin/1mM EDTA 
for 5 minutes, recultured (39, 40), and the sixth 
passage of BMSCs were identified with sheep 
anti-fibronectin antibody. The demonstration was 
performed with donkey anti-sheep antibody con-
jugated with FITC (Chemicon International, Te-
mecula) (41,42). 
Before transplantation, BMSCs were labeled with 
BrdU at a concentration of 3μg/ml for 3 days 
(43). 

Immunohistochemical and histological study
Six weeks after transplantation, the animals 
were perfused (4% paraformaldehyde). Their 
brains were removed, processed for paraf-
fin embedding and sectioned (5μm). The 
sections were rehydrated, incubated in 50% 
formamide/2×SSC (standard sodium citrate, 
SSC: 0.3 M NaCl, 0.03M sodium citrate) for 2 
hours at 60°C, washed with 2×SSC for 10 min-
utes at room temperature, incubated in 2N HCl 
at 37°C for 30 minutes, rinsed in 0.1 boric acid 
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(pH 8.5) for 10 minutes and washed in phos-
phate buffer saline (26). Then, sections were 
incubated in blocking serum, incubated with 
mouse anti-BrdU monoclonal antibody (Sigma, 
St. Louis, MO; B2531) overnight at 4°C and 
labeled with secondary antibody conjugated 
with rhodamine for 120 minutes at room tem-
perature. The same sections were labeled either 
with mouse anti-neurofilament 200 monoclonal 
antibody (Sigma, St. Louis, MO) for detec-
tion of mature neurons, or with anti-tyrosine 
hydroxylase monoclonal antibody (Chemicon) 
in order to detect the dopaminergic neurons of 
transplanted BMSCs. In both instances, FITC 
conjugated antibodies were used (43). Some 
sections were stained with either hematoxylin 
and eosin or with cresyl fast violet. 

Statistical analysis
Statistical analysis of the rotation scores for BMSCs-
grafted and control animals were done by one-way 
ANOVA with SPSS (version 13) software. Tukey’s 
HSD was used as a post hoc test. Differences were 
considered significant at the level of p<0.05. 

Results
Isolation, proliferation and identification of BMSCs
Pure BMSCs were successfully obtained through 
several passage cultures. In the primary culture, 
after 24 hours, cells began to attach to the plastic 
but proliferated slowly. From the time of the sec-
ond medium change onwards, cells underwent 
rapid proliferation and had multiple shapes. One 
to two weeks later, cells grew to 90% confluence 
in 25 cm flasks. After several passages, round 
cells disappeared. Phase contrast micrographs 
of BMSC at passage 6 revealed spindle-shaped 
cells (Fig 1A).
In fig 1B, cultured BMSCs were immunostained 
with anti-fibronectin antibody, a specific marker 
for BMSCs.
Fig 1C shows the 6th passage of BMSCs immunos-
tained for BrdU marker, of which more than 80% 
of the cells were BrdU-positive.

Behavioral results
The apomorphine-induced rotational behavior 
of rats who received culture medium and BM-
SCs is shown in fig 2. As seen, the rotational be-
havior was assesed at two weeks after 6-OHDA 
(6-hydroxydopamine) injection and at intervals 
of two, four and six weeks after BMSCs trans-
plantation. 
One-way ANOVA test showed no significant dif-
ferences in rotational rate in the control group 

at two, four and six weeks after medium injec-
tion (group 1), however BMSCs-treated rats 
(group 2) showed significant differences in the 
rotation scores at two, four and six weeks after 
transplantation (p<0.0001). There was indeed a 
significant difference in the rotation scores be-
tween groups 1 and 2 (p<0.05; Fig 2).

Fig 1: A. Bright-field microscopy of sixth passage cells 
shows spindle-shaped, large flat cells (×200). B. Immunore-
activity to antibody against fibronectin is a typical marker of 
marrow stromal cells in culture (×400). C. Sixth passage of 
cells labeled by BrdU 
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Immunohistochemistry results
Histological sections stained with hematoxylin and 
eosin show that the transplanted cells engrafted at 
the injury site (Fig 3).
Similar sections were stained with cresyl violet, 
which showed that some of the transplanted cells 
exhibited neuronal morphology (Figs 3, 4). In both 
figures angiogenesis was detected. The animals 
were transplanted with BrdU-labeled BMSCs and 
double- labeled with anti-BrdU antibody, followed 
by labeling with secondary antibody conjugated 
with rhodamine. While the secondary antibody 
for the anti-neurofilament-200 antibody was con-
jugated with FITC, the two images were merged 
(Fig 5A).
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Fig 2: Apomorphine-induced circling behavior evaluated at 
2, 4 and 6 weeks after transplantation in two groups (control 
and BMSCs-treated animals). Animals injected with BMSCs 
showed significant decrease in rotational rate (rotational im-
provement) compared with control group. *Significant differ-
ence vs. group 1 and group 2 in the same week, p<0.05. 

Fig 4: Photomicrograph shows the site of the transplanted cells stained with cresyl violet, “A” 
represents angiogenesis in the site of transplantation (scale bar: 35 μm). Insert: Photomicro-
graph shows the site of transplantation stained with cresyl violet, “C” represent the lumen of 
capillary and “t” represents transdifferentiated transplanted BMSCs into neurons with neu-
ronal extension (arrow) (scale bar: 8 μm).

Fig 3: Photomicrograph shows the site of the transplanted cells stained with hematoxylin & 
eosin, “c” represents neocapillary formation (scale bar: 60 μm). Insert: Photomicrograph 
shows transplanted cells labeled with BrdU, demonstrated with indirect immunoperoxidase. 
Arrow indicates engrafted transplanted BMSCs (scale bar: 70 μm).
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Accordingly, Fig 5B shows double-labeling with 
anti-tyrosine hydroxylase antibody and the second-
ary antibody conjugated with FITC.
Thus some of the cells that were immunopositive 
for tyrosine hydroxylase (TH) were also positive 
for BrdU, which demonstrated the presence of 
dopaminergic neurons as derived from BMSCs.

Discussion
The earliest clinical investigation of BMSCs in the 
rat stroke model was done by Lu et al. (23), where 
BMSCs migration and integration in the injured 
brain resulted in improvement in neurological 
deficits (14). Hofstetter et al. used BMSCs to treat 
spinal cord injury which resulted in the recovery of 
motor activity (4). Replacement therapy of these 
lost neurons was suggested by transplantation 
of fetal nigral tissues, ESCs and adult stem cells 
(3-5). BMSCs have been considered as an option 
for replacement therapy, and it was reported that 
these cells have the ability to migrate , differentiate 
into astrocytes and integrate the brain.

Garcia et al. have suggested the treatment of neu-
rodegenerative diseases such as Parkinson's dis-
ease with BMSCs in order to restore lost neurons 
(16). 
In the current study, behavioral data showed re-
covery in motor disability following BMSCs 
transplantation. Animals given BMSCs-treated 
grafts exhibited more rapid recovery from the 
drug-induced circling behavior than control ani-
mals (particularly two weeks after transplanta-
tion). Indeed animals treated with BMSCs showed 
recovery over time from apomorphine-induced 
turning behavior, whereas control animals did 
not. Functional recovery required complete neu-
ral differentiation and integration with the host’s 
nervous system.
This result was consistent with other studies where 
fetal tissues were used to treat parkinsonian rats. 
In this study, the problem of insufficient tissue 
supply has been considered as a factor in this pro-
tocol (19, 20). Recently, cell therapy has been used 
including ESCs transplantation, which has shown 

Fig. 5: Immunostaining of the transplanted cells from a parkinsonian rat 6 weeks after  transplan-
tation. Upper panel: A fluorescent photomicrograph from the site of transplantation in the striatal 
region. A: The tissue section was double-labeled with anti-neurofilament 200 (the secondary conju-
gated with FITC) and anti-BrdU antibody (the secondary conjugated with rhodamine), and the two 
images were merged. (Scale bar: 25 μm). Lower panel: Phase contrast photomicrograph of the field 
in the upper panel. B: The tissue section was double-labeled with anti-TH (the secondary conjugated 
with FITC) and anti-BrdU antibody (the secondary conjugated with rhodamine), and the two images 
were merged. (Scale bar: 32 μm). Lower panel: Phase contrast photomicrograph of the field in the 
upper panel.
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promising results.
However, the major concern in this strategy is the 
possibility of rejection due to expression of non-
self antigens which may result in immunological 
rejection (21), as well as the possible development 
of teratocarcinoma (22). The use of adult stem 
cells such as BMSCs can be a good alternative for 
replacement therapy. Lu et al. have reported that 
intracerebral BMSC transplantation could improve 
motor deficits in parkinsonian mice, while immu-
nohistochemical studies have shown that the trans-
planted cells expressed TH (23). Histological and 
immunohistochemical studies were undertaken to 
determine the presence of transplanted cells in the 
cerebral tissues. In order to ensure that the cells 
which expressed neuronal lineage markers were of 
BMSCs origin, cells were double-stained for both 
neuronal markers (NF-200, TH) and BrdU. 
With double staining of TH and BrdU, it was pos-
sible to identify TH-positive neurons at the im-
plantation site (24).
In addition, the striatum is a target area for DA 
neurons. It may provide growth factor support that 
increases the survival of DA neurons compared 
with other neuronal phenotypes. Hellmann et al. 
found that transplanted BMSCs survive better in 
the 6-OHDA-induced damaged hemisphere when 
compared to the unlesioned side (10).
It was reported the importance of microenviron-
ment in BMSCs transdifferentiation into a neuro-
nal phenotype, however Deng et al. have revealed 
that the production of neurotrophin proteins from 
BMSCs may indicate the potential for the auto-
crine mode of action of these factors to transdif-
ferentiate these cells into neuronal cells, where the 
neurotrophins and their receptors were reported 
to be expressed by BMSCs (5, 25, 27). Addition-
ally, it has been reported that BMSCs expressed 
mRNA encoding brain-derived factor (BDNF), 
fibroblast growth factor-2 (FGF-2) and glial cell 
line-derived neurotrophic factor (GDNF). They 
have been shown to exhibit potent neurotrophic ef-
fects on embryonic dopaminergic neurons grafted 
into the striatum of a rat model of PD (16, 28). As 
seen in group 2, transplanted cells could differenti-
ate into neural cells and replace lost cells at the 
implantation site. Possibly these cells, by secreting 
neurotrophic factors, could protect the remaining 
unaffected neurons.
BMSCs have been successfully used to treat other 
neurological disorders such as stroke where the re-
sults showed restoration of motor deficits (29).
 Moreover, BMSCs have been used for spinal cord 
injury treatment, where the results showed migra-
tion and integration of the cells as well as recovery 

of motor disabilities (30). One of the advantages 
of BMSCs is the possible autologous use of these 
cells in the treatment of neurodegenerative diseas-
es (31). Additionally, BMSCs have been geneti-
cally engineered to produce L-DOPA (19, 32) or 
dopamine, where BMSCs were transfected with 
TH and recovery was reported (33).
These findings are consistent with the results of 
this investigation, in which the differentiation of 
BMSCs into a neuronal phenotype occurred after 
transplantation in the striatal region with expres-
sion of TH. The presence of TH-positive cells with 
the reduction of apomorphine-induced rotations 
may show the capacity of dopamine release of 
grafted cells in vivo and synaptic interaction with 
the host brain. This indicates that these cells can 
be a good choice for the treatment of PD. 
 Moreover, vasculogenic activity was simultane-
ously noticed with neurogenesis in the transplan-
tation site, consistent with a previous investigation 
where neuronal transdifferentiation and neocapil-
lary formation could be seen at the transplantation 
site of BMSCs in a spinal cord injury (33).
Angiogenesis was reported in an animal model for 
stroke. Chen et al. emphasized the role of vascular 
formation and the astrocytic microenvironment in 
the survival and integration of newly formed cells 
(34). Our results indicated that differentiation of 
BMSCs into a neuronal phenotype at the implanta-
tion site with expression of TH. Moreover, vascu-
logenic activity was simultaneously noticed with 
neurogenesis in the transplantation site. The asso-
ciation of angiogenesis with neurogenesis can be 
explained as due to the enhancement of expression 
of vascular endothelial growth factor by BMSCs. 
The source of the vascular endothelial growth fac-
tor can be local cells at the injury site (35). In addi-
tion, BMSC transplantation in a hypoxic environ-
ment has been reported to increase angiogenesis 
(36).
For stem-cell therapy to be effective for PD, large 
numbers of dopaminergic neurons with the char-
acteristics of substantia nigra neurons must be 
produced. Additionally the survival of transplant-
ed cells was low, thus a variety of different ap-
proaches should be investigated to promote graft 
survival.
However, much research needs to be done with 
BMSCs before they can be considered as clinical 
treatment for PD.

Conclusion 
Our results confirmed that the reduction of apo-
morphine-induced rotations may show the differ-
entiation of BMSCs into a neuronal phenotype at 
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the implantation site with expression of TH. More-
over, vasculogenic activity is noticed simultane-
ously with neurogenesis at the transplantation site.

Acknowledgments 
We sincerely thank the Tarbiat Modares Univer-
sity's Medical Research Director for providing a 
grant for this work. This study was supported by 
Damghan University of Basic Sciences. There is 
no conflict of interest in this article.

References
McGeer PL, McGeer EG. Inflammation and neurodegen-1. 
eration in Parkinson’s disease. Parkinsonism Relat Disord. 
2004 ; 10(1): S3-7.
Kuan W-L, Barker RA. New therapeutic approaches to 2. 
Parkinson's disease including neural transplants. Neurore-
habil Neural Repair. 2005; 19(3): 155-181.
Sayles M, Jain M, Barker RA. The cellular repair of the 3. 
brain in Parkinson's disease-past, present and future. 
Transpl Immunol. 2004; 12(3-4): 321-342.
Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, Ei Marina  4. 
A, Prockop DJ, et al.  Marrow stromal cells form guiding 
strands in the injured spinal cord and promote recovery. 
Proc Natl Acad Sci U S A. 2002; 99 (4): 2199-21204.
Kramer BC, Woodbury D, Black IB. Adult rat bone marrow 5. 
stromal cells express genes associated with dopamine 
neurons. Biochem Biophys Res Commun. 2006; 343(4): 
1045-1052. 
Barzilay R, Levy S, Melamed E, Offen D. Adult Stem Cells 6. 
for Neuronal Repair. Isr Med Assoc J. 2006; 8(1): 61-66.
Mareschi K, Novara M, Rustichelli D, Ferrero I, Guido D, 7. 
Carbone E, et al. Neural differentiation of human mes-
enchymal stem cells: evidence for expression of neural 
markers. Exp Hematol. 2006; 34(11): 1563-1572.
Wislet-Gendebien S, Hans G, Leprince P, Rigo JM, Moo-8. 
nen G, Rogister B. Plasticity of cultured mesenchymal 
stem cells: switch from nestin-positive to excitable neuron-
like phenotype. Stem Cells. 2005; 23(3): 392-402.
Yeu IS, Lee HJ, Yi JS, Yang JH, Lee IW, Lee HK. The sur-9. 
vival and migration pattern of the bone marrow stromal 
cells after intracerebral transplantation in rats. J Korean 
Neurosurg Soc. 2004; 36: 400-404. 
Hellmann MA, Panet H, Barhum Y, Melamed E, Offen D. In-10. 
creased survival and migration of engrafted mesenchymal 
bone marrow stem cells in 6-hydroxydopamine-lesioned 
rodents. Neurosci Lett. 2006; 395(2): 124-128. 
Tropel P, Noël D, Platet N, Legrand P, Benabid AL, Berger 11. 
F. Isolation and characterization of mesenchymal stem 
cells from adult mouse bone marrow. Exp Cell Res. 2004; 
295(2): 395-406.
Brinchmann JE. Expanding autologous multipotent mes-12. 
enchymal bone marrow stromal cells. J Neurol Sci. 2008; 
265(1-2): 127-130.
Lu P, Jones LL, Tuszynski MH. BDNF-expressing marrow 13. 
stromal cells support extensive axonal growth at sites of 
spinal cord injury. Exp Neurol. 2005; 191(2): 344-360. 
Zhao LR, Duan WM, Reyes M, Keene CD, Verfaillie CM, 14. 
Low WC. Human bone marrow stem cells exhibit neural 
phenotypes and ameliorate neurological deficits after 
grafting into the ischemic brain of rats. Exp Neurol. 2002; 
174(1): 11-20. 
Lindvall O, Kokaia Z. Stem cells for the treatment of neuro-15. 
logical disorders. Nature. 2006; 441(7097): 1094-1096. 
García-Miniet R, Alberti-Amador E, Castellano-Ortega 16. 
MR. Ex vivo gene therapy in the treatment of Parkinson's 
disease.Rev Neurol. 2003;  36(11): 1073-1077.
Shintani A, Nakao N, Kakishita K, Itakura T. Protection of 17. 

dopamine neurons by bone marrow stromal cells. Brain 
Res. 2007; 1186: 48-55.
Tatard VM, D'Ippolito G, Diabira S, Valeyev A, Hackman 18. 
J, McCarthy M, et al. Neurotrophin-directed differentiation 
of human adult marrow stromal cells to dopaminergic-like 
neurons. Bone. 2007; 40(2): 360-373.
Zhao LX, Zhang J, Cao F, Meng L, Wang DM, et al. Modi-19. 
fication of the brain-derived neurotrophic factor gene: a 
portal to transform mesenchymal stem cells into advanta-
geous engineering cells for neuroregeneration and neuro-
protection. Exp Neurol. 2004; 190(2): 396-406. 
Yeon Lim J, Jeun SS, Lee KJ, Oh JH, Kim SM, Park SI, et 20. 
al. Multiple stem cell traits of expanded rat bone marrow 
stromal cells. Exp Neurol. 2006; 199(2): 416-26.
Ohta M, Suzuki Y, Noda T, Ejiri Y, Dezawa M, Kataoka 21. 
K, et al. Bone marrow stromal cells infused into the cer-
ebrospinal fluid promote functional recovery of the injured 
rat spinal cord with reduced cavity formation. Exp neurol. 
2004; 187(2): 266-278.
Ye M, Wang XJ, Zhang YH, Lu GQ, Liang L, Xu JY, et al. 22. 
Transplantation of bone marrow stromal cells containing 
the neurturin gene in rat model of Parkinson's disease. 
Brain Res. 2007 ; 1142: 206-216.
Lu L, Zhao C, Liu Y, Sun X, Duan C, Ji M, et al. Therapeu-23. 
tic benefit of TH-engineered mesenchymal stem cells for 
Parkinson’s disease. Brain Res Brain Res Protoc. 2005; 
15(1): 46-51.
Lee JB , Kuroda S, Shichinohe H, Yano S, Kobayashi 24. 
H, Hida K, et al. A pre-clinical assessment model of rat 
autogenic bone marrow stromal cell transplantation into 
the central nervous system. Brain Res Brain Res Protoc. 
2004; 14(1): 37-44.
Deng YB, Ye WB,Yan Y, Zhou YF.   Intravenously admin-25. 
istered BMSCs reduce neuronal apoptosis and promote 
neuronal proliferation through the release of VEGF after 
stroke in rats. Neurol Res. 2010; 32(2): 148-156.
Park CH, Minn YK, Lee JY, Choi DH, Chang MY, Shim JW, 26. 
et al. In vitro and in vivo analyses of human embryonic 
stem cell-derived dopamine neurons.J Neurochem. 2005; 
92(5): 1265-1276.
Yaghoobi MM, Mowla SJ. Differential gene expression 27. 
pattern of neurotrophins and their receptors during neuro-
nal differentiation of rat bone marrow stromal cells. Neu-
rosci Lett. 2006; 397(1-2): 149-154.
Tatard VM, D'Ippolito G, Diabira S, Valeyev A, Hackman 28. 
J, McCarthy M, et al. Neurotrophin-directed differentiation 
of human adult marrow stromal cells to dopaminergic- like 
neurons. Bone. 2007; 40(2): 360-373. 
Li Y, McIntosh K, Chen J, Zhang C, Gao Q, Borneman J, 29. 
et al. Allogeneic bone marrow stromal cells promote glial-
axonal remodeling without immunologic sensitization after 
stroke in rats. Exp Neurol. 2006; 198(2): 313-325.
Dezawa M, Kanno H, Hoshino M, Cho H, Matsumoto N, 30. 
Itokazu Y, et al. Specific induction of neuronal cells from 
bone marrow stromal cells and application for autologous 
transplantation. J Clin Invest. 2004; 113(12): 1701-1710. 
Yeon Lim J, Jeun SS, Lee KJ, Oh JH, Kim SM, Park SI, et 31. 
al. Multiple stem cell traits of expanded rat bone marrow 
stromal cells. Exp Neurol . 2006; 199(2): 416-426. 
Baksh D, Song L, Tuan RS. Adult mesenchymal stem 32. 
cells: characterization, differentiation, and application in 
cell and gene therapy. J Cell Mol Med. 2004; 8(3): 301-
316. 
Casper D, Finkelstein E, Goldstein IM, Palencia D, Yunger 33. 
Y, Pidel A. Dopaminergic neurons associate with blood 
vessels in neural transplants. Exp Neurol. 2003; 184(2): 
785-793. 
Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, 34. 
et al. Intravenous administration of human bone mar-
row stromal cells induces angiogenesis in the ischemic 
boundary zone after stroke in rats. Circ Res. 2003; 92(6): 

Haji Ghasem Kashani et al.

CELL JOURNAL(Yakhteh), Vol 12, No 4, Winter 2011       523



692-699.
Deumens R, Blokland A, Prickaerts J. Modeling Parkin-35. 
son’s disease in rats: an evaluation of 6-OHDA lesions of 
the nigrostriatal pathway. Exp Neurol. 2002; 175(2): 303-
317. 
Richardson RM, Broaddus WC, Holloway KL, Fillmore 36. 
HL.Grafts of adult subependymal zone neuronal pro-
genitor cells rescue hemiparkinsonian behavioral decline. 
Brain Res. 2005; 1032(1-2): 11-22.
Paxinos G, Watson C. The rat brain in stereotaxic coordi-37. 
nates. Sydney: Academic Press; 1986: 404-407.
Baier PC, Schindehütte J, Thinyane K, Flügge G, Fuchs 38. 
E, Mansouri A ,et al. Behavioral changes in unilaterally 
6-hydroxy-dopamine lesioned rats after transplantation of 
differentiated mouse embryonic stem cells without mor-
phological integration. Stem Cells. 2004; 22(3): 396-404.
Rismanchi N.Cell death and long-term maintenance of 39. 

neuron-like state after differentiation of rat bone marrow 
stromal cells:a comparison of protocols. Brain Res. 2003; 
991(1-2): 46-55. 
Gregory CA, Prockop DJ, Spees JL. Non-hematopoietic 40. 
bone marrow stem cells: Molecular control of expansion 
and differentiation. Exp Cell Res. 2005; 306(2): 330 - 
335.
Tseng PY, Chen CJ, Sheu CC, Yu CW, Huang YS. Spon-41. 
taneous differentiation of adult rat marrow stromal cells in 
a long-term culture. J Vet Med Sci. 2007; 69(2): 95-102.
Muñoz-Elías G, Woodbury D, Black IB. Marrow stromal 42. 
cells, mitosis, and neuronal differentiation: stem cell and 
precursor functions. Stem Cells. 2003; 21(4): 437-448. 
Peaire AE, Takeshima T, Johnston JM, Isoe K, Nakashima 43. 
K, Commissiong JW. Production of dopaminergic neurons 
for cell therapy in the treatment of Parkinson’s disease. J 
Neurosci Methods. 2003; 124(1): 61-74.

CELL JOURNAL(Yakhteh), Vol 12, No 4, Winter 2011 524

Transdifferentiation of BMSCs into TH Cells


