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Context: Parkinson's disease (PD) is one of the common neurodegenerative disorders, characterized by the gradual loss of dopamine
(DA) containing neurons in the substantia nigra. It is currently treated by [-DOPA and DAergic drugs. Although these treatments are very
effective in the beginning of the disease, but they are not curative and have side effects in chronic use.

Evidence Acquisitions: The aim of cell replacement therapies for PD is looking for a long-lasting relief of patients’ symptoms. Different
sources of stem cells are recruited to establish a long lasting treatment for PD. We have categorized them into embryonic stem cells from
the fertilized egg, neural stem cells from the embryonic or adult brain, mesenchymal stem cell, and stem cells from other tissues. In this
review we used three key words "Parkinson's disease, stem cells and neostriatum transplantation" to search in "PubMed" search engine. We
found more than hundreds of publications but limitation for citation led us to select only those that were more innovative.

Results: Cell replacement therapies in PD aim to provide greater long-lasting relief of patients’ symptoms. Although the transplants
survive, reinnervate the striatum, and generate adequate symptomatic relief in some patients yet side effects are still major concern.
Conclusions: This article reviewed different sources of cell used in transplantation and focused on their advantages and disadvantages

in transplantation studies.
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1. Context

Parkinson’s disease (PD) is a common neurodegenera-
tive disorder presented by motor symptoms such as bra-
dykinesia, rigidity and tremor. Gradual loss of nigrostria-
tal dopamine (DA) neurons and neuronal degeneration
in non-DAergic systems is the hallmark of PD (1). Current
therapies have focused on medical and surgical treat-
ment for controlling these symptoms. Levodopa, DA ago-
nists, and monoamine oxidase-B inhibitors are effective
pharmacological therapies in the early stages of the dis-
ease. Levodopa is still the most effective drug, but the side
effects of long term usage of this drug such as dyskinesias
and failure to change the nonmotor symptoms like psy-
chiatric and cognitive deficit led research to find more
effective therapies (2). New therapies during the past
couple of decades have improved treatment of PD such
as Deep Brain Stimulation (DBS) of subthalamic neuclei
and neural replacement therapy using stem cells (3).

2. Evidence Acquisition

New therapies should ideally be able to relieve pa-
tients from all kinds of symptoms. DA producing cells
implantation to injured site may replace or rescue
functional neurons and restore physiological neural
circuits (4). Hypothetically, DA neurons could be made
from stem cells of four different sources: 1) Embryonic
stem cells (ESCs) from the fertilized egg, 2) Neural stem
cells (NSCs) from the embryonic or adult brain, 3) Mes-
enchymal stem cells (MSCs), 4) Stem cells from other
tissues. Non-NSCs need to differentiate to NSCs before
use for transplantation. Both MSC and NSC are related
to somatic stem cells and can develop to neuronal cells.
NSCs isolated from embryonic or adult brains have less
propagation capability than ESCs. MSCs derived from
umbilical cord and bone marrow have the ability to dif-
ferentiate to multiple lineage of neural cells and have a
good expansion capacity (5). In this article, we present
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Cell replacement therapies in Parkinson’s disease aim to provide long-lasting relief of patients’ symptoms. The transplants survive, reinnervate the stria-
tum, and generate adequate symptomatic relief in some patients for more than a decade following-up transplantation.
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an overview of different stem cells that may be used as
an origin of donor tissue for cell replacement therapy
in PD.

2.1. Embryonic Stem Cells

ESCs are obtained from the blastocyst, with the abil-
ity of self-renewal and differentiation into several types
of cells including DAergic neurons (6). Isolation of ESC
line was done in 1981 from mouse blastocyst and hu-
man ES cell lines were generated 17 years later (7-9). In
order to show the effect of stem cells therapy on PD,
an animal model was recruited. For making an animal
PD model, neurotoxic compounds such as (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) MPTP and 6-hy-
droxydopamine (6-OHDA) were recruited, although the
extent to which they lead to mimic true PD symptoms
still remains unclear (4). They are pluripotent cells with
the ability to differentiate to different type of cells in-
cluding DAergic neurons (10). Survival of transplanted
rodent and human ESC-derived DAergic neurons into
the striatum of PD rat was studied, and it showed some
degrees of recovery (11, 12). However, follow-up studies
failed to show long term survival of ESC-derived DAergic
neurons in recipients (11, 13). ESCs can be differentiated
into neural progenitor cells (NPC), but functionality is
required to become a DAergic neuron. Studies showed
cocultured ESC with feeder cells that contain stromal
cell-derived inducing activity (SDIA) enhanced neuro-
nal percentage in culture (14). High percentage of pri-
mate ESCs when cocultured with mouse Sertoli cells dif-
ferentiated to tyrosine hydroxylase (TH) positive after
three weeks of induction. These cells were alive in mu-
rine models for two months (15). McKay and colleagues
showed that the presence of fibroblast growth factor 2
(FGEF-2) facilitates in vitro generation of DA neurons in
high yield from mouse ESCs (16). This application was
also used to generate DA neurons for non-human pri-
mate ESC (17). It has been recently reported that over-
expression of Nurr-1, DAergic specific transcription
factor, in ESCs forced them to induce DAergic neurons.
In vivo study of these cells by injecting into striatum of
rat PD model revealed that they could survive, extend
processes and reduce deficits (11). Morizane cultured
mouse embryonic stem cells in the presence of vari-
ous cell lines and noticed that bone marrow-derived
stromal cell line was a potent inducer of neuronal dif-
ferentiation (18). These cells produced DA and showed
substantial short-term survival (at two weeks) after
transplantation to the mouse striatum. Furthermore,
studies revealed that incubation of primate ESCs with
the stromal cell-derived was able to generate neurons
expressing mesencephalic DA markers (19). These trans-
planted cells functioned as DAergic neurons and de-
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creased MPTP induced PD symptoms in primate models
(17). DAergic cells can be obtained from several human
ESC lines and show DAergic characters after transplan-
tation (20). After isolation of human ESCs in 1998, pub-
lic interest increased in ESC therapy (21). Three types of
central nervous system cells including astrocytes, neu-
rons, and oligodendrocytes could be produced and iso-
lated under specific conditions from human ESCs (22).
Neural progenitor cells (NPC) can be obtained from the
differentiation of human ESC. Reubinoff and colleagues
by culturing human ESC on a feeder cell layer and sup-
plementation of medium with basic fibroblast growth
factor (bFGF) and epidermal growth factor (EGF) differ-
entiated the human ESC to NPC (23). Human ESCs in the
presence of signaling protein sonic hedgehog (shh)
and FGF-8 with telomerase-immortalized human fetal
midbrain astrocytes potentiate DAergic neurons. The
grafted cells (in striatum) yield a significant, substan-
tial, and long-lasting restoration of motor function in
animal PD model (12). Efficiency of neuronal differen-
tiation from human ESC was increased in the presence
of 50% conditioned medium from human hepatocarci-
noma cell line, HepG2 (24). However, after transplanta-
tion, cells survived but less than 2% expressed DAergic
markers (23). So far, human ESCs have not been shown
to produce a pure specific population of cells after dif-
ferentiation (8). DAergic neurons derived from hu-
man ESC were transplanted into the striatum of MPTP
induced Parkinsonian monkeys, after 14 weeks showed
fluorodopa uptake detected by a positron emission to-
mography (PET) study and had improvements in their
motor deficit (25). Studies revealed that differentiation
of human ESC prior to transplantation reduced tera-
toma formation (26). This side effect can be reduced or
ceased if differentiated NPC from human ESC is used.
Cell sorting techniques such as GFP-dependent sort-
ing, because of their low ability of differentiation and
proliferation (27) and antibiotic selection (28), as well
as immune selection procedures facilitate isolation of
NPC from culture (29). Symptomatic relief after at least
eight weeks of human ESC derived DAergic neurons
transplantation was seen (4). Although ESCs are one of
the most useful cell sources for transplantation, yet a
major concern is tumor and cancer formation. Genom-
ic alterations with longer passage turned the cultured
human ESC to cancerous cells. Reports showed that
cell sorting or prolonged differentiation may reduce
the risk of tumor formation (26, 30, 31). In summary,
human ESC is a promising source of NPC and DAergic
neurons. Neurons derived from it could survive, extend
their processes and express DA which ameliorates the
induced deficit in animal models. However, the risk of
tumor and cancer formation from using human ESC is
still a major concern (4).
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2.2. Neural Stem Cells

NSCs are multipotent cells, with self-renewal ability
and give rise to neuronal lineage such as neurons, oligo-
dendrocytes, and astrocytes. During the developmental
stage, primarily, progenitor cells appear in the telence-
phalic ventricle. Cells lie in this zone, grow exponentially
by symmetrical cell division followed by asymmetric cell
division and this gives rise to another precursor cell and
neuron. In the next step, the generated precursor cell mi-
grates from the ventricle to form the cortical plate (32).
Recent studies have identified NSCs in the adult brain,
besides the developing brain (33).

2.2.1. Embryonic or Fetal Neural Stem Cells

Fetal NPC have been isolated from different species
such as primates, porcine and murine fetal ventral
mesencephalon. Studer and colleagues in 1998 showed
that in the presence of mitogens such as FGF-2, in the
medium, increased expansion of ventral mesencephalic
(VM) cells was obtained from Ei12 rats (34). This group,
by removal of FGF-2 from medium culture of rat’s em-
bryo mesencephalic tissue, induced them to form TH-
positive neurons. Although these cells look like DAergic
neurons, their survival rate was not promising after
transplantation (35). It has been shown that Fetal brain
neural SC derived DAergic neurons are associated with
lower risk of tumor formation and immune rejection
compared to ESCs (36). On the other hand, neural pro-
genitors can grow as primary culture in appropriate
media (8). Two culture protocols used for growing NSCs:
1) brain tissue cultured in the medium containing mito-
gens EGF and|/or FGF-2, generating free-floating colonies
and 2) adherent immortalized NSC cell lines. It has been
shown that NSCs can integrate into a neural network,
restore the projection of substantia nigra to striatum,
reduce symptoms, and it has been reported that they
can be detectable in the host environment after five
months of transplantation (37). Studies have shown
that FGF-2 enhanced the differentiation of NSCs into
DAergic neurons by approximately 80% (38). Nurrl is a
transcription factor and its over-expression in the ESCs
or NSCs facilitates differentiation to DAergic neurons
(11). McKay has reported that the presence of ascorbic
acid in the medium of cultured mesencephalic precur-
sors promotes DAergic differentiation (35). Moreover, if
environmental oxygen remains low; the induction of
DAergic neurons in the presence of ascorbic acid will
be enhanced (39). Another group tested the EGF effect
on rat embryo’s mesencephalic culture (40). They ex-
panded neurospheres and showed that in the presence
of soluble cytokines, glial cell line-derived neurotrophic
factor (GDNF), striatal conditioned medium, and insol-
uble (mesencephalic membrane fragments) molecules,
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they can subsequently be differentiated into a DAergic
neurons (41). Presence of bFGF in the serum-free me-
dium and use of pre-coated culture dishes enhanced
cell population by ten folds. Free-floating aggregations
of the cells in a bFGF free medium containing 10% fetal
bovine serum differentiate the cells and increase DAer-
gic neurons by up to 18%. Transplantation of these cells
into rat models of PD ameliorates distortion of rotator
behavior in these animals. In 1979 Perlow and colleagues
showed allotransplanted fetal ventral mesencephalic
(VM) tissue into a rat model of PD survived and exerted
some functional recovery (42). Lesionized 6-OHDA rat
transplanted with a solid piece of embryonic rat VM
into the neostriatum showed DAergic fiber outgrowth
from the graft into the host striatum,, improving the
amphetamine-induced rotation test, but not recover-
ing thecontralateral neglection (43). It might be due to
the lack of proper innervations of graft into the brain
lesion, thus DA-rich nigral cell suspension method for
transplantation was developed (44). Previous studies
reported that nondifferentiated NSCs taken from a hu-
man source have limited differentiation in vivo and only
partially affect PD-like symptoms (45). A small number
of NSC progeny can differentiate into DA phenotypes (1).
A recent study showed that nondifferentiated NSCs im-
planted into PD primates survived, migrated, and had a
functional impact (46). Transplantation of human fetal
mesencephalic tissue obtained from six to nine weeks
aborted fetus to the striatum reverses behavioral defi-
cits in PD animal models through restoration of striatal
DA transmission (47). Human mesencephalic precursor
cells were cultured in vitro, in the presence of EGF and
FGF-2 in a low oxygen atmosphere. Cultured cells were
differentiated in media containing interleukin 1 beta (IL-
1B), interleukin 11 (IL-11), leukemia inhibitory factor (LIF)
and GDNE. Up to 1% of the precursor cells showed TH-
phenotype (41). Restoration of nigrostriatal pathway in
PD animal model by dissociated VM tissue from human
embryos was also studied to find whether transplanted
cells could integrate into the nigrosterial pathway (48).
After13-20 weeks, transplanted VM neurons became TH-
positive with terminal connection to striatum. Based
on previous studies, the first clinical trials were done
in 1980s. Allotransplantation of fetal VM tissue in PD
patients resulted in improvement of some symptoms
(4). Human embryonic VM grafted to striatum of PD pa-
tients, who do not respond to the replacement therapy,
show symptom reduction with functionality improve-
ment (49). However, the clinical improvement was very
variable from one patient to another. The first problem
was the appearance of disabling dyskinesia in some pa-
tients (50). Secondly, if it becomes a routine source of
transplantation, a large number of fetuses are required
per patient, while there are ethical implications regard-
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ing the use of aborted tissue (4). Since the initiation of
first graft in 1987 more than 200 patients with PD have
received intra-striatal grafts of human embryonic mes-
encephalic tissue. Clinical evaluation demonstrates that
grafted DA neurons can survive in re-innervate part of
the host striatum. The majority of patients with surviv-
ing grafts showed long-term improvement of therapeu-
tic value, but complete symptomatic relief was not seen
(51). Using PET showed increased uptake of flourodopa
in grafted primary mesencephalic DA neurons (52) and
histopathological studies revealed neuritis extension
in grafted neurons up to 7 mm with synaptic formation
(53). Follow-up studies did not report any immunologi-
cal rejection of the grafts, even several years after with-
drawal of immunosuppressive drugs (54).

2.2.2. Adult Neural Stem Cells

Endogenous adult NSCs were identified by Altman and
Das (55) in 1965 who discovered signs of mitosis in the rat
hippocampus. Until 1992 when Reynolds and Weiss iso-
lated multi-potent cells from adult striatum no progres-
sion was seen in this field (56). Since then, many groups
isolated and cultured obtained cells from various brain
regions such as cortex, optic nerve, retina, hippocampal
dentate gyrus (DG), hypothalamus, septum, spinal cord
and substantia nigra in vitro. Further studies revealed in
vivo neurogenesis in the sub-ventricular zone (SVZ), ol-
factory bulb, and the sub-granular zone (SGZ) of the DG.
the other studies revealed existence of stem cell popu-
lation with proliferative capabilities in the adult brain,
opening up therapeutic potential for neurodegenerative
disease (4). Using adult mouse SVZ obtained cells, Daadi
and Weiss produced a small number of TH-expressing
cells by culturing them in the presence of FGF-2 and glial
cell in conditioned media (57). Lie and colleagues have
shown the existence of progenitor cells in adult substan-
tia nigra, which only give rise to glial cells in situ and not
to neurons. However, when grafted in the hippocampus,
appropriate signals induced neuronal like cells. The ma-
jor challenge will be to identify those signals which can
drive the substantia nigra cells down to DAergic neuro-
nal lineage (58). The major advantage of adult NSCs could
be the lack of immune reaction. However, several prob-
lems with this approach might be predicted; obtaining
these cells from SVZ of human is very difficult. Moreover,
whether these human cells can expand in sufficient num-
bers to DA neurons should be studied. Indeed, in a PD pa-
tient these cells may be functionally impaired due to age,
disease process or long-term drug treatment (54).

2.3. Mesenchymal Stem Cell

MSCs are found in the bone marrow and umbilical cord.
In 2004, in a study highly specific induction of DAergic
neurons was demonstrated from both rat and human
MSCs by Dezawa and colleagues (59).
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2.3.1. Bone Marrow

Bone marrow-derived stromal cells and mesenchymal
SCs (MSCs) have been considered as potential sources
for transplantation in PD (1). Bone marrow contains
hematopoietic and MSCs (5). After injection of bone
marrow-derived stromal cells into the striatum of a
mouse PD model, low population of TH positive cells
was observed (60). However characteristics of DAer-
gic neurons, DA production, in this study were not as-
sessed. Jiang recently described a protocol for induction
of DAergic neurons from MSCs. Induction of expressing
DAergic neuron markers (DA decarboxylase- and TH-im-
munoreactivity) after culture of MSC in the presence of
FGF -2, FGF- 8,and BDNF was shown (61). The best route of
injection would be systemic injection. However, in the
experiments of Jiang and colleagues, the intravenous in-
fusion of the MSCs did not give rise to any engraftment
in the brain (61). Intrastriatal injection of mouse MSCs
exhibits significant improvements in the rotarod test
compared to systemic injection, and the cells survive
for more than four months (60). Moreover, TH gene was
transfected into MSC and injected into striatum of a PD
rat. The grafted TH-engineered rat MSCs showed TH gene
expression efficiency of about 75% and reduction in the
rounds of asymmetric rotation (62). Unlike other stem
cells, MSCs are capable of migrating to lesion sites to re-
pair diseased cells and tissues (63). Therefore MSCs are
safe and ethically acceptable sources of stem cells more-
over they can be obtained from the patient’s own bone
marrow (5). Recently, a clinical trial on advanced PD
patients with unilateral transplantation of autologous
bone marrow-derived MSCs into the sublateral ventricu-
lar zone reported modest clinical improvement with no
adverse effects such as tumor formation at 12 months
(64). Survival of transplanted cells was not assessed by
PET in this study (47). Although promising data were
generated from MSC transplantation, yet more studies
are needed to elucidate survival of transplanted cells
and identify DAergic properties of injected cells and in-
tegration of cells into neuronal network. In summary,
easy accessibility of MSC compared to other mentioned
sources bring more attention to the use of these cells
in replacement therapy for PD. Researchers used these
cells as a shuttle to deliver TH gene, or directly injected
them into striatum. Although some benefits after trans-
plantation of MSc has been shown in rodent models, the
major issue is differentiation of MSCs to neurons and
how much they can integrate in to the neuronal net-
work and properly secrete DA.

2.3.2. Umbilical Cord

Umbilical cord cells (UCCs) are another potential source
of pluripotent cells. After differentiation, the cord blood-
obtained precursor cells give rise to a relatively high
proportion of oligodendrocytes (11% of the total popula-
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tion of differentiating cells). Easy accessibility and long
term preservation make UCCs a new promising source of
neuronal precursors. It has been shown that coculturing
with primary cortex enhances neuronal differentiation
through paracrine trophic effects of neuronal cortex (8).
Another MSC source, which can be obtained from the hu-
man umbilical cord Wharton’s Jelly, is the umbilical cord
matrix stem cell (UCMS). Human UCCs were depleted
from hematopoetic cells and their neuronal lineage was
expanded in the presence of thrombopoietin, flt-3 ligand,
and c-kit ligand (TPOFLK); however, results from in vivo
use of these cells are not available (65). Transplantation
of undifferentiated human UCMS cells into the brains
of nonimmune suppressed PD rats’ ameliorated apo-
morphine, induced rotations in the pilot test (66). The
advantages of UCMs over MSCs are low cost, pain-free col-
lection, and continuation of surface markers expression
after freeze-thaw processing. Taken together, evidence
showed that MSCs could be a useful source of autologous
stem cells for cell replacement therapy in PD, but still
they need to differentiate to neuronal expressing cells
under certain conditions, which change the functional
rate of these kinds of cells when transplanted into par-
kinsonian human brain.

2.4. Other Cells

2.4.1. Fibroblast Cells

Another promising source of stem cells (SCs) is adult
fibroblasts that are reprogrammed to so-called induced
pluripotent SCs (iPSCs) (67) and then differentiated to
DAergic neurons. The iPSC technology increased the
possibility of generating a new source of patient-spe-
cific DAergic neurons, which could theoretically also
be used for autologous transplantation (68, 69). It has
been shown that over expressing four transcription fac-
tors Oct4, Sox2, KIf4, and c-Myc induces pluripotency in
mice fibroblasts. DAergic neurons were first generated
from mouse iPSCs, transplanted into the striatum of a
rat model of PD and shown to ameliorate functional def-
icits (69). Such neurons survived after transplantation
into striatum of PD rodent and produced some degree
of functional recovery (70). Recently, human derived
fibroblast was induced to DAergic neurons (71) and in-
jected into PD patients (70). These cells can be obtained
from the patient themselves, minimizing the immune
reactions. Such neurons survived transplantation into
the striatum of PD rodents and produced some degree
of functional recovery (70). Wernig and colleagues (69)
and Hargus et al. (70) minimized the risk of tumor for-
mation by separating contaminating pluripotent cells
and committed neural cells using fluorescence activat-
ed cell sorting (FACS). Indeed, Hargus and colleagues

Arch Neurosci. 2014;1(2)

reported only a few graft-derived axons re-innervating
the rat striatum, which is clearly less than those of hu-
man fetal mesencephalic tissue transplants, improving
only asymmetrical rotation in rat model with no effect
on other phenotypes (70).

2.4.2. Sympathetic Ganglion Neurons

Research on sympathetic ganglion neurons as donor
tissues has been reported for over almost two decades.
As both adrenalin and DA belong to the monoamine pro-
teins family, researchers by transplantation of adrener-
gic tissue, obtained from cervical or thoracic sympathetic
trunk, into the striatum of patients reported some kinds
of benefit (72).

2.4.3. Adrenal Medulla

Madrazo et al. in 1987 pioneered using of adrenal med-
ullary tissue as a source of DAergic neurons (73). Howev-
er, little benefit was obtained from medulla transplanta-
tion (74).

2.4.4. Carotid Body

The carotid body found near the bifurcation of the com-
mon carotid artery, is a chemosensory organ which cells
release DA in response to hypoxia (75). These cells have the
potential of dividing in response to a hypoxic environ-
ment and have been reported to better transplantation
survival rate compared to nigral stem cells (76). Studies
showed that the intra-striatal transplantation of carotid
body cells reduce motor deficit in parkinsonian rats (76)
and MPTP-treated monkeys (77). Preliminary auto-graft
transplantation results indicate that these kinds of cells
may be a viable clinical approach, but side effects such as
autonomic feature of PD patient and extent of symptoms
reduction must be considered (4).

3. Results

Although using stem cells as a new source of therapy
brings hope for the research field, but there are many is-
sues, which should be resolved before testing in PD pa-
tients such as scientific, clinical and ethical problems. All
above-mentioned stem cells have their own advantages
and disadvantages when considered for cell replacement
therapy in PD. For example, ESCs with highest prolifera-
tion and differentiation rates have teratoma formation
capacity which is a real safety risk. On the other hand,
embryonic neural progenitor cells show good neuronal
differentiation potential but ethical and immune re-
sponses are of concern. NSCs and MSCs taken from the
patients themselves might increase safety of transplanta-
tion but survival and long-time benefit should be studied
further. iPSC is a new line of cell which may be derived
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from the patient itself and reprogrammed to induce to
DA neurons.

4. Conclusions

Most of the cells discussed in this review need to be dif-
ferentiated or reprogrammed to induce DA neurons un-
der certain conditions. A major question is whether this
condition is provided in the human body for these kinds
of cells, and to what extent they can act as DA neurons.
Research in the stem cell field in the future should focus
on obtaining NSCs with endogenously capability of pro-
duction of DA such as olfactory DAergic cells in order to
not only ameliorate the symptoms of PD but also lessen
ethical, safety and manipulation processing.
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