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Abstract: Parkinson’s disease (PD) is a degenerative neurological disorder characterized by
the cardinal motor features of tremor, bradykinesia and rigidity.  It is associated with the
extended loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc)
resulting in a severe deficiency of DA in the striatum required for motor control. There is
currently no cure for PD and the majority of treatments available aim to reverse dopamine
deficiency and the relief of the symptoms.  Based on promising findings from early trials,
the transplantation of stem cells or stem cell derived progenitors has raised the possibility of
using cell-based therapy to replace lost cells in the diseased brain.  Embryonic stem cells
(ESCs) are highly expandable and pluripotent cells that have the ability to differentiate into
all cell types of the human body, including nervous system tissues, meaning that they have
the potential to offer a lasting treatment for PD and other neurological diseases.  However,
possible issues with safety and ethics associated with the use of undifferentiated ESCs in
humans have meant that alternative sources of transplantable cells has to be considered.
Additionally, another approach is the stimulation of brain repair by endogenous stem cells
via external manipulation.

In this review, recent advances in stem cell research in PD will be discussed, giving an
overview of the various strategies including the use of different stem cell populations for
cell replacement and the possible modulation of endogenous stem cells that have the
potential to provide effective cell-based therapy in future.
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1. Introduction:

Parkinson’s disease (PD) is the second most common neurodegenerative disease of the aging
Central Nervous System (CNS) after Alzheimer’s dementia.  It is a progressive movement disorder
associated with motor deficits including tremor, bradykinesia and rigidity, followed by postural
instability [1].  The selective degeneration of dopamine (DA) neurons in the substantia nigra pars
compacta (SNc) is a characteristic neuropathological hallmark of PD [2], although it should be noted
that other non-dopaminergic (non-DA-ergic) systems might also be affected [3].  Clinically, the
symptoms of PD do not manifest until up to 70% of DA-ergic neurons have been lost [4].  This
presents a challenge for the treatment of the disease since by the time of diagnosis, the degeneration is
largely irreparable and most current pharmacological interventions are only aimed at reversing DA
depletion and systemic relief of symptoms.  The most widely used form of treatment is levodopa (L-
DOPA), which produces substantial clinical benefits for some years by providing an exogenous source
of DA to the striatum [5].  However, the therapeutic effect of L-DOPA decreases with chronic use and
also can result in the manifestation of troubling motor complications such as involuntary movements,
so-called, dyskinesias [6].

Cell-based therapy through the application of stem cells has been proposed as future treatments for
neurodegenerative disease including PD.  Stem cells are defined as immature cells with a capacity of
self-renewal and, depending on their origin, can differentiate into specialized cell types or retain the
potential to differentiate into any somatic cell, including DA-ergic neurons [7].  The use of cell-based
therapy is based on two different strategies; exogenous and endogenous.  The former approach
involves the introduction of a population of cells (i.e. via transplantation) into the diseased brain in
order to replace lost cells and to support the remaining cells (cell replacement).  The latter approach,
triggers brain repair through enhancing the proliferation, differentiation and migration of host
endogenous stem cells (endogenous regeneration).  There are a large variety of stem cells including
embryonic stem cells (ESC), fetal neural stem cells (fetal NSC), adult stem cells (ASC) and induced
pluripotent stem cells (IPSC).  Hence, the current research focus is the identification of the optimal cell
type that can offer lasting therapeutic efficacy in human PD patients (Figure 1).
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Figure 1: There are two key approaches to stem cell therapy that can be applied in PD: 1) the
exogenous cell replacement strategy involves the transplantation of relevant stem cells (i.e. embryonic

stem cells, induced pluripotent stem cells and adult stem cells) or fetal VM tissue that are able to
generate therapeutic efficacy (i.e. by differentiating into dopaminergic neurons, or the trigger of DA

release etc.); 2) The endogenous regeneration approach involves the stimulation of the host brain stem
cells to proliferate, differentiate into dopaminergic neurons, and then to migrate to the relevant regions

such as the SNc and the striatal areas.

Cell replacement in the treatment of PD is a viable option for the following reasons: 1) PD is a
disease that mainly involves the selective destruction of a specific cell population, 2) nigrostriatal DA-
ergic neurons primarily modulate striatal function and provide tonic stimulation of target receptors,
and 3) downstream basal ganglia neurons are relatively preserved [8].  Hence, the application of stem
cells in PD has the potential for the replacement of lost DA-ergic neurons within the SNc, the reversal
of DA deficit in the striatum and the subsequent restoration of brain function [9].

Early transplantation studies have already demonstrated the feasibility of the cell-replacement
approach in PD.  Moreover, the presence of proliferating stem cells in the adult brain has raised
suggestions that the generation of new neurons (neurogenesis) may occur postnatally and thus can
potentially be targeted to induce endogenous brain repair.  This review aims to discuss the recent
findings in the application of stem cells in PD including possible new transplantable sources of cells
that may be suitable for cell replacement.  Furthermore, advances in the modulation of endogenous
stem cells in PD will also be explored.
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2. Exogenous cell-replacement therapy in PD

Lasting functional improvement coupled with the absence of adverse side effects in experimental
animal models must be established, in order for cell-replacement therapies to move towards clinical
application.  In PD, evidence for the survival of transplanted cells, integration into the host brain,
innervation of the target striatum or SNc, and the presence of functionally mature DA-ergic to replace
lost cells must be fully demonstrated.  For DA cell-replacement to become a clinically competitive
therapy in PD, it must also provide clear advantages over currently available effective treatments for
overcoming motor symptoms in PD patients such as deep brain stimulation (DBS) [10].

Early studies in rodent models of PD have assessed the possible therapeutic effect of transplanted
ventral mesencephalic (VM) tissue into the lesioned brain.  These studies have found that tissue grafts,
which are rich in DA-ergic neurons, were able to survive in the host striatum and release DA after
integrating into the host neural circuitry.  Furthermore, the grafts were able to promote functional
recovery of motor deficits  [8, 11, 12].  These findings provide proof of principle that neuronal cell
replacement has the potential to work in PD and have subsequently led to similar experiments in
human patients.

Clinical trials with intrastriatal transplantation of human fetal VM tissue have demonstrated that
DA-ergic neurons arising from the grafts were also able to reinnevate the striatum, restore DA release,
survive up to 15 years and providing long-lasting symptomatic relief  [13, 14].    However, the results
from two double-blinded sham-surgery controlled trials were not as encouraging.  In these studies, a
significant proportion of graft recipients developed troublesome dyskinesias, while functional benefits
were only seen in a limited number of patients [15, 16, 17].

It is probable that the fetal VM grafts used in these experiments contained not only DA-ergic
neurons, but also other cell types such as glial cells, immune cells, fibroblasts and other neurons, with
unknown effects on clinical outcome, graft survival and immune reaction.  Using in vivo positron
emission brain imaging (PET), Politis et al [14] demonstrated the involvement of serotonergic
hyperinnervation in the development of dyskinesias in PD patients that have received grafts of VM
tissue [14].  Hence, it is unlikely that human VM tissue will ever be used for future routine treatment
for PD.  Since, stem cells have the potential to provide an unlimited supply of DA-ergic neurons, there
is a possibility for them to be utilized for future cell replacement approaches in PD [7].

3. Stem cells as a source of dopaminergic neurons for cell-replacement

There are two key properties that define a stem cell: self-renewal, which is the ability to undergo
numerous cycles of cell division while maintaining the undifferentiated state; and potency, its
differentiation potential (Figure 2a).  On this basis, stem cells can be broadly classified as being
totipotent, pluripotent or multipotent.  Totipotent stem cells can only be isolated from the early
developing embryo (i.e. the morula) and can differentiate into any cell type within the body, including
extra-embryonic tissue.  Similarly to totipotent stem cells, pluripotent stem cells are also capable of
differentiating into any cell type so they are able to give rise to cells from any of the three major tissue
lineages: the ectoderm, mesoderm and endoderm.  Pluripotent stem cells are found in the blastocyst of
the embryo, but unlike totipotent cells, these have already begun the differentiation process.
Multipotent stem cells are typically lineage restricted meaning they can only differentiate into the
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select cell types from which they are derived and can be isolated from numerous tissue sources within
the adult human body.  Different types of stem cells (i.e. ESCs, fetal neural stem cells, ASCs and
IPSCs) can thus be categorized based on their potency (Figure 2b).

Figure 2: a) Stem cells are defined by their ability to self-renew and to give rise to a variety of
different cell types.  Stem cells can self-expand for an indefinite period of time, giving rise to identical

daughter stem cells.  Alternatively, they can commit to a particular cell fate and differentiate into
specialised cell types; b) Different stem cells can be mainly categorized as being totipotent, pluripotent
or multipotent on the basis of their differentiation capabilities.  The level of differentiation capacity in

the stem cells depends on the stage in which they are isolated (i.e. early embryo, fetus or adult).
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A population of suitable DA-ergic neurons that can be easily obtained, expanded and prepared in
vitro is an important requirement for future cell replacement approaches in PD.  DA-ergic neurons for
grafting could theoretically be generated in large quantities from a range of different stem cells
including ESCs, fetal NSCs and ASCs that possess different characteristics.  However, ethical issues
and problems with tissue availability are major obstacles with the use of embryonic and fetal tissue
[18], whereas ASCs are associated with reduced differentiation capacity.  Hence, in addition to cell-
type specific properties that need to be considered, the ability for these cell types to produce functional
DA-ergic neurons in vitro and to promote therapeutic efficacy in vivo (i.e. in animal models of PD)
also needs to be demonstrated before they can be applied clinically in humans.

3.1 Embryonic stem cells

Since ESCs are pluripotent and are highly proliferative, they were deemed to have the greatest
potential to be used in the clinical setting in PD as they can give rise to any type of cell in the body
including DA-ergic neurons.  The fact that they can be engineered in vitro means that ESCs possess
many of the necessary characteristics required for an optimal cell source for cell transplantation
therapies [19, 20, 21].  However, progress with using ESCs as a viable option for disease therapy has
been hindered by the risk of adverse reactions such as tumor formation [7, 22] and immune reactions
[23].

Bjorklund et al [22] confirmed the therapeutic potential of ESCs by transplanting undifferentiated
mouse ESCs into the striatum of experimentally 6-hydroxydopamine (6-OHDA)-induced parkinsonian
rats. The ESCs were able to give rise to DA-ergic neurons that were able to fully integrate into the
lesioned brain and mediate hemodynamic changes in the striatum and associated brain circuitry.
Consequently, the ESC-derived DA-ergic neurons promoted a gradual and sustained behavioral
recovery from motor symptoms.  However, 20% of the rats developed teratoma-like tumors, which is
likely due to a high level of unregulated and continuous proliferation of undifferentiated ESCs in the
transplants [22].  Hence, the use of pre-differentiated DA-ergic neurons from ESCs has been proposed
as a method to reduce the risk of unfavorable tumor formation.

The ability for ESCs to differentiate into DA-ergic neurons in vitro has been demonstrated using
mouse ESCs [24, 25, 26], and human ESCs [27, 28, 29].  Additionally, in vitro generated DA cells
derived from mouse ESCs was also able to function within the mouse striatum following
transplantation and displayed the expected behavioral and electrophysiological properties of midbrain
DA-ergic neurons, such as the expression of tyrosine hydroxylase (TH) [30, 31].  Unfortunately,
despite promising results using mouse ESCs, grafts with human ESCs showed only partial [32, 33] or
no improvement [29] in behavioral deficits following transplantation.  Furthermore, the presence of
teratomas was still reported suggesting that the use of pre-differentiated DA-ergic neurons was still
unable to prevent tumor formation [34].  This is possibly due to a lack of efficiency in the generation
of DA-ergic neurons from ESCs, which meant that the graft samples were likely to be contaminated by
undifferentiated cells with tumorigenic potential.  Moreover, there is evidence to suggest that DA-ergic
neurons derived from ESCs also exhibited phenotypic instability and limited survival in vivo [32, 33,
35].  Hence, the possible translation of ESC-based treatment from mouse to humans would require a
more efficient protocol for the expansion of uncontaminated and stable populations of DA-ergic
neurons.
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Several studies have reported the generation of a large homogenous population of DA-ergic neurons
via a novel approach.  To reduce contamination by proliferative, undifferentiated cells, human ESCs
were first differentiated into neural precursor cells (NPC) that were selectively expanded before giving
rise to DA-ergic neurons.  The enrichment of NPCs rather than ESCs is a critical step in the
purification procedure as it greatly eliminates the presence of the pluripotent and undifferentiated stem
cells that are associated with the formation of teratomas.  NPCs can be proliferated for an indefinite
amount of time without losing their differentiation capability so can be used to produce a large
quantity DA-ergic neurons with up to 86% purity rather than from ESCs directly  [36, 37, 38].

To assess the outcome of these purified DA-ergic neurons in vivo, Ravindran et al [39] transplanted
NPC-derived DA-ergic neurons into the SNc of a 6-OHDA-lesioned rat model of PD.  The transplants
elicited a significant reversal of motor deficits and were able to survive for up to one year in the rat
brain suggesting a higher stability in NPC-derived DA-ergic neurons.  The lack of teratomas reported
in this study is also indicative of a lower risk of tumor formation with the use of these cells [39].  The
time period concerning the expansion of ESCs and their derivatives may also require careful
consideration with regards to tumor formation.  Brederlau et al [29] pre-differentiated human ESCs in
vitro for 16, 20 or 23 days prior to transplantation into PD rats, where the level of tumor formation was
observed.  Rats grafted with human ESCs that have been expanded for 16 days developed severe
teratomas, whereas most rats grafted with ESCs that have been pre-differentiated for 20 or 23 days
remained healthy until the end of the experiment [29].

Taken together, the seemingly lack of stability and survival of pre-differentiated DA-ergic neurons
and risk of tumor formation remains a concern with the use of ESCs.  Overcoming these problems will
largely depend on the removal of undifferentiated proliferating cells and the efficient generation a large
homogenous population of DA-ergic neurons prior to transplantation.  Whereas mouse ESCs have
been shown to promote successful functional recovery from motor deficits in PD animal models, the
same level of benefit has not been sufficiently demonstrated using human ESCs.  Since it is unlikely
that mouse derived cells will be used in the treatment of PD in humans, this is an issue that needs to be
addressed.  However, due to ethical issues and problems with tissue availability, it remains to be seen
whether human ESCs will ever reach clinical application.

3.2 Fetal neural stem cells

NSCs have been found to exist in various regions of the fetal and also the adult brain [40, 41].
NSCs that can be harvested from the embryo around embryonic day (E) 14 – E15 in rodents [42, 43,
44] or 13 weeks post-fertilization in humans [45, 46], are multipotent cells that have the ability to
regenerate and also to give rise to neurons, oligodendrocytes and astrocytes that represent the three
major cell lineages of the CNS [47].  Undifferentiated human fetal NSCs transplanted into the SNc of a
MPTP ((1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine)-induced primate model of PD were able to
survive, integrate and subsequently reduce some behavioral deficits [46].  However, although it has
been shown that fetal NSCs can readily differentiate into DA-ergic neurons, a major issue of using
these cells is the low yield (1-5%) of generated DA-ergic neurons [46, 48, 49, 50].  Hence, it seems
that when compared to ESCs, fetal NSCs are not advantageous when it comes to production of DA-
ergic neurons due to a much-reduced proliferative potential.  Nevertheless, a reduced proliferative
capacity means that fetal NSCs are associated with a lower risk of tumor formation  [51].
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Furthermore, rat fetal NSCs have also been shown to demonstrate high migratory ability and affinity
towards damaged brain regions, which is significant when considering future transplantation in
humans, as it is essential that transplanted cells fully reach the target regions [44].

There are various studies that have explored ways to increase DA-ergic differentiation of rat fetal
NSCs.  The first in vitro assessments of mouse fetal NSCs has revealed that NSC proliferation can be
induced using fibroblast growth factor-2 (FGF-2) [52], and epidermal growth factor (EGF) [53], while
retaining the ability to differentiate into CNS progeny.  This has led to successful transplantation
studies in PD rat models as demonstrated by a greater yield of rat fetal NSC-derived DA-ergic neurons
and significant recovery from motor deficits [54, 55].  Other substances such as cytokines (i.e.
interleukin-1β and interleukin-11) [46, 56], and glial neurotrophic factors (GDNF) (i.e. neurturin;
NTN) [57] may also be able to modulate and increase NSC differentiation towards a DA-ergic
phenotype.  Additional strategies to improve the yield of generated DA-ergic neurons include the
overexpression of key DA-ergic cell-fate determining transcription factors [58].  Kim et al [59]
overexpressed Nurr1 in rat fetal NSCs that was able to promote DA-ergic-specific properties of
derived neurons including DA release, but the generated DA-ergic neurons lacked maturity and were
unable to induce any functional benefits when transplanted into parkinsonian rats [59].  Adopting a
similar approach, O’Keeffe et al [43] overexpressed PITx3 in rat fetal NSCs that showed improvement
in stability of NSC-derived DA-ergic neurons and recovery from motor deficits in PD rats [43].  The
co-expression of a combination of these transcription factors is likely to enhance differentiation of fetal
NSCs and increase stability [60].

Overall, fetal NSCs possess some attractive characteristics that make it ideal for cell-based therapy
in PD, although its restrictive proliferative capacity resulting in a low yield of generated DA-ergic
neurons may limit their preclinical and clinical usefulness.  Although different approaches to optimize
DA-ergic differentiation has been tested with relative success using rat fetal NSCs by increasing
quantities of generated DA-ergic neurons, these have not been fully tested in human fetal NSCs.  There
is also a lack of evidence that human fetal NSCs can be grafted with the level of functional integration
and phenotypic stability that is the basic requirement for clinical effectiveness.

3.3 Adult stem cells

Multipotent ASCs as an alternative source of DA-ergic neurons has drawn a lot of research interest
due to their potential for autologous transplantation therapies in which cells can be harvested and used
within the same patient.  The use of ASCs is also particularly attractive as it can overcome the ethical
issues and with a relative low risk of problems with tissue rejection (i.e. if patient specific stem cells
are used), although, there are restrictions due to its more limited ability to differentiate.  ASCs can be
isolated from a large variety of tissues such as the CNS [40, 41, 61], bone marrow [62], dental pulp
cavity [63], olfactory mucosa [64] and umbilical cord blood [65].

Adult NSCs are representative of cells in the postnatal brain that retain the capacity to renew
themselves and to differentiate into the major cell types of the CNS so are seemingly a logical
candidate for autologous transplantation approaches.  Similarly to fetal NSCs, adult NSCs isolated
from the postnatal brain can be expanded and driven to DA-ergic differentiation via the overexpression
of Nurr1, and providing some functional benefits in vivo [66].  The possible therapeutic efficacy of
adult NSCs has also been demonstrated in humans.  In a partial study involving a neurosurgical
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procedure, cortical tissue was obtained from a human PD patient, where the adult NSCs were
expanded and differentiated in vitro, before being transplanted back into the same patient.  The
autologous transplant was able to elicit lasting motor improvement and restoration of DA-ergic
function based on a 55% increase in Fluorine-18-DOPA (18F-DOPA) PET uptake [67].  However,
notwithstanding these encouraging results, the extraction of adult NSCs especially from an already
damaged PD brain is invasive and can be deemed too unsafe for this approach to be adopted into a
routine PD therapy.

Mesenchymal stem cells (MSCs) are a promising alternative source of autologous ASCs and unlike
NSCs, are highly accessible and can be harvested from the bone marrow, as well as other tissues
including cord- and peripheral blood.  There is evidence that the application of MSCs can be effective
in a PD therapeutic strategy. Intrastriatal grafting of MSCs into adult intact rats resulted in a significant
elevation of TH expression and DA levels in the striatum [68].  Other experiments have reported
functional recovery in PD rodent models following transplantation of MSCs that are indicative of a
neuroprotective role in vivo [69. 70, 71, 72].  For example, transplantation of undifferentiated human
MSCs was able to protect against 6-OHDA-mediated neurotoxicity in rats [71].  The observed
neuroprotective effect in vivo was possibly due to an immune-modulatory role by the grafted MSCs.
Chao et al [72] reported that MSCs were able to inhibit the expression of mannose binding lectins
(MBL) that is important for microglial activation and amplification of inflammatory processes.
Furthermore, transplanted MSCs were also found to repair MPTP-mediated damage to the blood brain
barrier (BBB), thus preventing the recruitment and entry of peripheral immune cells into the brain
parenchyma [72].

Interestingly, despite being lineage-restricted, multipotent MSCs have been reported to exhibit
neuronal features such as the expression of neural markers [73, 74], and can be induced to differentiate
into DA-ergic neurons.  Trzaska et al [75] generated electrophysiological functioning DA-ergic
neurons from human MSCs using a cocktail of sonic hedgehog (shh), basic FGF and FGF8 [75].  PD
patient-derived MSCs are also functionally indistinguishable from normal individual-derived MSCs in
phenotype, morphology and multidifferentiation capacity [76].  This is important if the potential of
autologous transplantation approaches using MSCs is to be realized.

Encouraging experimental findings from animal models have led to a recent open-labeled study
using autologous PD patient-derived MSCs.  3 out of 7 PD patients that have received autologous
MSC grafts have shown steady motor improvements and presented no adverse effects post-
transplantation [77].  While this seems positive, this study cannot rule out the placebo effect being
responsible for the marginal improvements in motor score.  Furthermore, the low study size, the
uncontrolled nature of the trail and the fact that functional benefits were not seen in all patients meant
that this study couldn’t reliably demonstrate the effectiveness of treatment using autologous MSCs
[77].

Retinal pigment epithelial (RPE) cells are melanin-secreting cells that are present in the inner layer
of the neural retina have also received special attention for cell-based therapy in PD.  RPE cells play a
key role in maintaining the normal function of the retina and are capable of producing L-DOPA
endogenously as an intermediate product of melanin through the catalyzation of tyrosine [78].  It was
hypothesized that the transplantation of RPE cells into the nigrostriatal pathway would permit the
conversion of RPE-derived L-DOPA to DA, thus potentially providing a direct source of DA to the
dennervated PD brain.  Studies in rat 6-OHDA-lesioned rats have reported that transplantation of
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human RPE cells were able to ameliorate functional deficits [79].  Moreover, human RPE cells were
able to survive in the striatum, synthesize DA and promote neuroprotection via the release of brain
derived neurotrophic factor (BDNF) and glial derived neurotrophic factor (GDNF) [80].
Unfortunately, these promising results from animal models could not be translated to humans based on
a recent double-blinded sham surgery in PD patients.  In this study utilizing 71 patients (35 receiving
RPE transplants; 36 receiving sham surgery), there was no significant difference in motor score
between subject groups.  Hence, transplantation of human RPE cells provided no antiparkinsonian
benefits compared with sham surgery [81].

3.4 Induced pluripotent stem cells

The recently acquired ability to reprogram human adult somatic cells to induced pluripotent stem
cells (IPSCs) has raised the prospect of generating an unlimited source of patient-specific cells for cell
replacement therapy.  Through the expression of exogenous transcription factors, the IPSC technique
makes it possible to increase pluripotency in cells that are normally non-pluripotent (i.e. terminally
differentiated cells), so they share similar properties to ESCs in their differentiation capabilities (for a
review see [82]).  Unlike ESCs, since IPSCs can be generated from somatic cells from each individual
including patients, the use of IPSCs can overcome the ethical issues and problems with immune
rejection and tissue availability. The induction of pluripotency in patient-derived somatic cells can
also provide the opportunity to produce an unlimited supply of patient-specific DA-ergic neurons for
autologous transplantation.

Takahashi et al [83] first demonstrated the induction of pluripotency using mouse fibroblasts by
introducing four genetic factors: Oct4, Sox2, c-Myc and Klf4 [83], where the results have since been
successfully translated from mouse to humans [84, 85].  Based on their morphology, growth, surface
antigens, gene expression, and ability to differentiate into cells of the three germ layers (ectoderm,
mesoderm and endoderm), the generated IPSCs were almost indistinguishable to ESCs [85].

There have been numerous studies that have assessed the therapeutic effect of IPSCs in vivo [86, 87,
88, 89].  Fibroblast IPSCs can be differentiated in DA-ergic neurons that were able to functionally
integrate into the host brain and improve symptoms in parkinsonian rats [86].  PD patient-derived
IPSCs were also able to give rise to fully functional DA-ergic neurons [90, 91] with the same clinically
relevant striatal re-innervation as normal individual-derived IPSCs [88].  These results highlight the
potential therapeutic efficacy of IPSCs in PD and provide evidence of survival and functional effects
of patient-specific IPSCs in vivo.

Although IPSCs can overcome the ethical problems, due to their similarities to ESCs, they are at
least expected to face the same challenges, plus additional challenges due to the way they are
generated and if patient-derived IPSCs are used.  For example, while transplanted grafts can be
subjected to the occurrence of lewy body pathology in the PD brain (host to graft disease propagation)
[92, 93], it is possible that patient-derived IPSCs may carry mutations that make them even more
susceptible to developing PD-like features than other stem cell sources.  It also remains to be
determined whether the in vivo functionality and phenotype of IPSC-derived DA-ergic neurons
(especially those derived from PD patients) are as stable as those derived from ESCs.  It is still
relatively unknown as to the long-term outcome of IPSC grafts in humans.  As with ESCs, the risk of
tumor formation remains an issue.  The common use of viral vectors to generate IPSCs could increase
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the risk of teratomas due to reactivation of the oncogene c-Myc [94], while the reprogramming agents
can also influence the tumor repressor protein p53 [95]

Nevertheless, with the rapid advancement of IPSC technology, we cannot rule out the possibility
that some of these obstacles may be overcome in the future.  Recently, it has been reported that
fibroblasts can be directly reprogrammed into neurons using the genetic factors: Ast11, Brn2, Myt11,
thus bypassing the need for the initial generation of undifferentiated cells [96].  This can potentially
reduce the risk of tumors, although further investigation would have to be conducted to verify whether
this can be applied clinically.

4. Alternative approaches to stem cell-based therapy

4.1 Artificial nigralstriatal re-innervation following orthotopic transplantation

An alternative approach to ectopic transplantation into the striatum is the orthotopic transplantation
of DA-ergic neurons; a strategy that is based on the assumption that placing nigral neurons in their
natural (i.e. the SNc) would provide a more integrated system both anatomically and functionally [97].
However, this would require the effective reconstruction of the nigralstriatal pathway to enable the
grafted neurons to integrate into the basal ganglial circuitries.  Recently, Gaillard et al [98] confirmed
the feasibility of intranigral transplantation where fetal VM tissue injected into the mouse lesioned
SNc gave rise to DA-ergic neurons that were able to integrate and develop neuronal projections
towards the striatum, increase DA levels and restored normal behavior [98].

It is possible to produce an artificial nerve pathway to direct nigralstriatal reinnervation between
graft and target striatum; a process known as bridging by using a combination of substances and
growth factors such as kainic acid [99] and GDNF [100]. The identification of a suitable material that
is safe and biodegradable is a challenge with using bridging technology.  Most currently used
molecular scaffolds are largely primitive structures based on a limited number of components, which
do not closely represent the complex natural extracellular matrix (ECM) [101].  Discher et al [102]
reported the influence of cellular substrate properties such as stiffness on cell differentiation processes
[102].  Therefore, if artificial re-innervation of the nigrostriatal pathway is to be achieved in humans,
the establishment of a bridging material that can mimic the characteristics of the natural ECM to
control proliferation, differentiation and cell migration is essential.  Nevertheless, progress regarding
this is largely underway [103, 104].

4.2 The induction of endogenous stem cell neurogenesis

Until the mid-1990s, it was generally accepted that the CNS had a limited capacity for self-repair.
However, the presence of proliferating NSCs in various regions of the adult brain including the dentate
gyrus (DG) [40], subventricular zone (SVZ) [105, 106], SNc [107] and cortex [108] suggest that
neurogenesis might occur postnatally.  A postmortem study has reported the generation of new neurons
from dividing progenitor cells residing in the adult hippocampus [109].  Hence, endogenous
neurogenesis can potentially be exploited by cell-based therapy in PD through the induction of
endogenous NSCs to induce brain repair.

Neurogenesis is likely to be strongly influenced by the local microenvironment (i.e. by local cell
extrinsic cues) as it was reported NSC-derived SVZ precursor cells can only differentiate into DA-
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ergic neurons within the bulbus olfactorious, whereas DA-ergic neurogenesis is generally inhibited in
other brain regions  [110].  However SVZ precursors may also be responsive to external modulation,
as demonstrated by intraventricular treatment using EGF or FGF2, which was able to induce migration
and proliferation of SVZ cells to form new neurons [111, 112].  Brain injury has also been found to
enhance neurogenesis in the striatum [113] and the SN [107].

Successful endogenous stem cell-based therapy has to result in efficient induction of NSC
proliferation, DA-ergic differentiation and survival of newly generated cells.  However, the optimal
approach for endogenous stem cell-based therapy is unknown, although various strategies can be
adopted.  To restore DA levels to the depleted striatum, it may be possible to generate DA-ergic
neurons through recruitment of endogenous SVZ NSCs, or stimulation of the resident cells within the
striatum.

Cell recruitment of endogenous NSCs into the striatum has already been demonstrated in PD animal
models, where growth factors such as platelet-derived growth factor (PDGF) [114], brain-derived
neurotrophic factor (BDNF) [115] and transforming growth factor-alpha (TNFα) [111] was able to
recruit SVZ progenitors into the striatum in PD rats.  This has led to improvement motor deficits,
although it cannot be fully elucidated whether DA-ergic differentiation of recruited SVZ cells has
occurred [111, 116].  Alternatively, endogenous NSCs can be recruited to the SNc.  Although this
would also require a suitable bridging agent to direct neuronal outgrowths to the target striatum, this
approach offers potential for the reconstruction of the nigralstriatal pathway.

5. Conclusions

Stem cell-based therapies aim to provide a long-lasting symptomatic relief for PD patients.   There
are two main strategies to the use of stem cells in PD; firstly, the exogenous approach of cell-
replacement involves the transplantation of stem cells that can generate dopaminergic neurons in order
to replace the lost cells and subsequent reversal of striatal DA depletion; and secondly, the endogenous
approach of in vivo neurogenesis involves the triggering of brain repair through the induction of
endogenous stem cells to proliferate, differentiate and migrate to the damaged brain areas.

Early studies have provided proof of principle that transplantation of fetal VM-derived DAergic
neurons can improve symptoms in PD patients.  However, due to problems with tissue availability,
ethical issues and serious side effects, it is unlikely that VM tissue would ever be used as routine
treatment in PD.  Stem cells have the potential to generate an unlimited supply of functional, mature
DAergic neurons that are able to survive, integrate into the host circuitry and subsequently promote
functional recovery in PD patients.  As there are a large variety of different stem cells, much of the
current research focus is aimed at identifying the ideal type that can fulfill this role (Table 1).

Despite some promising results from in vitro and animal studies, the translation of these findings
from animals to humans have generally led to disappointment from clinical human trials.  Successful
cell-replacement therapy in PD has to meet at least the following targets: 1) Long term integration and
survival in host tissue (i.e. the striatum) following transplantation; 2) Differentiation into functional
DAergic neurons that exhibit the correct molecular and morphological characteristics expected of
midbrain mature DAergic neurons; 3) Release of DA in a regulated manner and subsequent restoration
of DA depletion; 4) long-term efficacy in reversing behavioral deficits in PD patients and 5) Minimum
side effects including tumor formation and dyskinesias.  It is crucial that all these targets are fulfilled
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in in vivo assessments before attempts to translate these findings from animals to humans are
performed.  Until this is consistently demonstrated experimentally, human clinical trials largely remain
a premature step.

Table 1: A brief summary of the stem cell types that have the potential to generate suitable
dopaminergic neurons and their advantages and disadvantages

Type of Stem cell Source Advantages Disadvantages
Embryonic stem cells Embryo

(Blastocyst)
Pluripotent Ethical problems

Safety concerns
Tissue availability
Unpredictable differentiation

Fetal neural stem cells Fetus Multipotent (for neural cell
types)

Ethical problems
Safety concerns
Tissue availability
Difficulty in directing relevant differentiation

Adult neural stem cells Adult tissue
(CNS)

Multipotent (for neural cell
types)
Autologous-based therapy
Ethically favourable

Safety concerns
Difficult to extract

Adult non-neural stem cells Adult tissue
(various)

Autologous-based therapy
Ethically favourable
Tissue availability

Safety concerns
Lineage restricted

Pluripotent stem cells Adult tissue
(various)

Pluripotent
Autologous-based therapy
Ethically favourable
Tissue availability

Safety concerns
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