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Abstract

Parkinson’s disease is characterized by the loss of dopaminergic neurons in the substantia nigra. Attempted replacement of these neurons
stem cells has proved inconclusive. Bone marrow mesenchymal stem cells (MSC) are multipotent, differentiating into a variety of cells, including
neuron-like cells. We used the 6-hydroxydopamine (6-OHDA) animal model of Parkinson’s disease to assess migration and differentiation of
transplanted MSC. We found in rodents that transplanted MSC survive better in the 6-OHDA-induced damaged hemisphere compared to th
unlesioned side. Moreover, contralaterally engrafted MSC migrated through the corpus callosum to populate the striatum, thalamic nuclei an
substantia nigra of the 6-OHDA-lesioned hemisphere. In conclusion, we demonstrate that 6-OHDA-induced damage increases the viability o
transplanted MSC and attracts these cells from the opposite hemisphere.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Parkinson’s disease (PD) is a progressive neurodegenerative diseuced rotation scores in 6-OHDA lesioned ri8]. Bone
ease characterized by the loss of dopaminergic neurons in thearrow derived stem cells, provide an alternative to embryonal
substantia nigra pars compacta and the consequent loss of pgiem cells, in thatthey are easily harvested, isolated, and purified
jecting nerve fibers in the striatufg@]. Although the presence and their use is not limited by ethical issues. It is now well estab-
of intrinsic neural stem cells that have the potential to renewished that apart form hematopoietic stem cells, bone marrow is
to new neurons in response to injury has been well demoncomposed of mesenchymal stem cells (MSC), that have proved
strated to occur in the subventricular zone and hippocaf@us to be multipotent cells with the potential to differentiate into a
this intrinsic repair is insufficient to prevent disease expressionvariety of cells, such as osteoblasts, chondrocytes and adipocytes
Therefore, replacing degenerated neurons by exogenous potg¢h®]. Moreover, recent studies have shown that in vitro, MSC
stem cells that can generate unlimited numbers of cells, presentsight be induced to undergo differentiation to neuron-like cells
a more promising technique for tissue repair and regeneration ifi5]. One of the vital processes that implanted stem cells have
PD[18]. Fetal brain tissue has been transplanted in patients witto undergo in order to influence damaged tissue is migration
PD, but results have proven inconclusive, and despite some climnd differentiation. Although it has already been reported that
ical improvement, the use of fetal tissue is limited by ethical andstem cells have the capacity to migrate towards damaged tis-
logistical issue$9,20]. Transplantation of induced dopaminer- sues in the CN$§L], this has not been established in the animal
gic neurons derived from mouse embryonic stem cells has beenodel of PD. The aim of this study was, therefore, to investigate
shown to improve the neurological symptoms of rats with a 6-whether transplanted bone marrow derived stem cells survive in
hydroxydopamine (6-OHDA) induced Parkinson-like syndrome6-OHDA-injured tissue, and if they have the capacity to migrate
[12]. Dopaminergic cells derived from CNS precursors howeveto and engraft in the lesioned striatum, when transplanted in the
had limited survival and were not able to improve apomorphineopposite cerebral hemisphere.
In the first experiment, 6-OHDA (dg) was injected into the
right substantia nigra of rats (Sprang dolly rats, 2580g6) ante-
* Corresponding author. Tel.: +972 3 9376130/6277; fax: +972 3 9376130. [10r 4.8 mm, lateral 1.8 mm, dorsoventral 8.1 mm, with respect
E-mail address: doffen@post.tau.ac.il (D. Offen). to the bregma and the duiil]. Fourteen days later, the lesioned
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Fig. 1. Anti-tyrosine hydroxylase (TH) staining of rat substantia nigra following 6-OHDA lesion. (A) TH positive cells in an unlesioned cor{By[THtpositive
cells after 6-OHDA lesioning.

rats were tested for rotational behavior induced by an intraperi- Forty-five days later, the rats were sacrificed. The 6-OHDA
toneal injection of amphetamine (10 mg/kg), for a period oflesion in the substantia nigra was verified with anti-tyrosine
1 h. This test confirms unilateral striatal or nigral damage. Onljhydroxylase stainingHig. 1). Immunohistochemistry of rat
rats with proven rotational behavior (>5 rpm) were selected fotissue was performed with rat anti-mouse antigen antibod-
brain transplantation of mouse bone marrow cells. Cells obtaineig¢s (M6, 1:200, v/v, Developmental Studies Hybridoma Bank,
from the femur and tibia of C57/Bl mice, were centrifuged andDSHB) followed by rabbit anti-rat HRP. The number of M6-
plated in polystyrene plastic culture flasks in a growth mediunimmunopositive cells demonstrated a significantly higher sur-
of DMEM supplemented with 15% fetal calf serum (FCS), 5%vival rate of mouse cells in the right hemisphere, the 6-OHDA
horse serum, 0.001%, beta-mercaptoethanol, 2 mM glutamin@jected side, compared to the left, unlesioned, hemisphere
100 U/ml penicillin, 100 mg/ml streptomycin, 12.5 units/ml nys- (Fig. 2). Thus, the unilateral 6-OHDA lesion in the nigra, fol-
tatin (PSN). Cells were incubated for 48 h and nonadherent cellewed by destruction of the dopaminergic terminals in the stria-
were removed. The cells, fibroblast-like in shape, were growrum, increased the survival of the engrafted cells.
and expanded in flasks for several weeks, and demonstrated typ- To address the question whether the damaged striata might
ical characteristics of mesenchymal cells including clonality,release factors that attract the transplanted cells to the lesion, we
capability to induce to adipocytes and the absence of hematopaijected 6-OHDA to the right striatum of C57/BI mice, while
etical surface markers such as CD45. MSC and MSC that were induced to differentiate to neuron like
The mouse bone marrow derived stem cells®f10vere  cells, were transplanted into the left striatum. Two microliters
injected into the right and left rat striata € 4) 20 days after of 6-OHDA was injected stereotactically into the right stria-
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Fig. 2. Transplanted bone marrow mesenchymal cells in the rat striatum following a 6-OHDA lesion of the substantia nigra on the right side. (Afaiminginos
with mouse antigen (M6) of mouse bone marrow cells in the left striatum (unlesioned side). (B) Immunostaining with M6 of mouse bone marrow céilstin the r
striatum (lesioned side). (C) Quantification of transplanted cells visualized by anti-mouse antigens (M6). (Average of 75 slides receiveddtem &ach group.)
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Fig. 3. Induction of differentiation of mouse bone marrow mesenchymal cells into neuron-like cells. (A) Mouse bone marrow mesenchymal celsedden3 w
culture. (B) Neuron-like cells after differentiation.

(B)

1.1 mm, lateral-2.3 mm, dorsoventral-4.2 mm, with respect with pararosaniline solution for 3-5min. The iron staining,
tothe bregmaand the dura. Note that only mice with proven rotasimilar to the GFP labeling, showed iron-positive MSC in the
tional behavior (>5 rpm) were selected for brain transplantationinjected striatum and a significant number of iron-positive MSC
Twenty days after lesioning, we transplanted MSC and neuronaln the contralateral striatum around the 6-OHDA lesion and
differentiated MSC (0.% 10°) obtained from the femur and in the path of the migrationfig. 4A-D). MSC and neuronal-
tibia of transgenic mice bearing the enhanced green fluorescedifferentiated MSC were seen to migrate similarly and to pop-
protein (Tg-GFPJ}8]. Neural differentiation was then performed ulate the 6-OHDA lesioned hemisphere. GFP transplanted cells
as we previously describgd5], with DMEM supplemented were counted in the brains of mice transplanted with MSC
with 10% FCS, 10 ng/ml basic fibroblast growth factor, 10 ng/mland neuronal-differentiated cells using thirty histological slides
epidermal growth factor and 10 ng/ml N2 solution for a fur- (10pum wide) for each brain taken sequentially from a brain slice
ther 24 h. The medium was then changed to one composed efarting 0.14 mm rostral to the bregma and endij44 mm
DMEM supplemented with 20@M butylated hydroxyanisole, caudal to the bregma. For each brain the average was calculated
1 mM dibutyryl cyclic AMP, 0.5 mM isobutylmethylxanthine, (Fig. 4E). There was no significant difference in the migration of
10 ng/mlI N2 solution, 1Q.M retinoic acid and 10Q.M ascorbic  the mouse MSC as compared to the neuronal differentiated cells.
acid. Thus, we hereby report, for the first time to our knowledge,
Forty-eight hours following differentiation, the mesenchymalthat bone marrow derived stem cells, transplanted into the stria-
stem cells showed neuronal-like morphology, including longtum of a mouse model of Parkinson’s disease survive for a few
processes and dendriteBig. 3). Twenty-four hours prior to monthsand migrate to the lesioned areain the contralateral hemi-
transplantation, cells were transfected with 5 mg/ml iron-oxidesphere.
nanoparticles (Guerbet Laboratories, France) using Fugene The capability of bone marrow stem cells to migrate has
reagent (1 microliter/ml) in DMEM medium. As a control, MSC already been demonstrated in other animal models. Azizi et
and neuronal-differentiated MSC (0x210°) were injected into  al. demonstrated migration of transplanted human marrow stem
naive mice g = 6 in each mice group). Forty-five days after trans-cells in a rat brain along known pathways for migration of neural
plantation, mice were sacrificed. The mice were anesthetizestem cells to the successive layers of the bfajn The donor
and perfused intracardially with saline followed by 4% PFA cells were found in multiple areas of the brain including the
in PBS. Brains were placed in 4% paraformaldehyde 0.1 Mcontralateral cortex but were mainly concentrated in the stria-
phosphate buffer, pH 7.4,°€ and stored in 30% sucrose in tum and along the corpus callosum. Kopen e{#] injected
a 0.1 M phosphate buffer, pH 7.4°@ for 3—4 days and then mouse marrow mesenchymal cells into the lateral ventricle of
immersed in Methyl Butane and stored -a70°C until they  neonatal mice, and after injection, the cells mimicked the behav-
were cryosectioned. Histological studies demonstrated that mogir of neural progenitors, by migrating along established routes
of the GFP-positive cells were located around the transplantedf intrinsic progenitor cells, to reach the striatum, cortex and
area in the striatum. However, transplanted cells were clearlgerebellum. However, injection of marrow mesenchymal cells
seen in the contralateral striatum around the 6-OHDA lesioninto the lateral ventricle may have enabled cells to gain access
Moreover, we found GFP cells along the path of migration fromto these various regions of the brain, through the cerebrospinal
the left striatum, through the corpus callosum, ending in the righfluid, without having to migrate. Fallon et al. showed massive
striatum, thalamic nuclei and substantia nigea( 4A-D). migration and differentiation of intrinsic neuroprogenitor cells
The presence of the transplanted bone marrow derived steto dopaminergic neurons in the substantia nigra of a 6-OHDA
cells was also analyzed by detecting the iron-transfected cells iiesion model in rats, following infusion of transforming growth
situ; slides were placed in potassium ferrocanide 4% with equdhctor alpha into forebrain structurgs.
volume of 1.2 mmol/L hydrochloride acid solution (Sigma MA-  The mechanism of migration has been investigated. The
HT20) for 10 min, rinsed in deionized water and then stainectentral nervous system has traditionally been regarded as an
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Fig. 4. Migration of transplanted bone marrow cells from the left striatum, through the corpus callosum to the 6-OHDA lesioned right striaturan@edEBRP
mouse bone marrow mesenchymal cells in the left corpus callosum. (B) Iron staining of differentiated mouse bone marrow mesenchymal cellsarptte left c
callosum. (C) Enhanced GFP mouse bone marrow mesenchymal cells in the right striatum. (D) Iron staining of the differentiated mouse bone mahgwahesen
cells in the right striatum. (E) Evaluation of the number of GFP-transplanted MSC and differentiated cells in the lesion side (right) and tiasisiel§fett)
(averaget S.E.).

immunologically privileged organ because of arelatively imper-induce the inflammatory process and release chemotactic fac-
meable blood-brain barrier and an immunosuppressive microeters, including the stromal cell-derived factor 1 (SDF-1). This
vironment, which limits immune cell entry and functi¢8]. alpha-chemokine stimulates migration of hematopoietic progen-
6-OHDA is known, however, to induce an inflammatory processtor cells in the development of the immune system. Indeed,
with proliferation of reactive microglia in the substantia nigra SDF-1 has been shown to be highly expressed in the nervous
pars compact§/]. It is assumed that these reactive microgliasystem, and several studies have revealed that SDF-1 plays a
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