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t here is increasing evidence that tissue-specific adult stem 
cells play an invaluable role in the normal physiology 

and repair of virtually all tissues. For example, a functional 
prostate was recently generated from a single adult stem cell 
[1]. The presence of neuronal stem cells in the adult human 
brain was first reported only in 1998 [2], and since then 
accumulating evidence has demonstrated the important role 
of neurogenesis in the maintenance and, to some extent, the 
replacement of neural cells, especially in pathological condi-
tions such as stroke [3].

There are two populations of adult stem cells within the 
bone marrow: the hematopoetic stem cells and the relatively 
rare mesenchymal stem cell population. MSCs are known 
to differentiate along the mesenchymal lineage into osteo-
cytes, adipocytes and chondrocytes. However, recent find-
ings revealed that MSCs possess additional characteristics, 
including immunomodulatory properties, and it has been 
shown that MSCs can alter the cytokine secretion profile of 
immune cells when co-cultured [4]. A recent report demon-
strated that MSCs can inhibit immune reaction in an animal 
model for sepsis by influencing the cytokine production of 
macrophages, and by doing so they improved the survival of 
the septic animals [5]. Moreover, clinical trials are already 
underway to treat graft versus host disease [6].

Another interesting property of MSCs is their ability to dif-
ferentiate outside the mesodermal lineage into endodermal 
gut and lung epithelial cells, and into ectodermal neurons 
[for review see ref. 7]. It has been suggested that MSCs have 
a neural predisposition since the cells express neural markers 
such as neuron-specific enolase, neuronal nuclei, thyrosine 
hydroxylase, nestin and glial acidic fibrilary protein on basal 
levels [8]. Several groups, including ours, have shown that 
MSCs can be differentiated into dopaminergic-like cells, 
either by extrinsic signals in the medium [9] or by genetic 
manipulation [10]. The manipulated MSCs even demon-
strated beneficial effects when transplanted into experimental 
models of Parkinson’s disease and therefore were suggested as 
candidates to replace the degenerating dopaminergic neurons 
in Parkinsonian patients. 
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background: Stem cell-based therapy is a promising 
approach for the treatment of neurodegenerative disease. 
In our laboratory, a novel protocol has been developed to 
induce bone marrow-derived mesenchymal stem cells into 
neurotrophic factor-secreting cells. These cells produce and 
secrete factors such as BDNF (brain-derived neurotrophic 
factor) and GDNF (glial-derived neurotrophic factor). 
Objectives: To evaluate the migratory capacity and efficacy 
of NTF-SC in animal models of Parkinson’s disease and 
Huntington’s disease.
methods: MSCs underwent two-phase medium-based 
induction. An efficacy study was conducted on the 
6-hydroxydopamine-induced lesion, a rat model for 
Parkinson’s disease. Cells were transplanted on the day of 6- 
OHDA administration, and amphetamine-induced rotations 
were measured as a primary behavioral index. In a 
second experiment, migratory behavior was examined 
by transplanting cells a distance from a quinolinic acid-
induced striatal lesion, a rat model for Huntington’s disease. 
Migration, in vivo, was monitored using longitudinal 
magnetic resonance imaging scans followed by histology. 
results: NTF-SCs attenuated amphetamine-induced rotations 
by 45%. HPLC analysis demonstrated a marked decrease in 
dopamine depletion, post-cellular treatment. Moreover, 
histological assessments revealed that the engrafted cells 
migrated and acted to regenerate the damaged striatal 
dopaminergic nerve terminal network. In a preliminary 
work on an animal model for Huntington’s disease, we 
demonstrated by high resolution MR images and correlating 
histology that induced cells migrated along the internal 
capsule towards the QA-induced lesion. 
conclusions: The induced MSCs are a potential therapy for 
neurodegenerative diseases, due both to their NTF secretion 
and their ability to migrate towards the diseased tissue.
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abstract:

KeY wOrds:

NTF-SC = neurotrophic factor-secreting cells
MSCs = mesenchymal stem cells
6-OHDA = 6-hydroxydopamine
QA = quinolinic acid
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Apart from the replacement strategy for the treatment of 
neurodegenerative diseases, MSCs were suggested to induce 
neuroprotection through the secretion of neurotrophic 
factors. NTFs are a family of proteins that are essential for 
neuronal development and survival. It was shown that dif-
ferent neuronal subpopulations require different NTFs for 
their development and survival. Catecholaminergic neurons 
depend on glial-derived neurotrophic factors, and condi-
tioned knockout in mice results in progressive hypokinesia 
and degeneration [11]. Similarly,  GDNF and insulin-like 
growth factor 1 have a restorative effect on the dopaminer-
gic fibers in animal models of Parkinson’s disease [12,13]. 
Furthermore, conditioned knockout of brain-derived neu-
rotrophic factor in mice modified the striatal gene expression 
which becomes comparable to the expression of the striatae 
in Huntington’s disease patients [14]. 

The successful experiment in animal models paves the 
way to use NTFs for the treatment of patients suffering 
from neurodegenerative diseases. Indeed, a preliminary 
clinical trial on parkinsonian patients has demonstrated 
that chronic administration of GDNF by infusion into the 
striatum via implanted catheters ameliorated their symp-
toms. However, these positive effects were not reproduced 
in a subsequent controlled experiment [15]. The failure of 
clinical experiments was explained by the  inefficient delivery 
of these potentially therapeutic agents into the brain [16]. 
It was agreed that more efficient long-term delivery strate-
gies should be developed. Therefore, we sought to utilize the 
patients’ own adult stem cells as a carrier of NTFs to provide 
neuroprotection. We have developed a unique medium and 
novel protocol for MSC differentiation. We demonstrated 
that following induction, human and rat MSCs change their 
phenotype and acquire an astrocytic morphology and pro-
tein markers, and most importantly, dramatically increase 
the production and secretion of various neurotrophic factors 
such as BDNF and GDNF.

FOllOwing unique inductiOn PrOcess, mscs secrete  

neurOtrOPhic FactOrs 

In our studies we aimed at increasing NTF production and 
secretion in MSCs derived from human or rat donors. After 
a few weeks of isolation and culture of the MSC in standard 
conditions, we tested several cocktails of inducers and fac-
tors that might play a role in the physiological astrocytic 
differentiation. Finally, the protocol that was found to be the 
most effective in terms of NTF secretion contained growth 
medium supplemented with human epidermal growth fac-
tor, human basic fibroblast growth factor, cyclic AMP, human 
neuregulin1-β1 and platelet-derived growth factor [17,18]. 

GDNF = glial-derived neurotrophic factor
BDNF = brain-derived neurotrophic factor

We found that NTF cells secrete significant amounts of BDNF 
and GDNF when compared to control MSCs (5.85 and 2.33 
times more respectively), as measured by enzyme-linked 
immunosorbent assay.

induced mscs migrate tOwards striatal lesiOns  

When studying stem cell transplantation in vivo, one of the 
main issues is the fate of the injected NTF-SCs. The best non-
invasive method that can be applied for such a purpose in vivo 
is magnetic resonance imaging due to its high spatial resolu-
tion and tissue penetration. When contrasting agents were 
used to exogenously label cells, MRI was shown to detect up to 
a single cell [19,20]. In our studies we examined, using MRI, 
cell survival and its relevance to neurodegenerative lesions 
by following the cellular migratory behavior. Specifically, 
in all migration experiments, cells were labeled with super-
paramagnetic iron oxide particles (SPIOs, Feridex), before 
being transplanted into the lesioned animals. 

In the 6-hydroxydopamine-induced straital lesion 
model for Parkinson’s disease, we scanned the labeled cell-
transplanted animals 35 days post-transplantation. Under 
isuflorane anesthesia, a T2* scan was performed on a 7.0T/30 
cm Bruker Biospec. Three-dimensional gradient echo images 
were collected (FLASH, TR/TE = 150/14 ms, flip angle = 15º) 
with a field of view of 2.56 x 2.56 x 0.48 and a matrix size 
of 128 x 96 x 24 (zero filled to 128 x 128 x 32), resulting in 
a spatial resolution of 200 x 200 x 150 (μm)3. We were able 
to demonstrate that the transplanted cells migrated along 
the corpus callosum and into the anterior lesioned striatum. 
This is intriguing, since the cells were transplanted into the 
posterior striatum, and instead of migrating directly into 
the lesion core they circumvented it. This result was later 
confirmed by histology, where anti-human nuclei antibodies 
were discovered on immunohistochemistry studies along the 
migration trail [18].

In a different experiment we demonstrated the survival and 
migration of NTF-SC in the quinolinic acid-induced striatal 
lesion model for Huntington’s disease. SPIO-labeled cells were 
transplanted posterior to the thalamus. Three-dimensional 
gradient echo MRI scans were performed on days 0, 8 and 18 
post-transplantation (FLASH, TR/TE = 150/14 ms, flip angle 
= 15o) with FOV = 2.56 x 2.56 x 0.48 cm, matrix size = 128 
x 96 x 24 zero filled to 128 x 128 x 32, resulting in a spatial 
resolution of 200 x 200 x 150 (μm)3. For the high resolution 
images, the matrix size was enlarged to 256 x 128 x 64 zero 
filled to 256 x 256 x 64 resulting in a spatial resolution of 100 
x 100 x 75 (μm)3. The time course images revealed that the 
cells migrated as a group along the internal capsule and into 
the lesioned striatum, a length of over 5 mm. Interestingly, the 
high resolution images revealed that cells accumulated within 

FOV = field of view
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fivefold increase in NTF-treated animals as compared to the 
control group [18]. 

Regarding the Huntington’s disease animal model, after 
successfully demonstrating the robust migration of NTF-
SCs towards a QA-induced striatal lesion, we searched for a 
behavioral effect. Unfortunately, no behavioral difference was 
noted when compared to controls in terms of apomorphine-
induced rotations, spontaneous activity in an open field test 
or in the Morris water maze. 

We further searched for such an impact in the R6/2 
transgenic model of Huntington’s disease. Bilateral intras-
triatal transplantation of human-derived NTF-SC improved 
motor function in a statistically significant manner in our 
preliminary tests, although the effect was transient. Such 
an effect was not demonstrated in the MSC-treated group. 
Additionally, both cellular treatments increased the survival 
of the transgenic animals. 

Further studies are currently focused on reproducing 
the beneficial effect of NTFs in the R6/2 mice, and finding 
the best administration route. Probably the most intriguing 
question that needs to be addressed is whether Huntington 
patients’ own cells will be able to ameliorate symptoms of the 
disease as well as healthy subjects’ cells. The genetic nature of 
the disease raises the question of whether the transplantation 
of mutated cells, even autologously, would benefit the mouse 
model and if so could be replicated in patients. We intend to 
investigate the biology of patient-derived cells compared with 
normal controls in order to address this question.

cOnclusiOns

In this report we summarized our latest findings in the 
research of adult stem cells. We described a novel protocol 
that induced human or rat derived MSC into NTF-SC. This 
induction gave rise to a pronounced increase in the produc-
tion and secretion of various NTFs, mainly BDNF and GNDF, 
both known to be relevant to therapy in a variety of neurode-
generative diseases, such as Parkinson’s and Huntington’s. In 
a rat model for Parkinson disease, we found that the efficacy 
of NTF-SC was superior to that of MSC in terms of behav-
ioral, biochemical and histological indices. We demonstrated 
that NTF-SC can survive and migrate toward two different 
striatal lesions, both along white matter fibers, by means of 
in vivo MRI and corroborating histology. The preliminary 
results demonstrated a similar effect in a transgenic model 
for Huntington’s disease. These findings suggest the NTF-SC 
based treatment is efficacious due to NTF secretion and the 
cells’ migratory capabilities. Since our novel technology is 
clinically compatible and safe, we suggest that in the future, 
cell therapy based on the transplantation of NTF-SC derived 
from autologous human MSCs should become an important 
option in the treatment of neurodegenerative diseases.

the striatum in close proximity to hyper-intense signal areas, 
which is usually interpreted as areas of more severe impair-
ment [17]. Two control groups which consisted of animals 
injected with SPIOs without cells and animals injected with 
cells without a lesion did not demonstrate any migration pat-
tern or hyper-intensities in the relevant areas, apart from a 
randomly distributed radial dispersion. 

In the corresponding histological study we found the cells 
along the migration path both by Prussian blue stain for iron, 
and by PKH-26 fluorescent marker with which cells were pre-
labeled [17]. We further searched for an immune reaction 
against the transplanted cells by staining for CD68, which is 
a marker for rat macrophages. We found that only a minority 
of the cells co-expressed CD68 and PKH-26, and therefore 
we concluded that the vast majority of the cells found in the 
lesioned striatum survived [17].

the relevance OF ntF-sc treatment in ParKinsOn's and 

huntingtOn's diseases

Sprague-Dawley rats were divided into three treatment 
groups: (A) A control group that underwent a 6-OHDA-
induced striatal lesion (7 μg/2.5 μl in two different striatal 
locations unilaterally); (B) a MSC-treated group that was 
treated, apart from 6-OHDA, with MSCs posterior to the 
lesion on the same day; and (C) a NTF-SCs-treated group, 
which was similarly treated with 6-OHDA and cells were 
transplanted in the same amount and location as MSCs.

In order to evaluate the efficacy of our cellular treatment, 
we examined several behavioral, biochemical and histological 
parameters. Amphetamine-induced rotations are the hallmark 
behavioral index of this Parkinson animal model. The NTF-
SCs treatment reduced the amphetamine-induced rotational 
behavior in a statistically significant manner, beginning 28 
days post-treatment and at another time point 42 days later. 
For comparison, when untreated MSCs were transplanted, 
the rotational behavior was somewhat reduced; however, this 
group failed to reach a statistically significant threshold. 

The main biochemical parameter tested was the dopamine 
level in the lesioned striatum that was measured at the end 
of the experiment and compared to the contralateral side. 
High performance liquid chromatography measurements 
demonstrated that NTF-SC treatment, but not MSCs, inhib-
ited 6-OHDA-induced dopamine depletion in the lesioned 
striatae. There was over 2.5 times more dopamine in the 
NTF-SC-treated group than the control striatum.

Histological studies revealed that transplanting human 
NTF-SC resulted in a greater preservation of thyrosine-
hydroxylase-positive area in the 6-OHDA lesioned striatum. 
When we quantified the TH-positive area as a marker for 
the striatal dopaminergic network, we found more than a 

TH = thyrosine-hydroxylase
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The ability to regenerate damaged tissues and organs varies 
widely across animals. While mammals are able to repair 
ruptured muscles and to regrow fingertips, amphibia and 
fish have the more resilient tissues, being able to regenerate 
tails, fins, and even hearts. Although heart regeneration 
was thought to be restricted to a few species of amphibia, 
it is of particular interest to humans, because coronary heart 
disease remains a leading cause of death. Drenckhahn et 
al. have found that the fetal mouse heart is able to replace 
damaged tissue. The enzyme holocytochrome c synthase 
(Hccs) is involved in mitochondrial energy generation, and the 
authors inactivated the X-linked Hccs gene in female mice. At 

mid-gestation, heterozygous female hearts contained equal 
numbers of healthy and damaged cells; by the time of birth, 
these mice had fully functioning hearts, with less than 10% 
damaged cells. Thus, the mouse fetal heart appears to be 
regenerated predominantly from differentiated cardiac cells, 
suggesting that differentiated cells in the adult might retain 
an intrinsic capacity to expand and replace damaged tissue. 
Further studies aimed at understanding the molecular 
mechanisms involved could lead to ways of stimulating the 
regeneration of adult diseased hearts. 

Dev Cell 2008; 15: 521
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regenerating heart cells

“i died as a mineral and became a plant, i died as plant and rose to animal, i died as animal and i 
was man. why should i fear? when was i less by dying?”

Jalaluddin Rumi (1207-1273), 13th century Persian poet, Islamic jurist, theologian, and mystic 

“i have always found that mercy bears richer fruits than strict justice”
Abraham Lincoln (1809-1865), 16th U.S. President 




