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ABSTRACT

Cell therapy using human embryonic stem cells (hESCs) is a promising therapeutic option for Parkinson’s disease (PD), an incurable
neurodegenerative disease. A prerequisite for clinical application of hESCs for PD is an efficient and strict differentiation of hESCs into
midbrain dopamine (mDA) neuron-like cells, which would be directly translated into high effectiveness of the therapy with minimum risk of
undesirable side effects. Due to fruitful efforts from many laboratories, a variety of strategies for improving efficiency of dopaminergic
differentiation from hESCs have been developed, mostly by optimizing culture conditions, genetic modification, and modulating intracellular

signaling pathways. The rapid advances in the fields of dopaminergic differentiation of hESCs, prevention of tumor formation, and

establishment of safe human induced pluripotent stem cells (hiPSCs) would open the door to highly effective, tumor-free, and immune
rejection-free cell therapy for PD in the near future. J. Cell. Biochem. 109: 292-301, 2010. © 2009 Wiley-Liss, Inc.
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P arkinson’s disease (PD), which is known to affect about 1% of
the population over 65 worldwide [Twelves et al., 2003], was
first reported by Dr. James Parkinson in 1817. The cardinal
symptoms of this devastating disease are resting tremor, rigidity and
bradykinesia/akinesia [Agid, 1991; Lang and Lozano, 1998]. In
addition, there are other symptoms such as depression, difficulty in
swallowing, speech problems, sleep disturbances, fatigue, and
autonomic disturbances, although the symptoms vary from patient
to patient. PD is caused by preferential loss of dopamine (DA)
neurons in the substantia nigra pars compacta (SNpc) of the ventral
midbrain, leading to decrease in DA level in the striatum, mostly
caudate and putamen areas, where the axons of SNpc DA neurons
project [Ehringer and Hornykiewicz, 1960; Olanow, 2004]. The
reduced DA level in the striatum is largely responsible for the motor
dysfunctions seen in PD patients. It has been reported that the
parkinsonian symptoms became apparent when 60-70% of the SNpc
DA neurons die and 70-80% of dopaminergic nerve terminals are
lost in the striatum [Bernheimer et al., 1973]. Unfortunately, there is

no therapy available to cure PD. A commonly used pharmacological
therapy using 1-3,4-dihydroxyphenylalanine (.-DOPA), a dopamine
precursor, is aimed to enhance DA level in the striatum by remaining
DA nerve terminals. However, despite the initial symptomatic relief,
this drug loses its efficacy as the disease progresses, and develops
serious side effects after long-term use, such as “on-off” effect,
dyskinesia and several psychiatric symptoms [Olanow, 2004]. A
surgical treatment called deep brain stimulation (DBS) is also being
used due to its efficacy in some PD patients. Stimulation of
subthalamic nucleus or globus pallidus pars interna using electrical
impulses was shown to ameliorate general parkinsonian symptoms
[Limousin et al., 1998; Volkmann et al., 1998]. However, this
approach is beneficial to only a population of PD patients and is an
invasive therapy associate with potential risks, albeit rare, of
intracranial hemorrhage, infection, seizure, pulmonary embolism,
and psychiatric complications such as hallucination and depression
[Umemura et al., 2003]. Although helpful, most of the current
therapies only provide symptomatic relief and do not protect dying
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midbrain dopamine (mDA) neurons nor restore dead cell population.
Therefore, cell replacement therapy has been emerging as a
promising option for treating PD.

Since the first transplantation of human fetal mesencephalic
tissue in 1987 [Brundin et al., 1987], many open-label trials have
shown the efficacy of the fetal cell transplantation in PD patients.
Importantly, the grafted DA neurons were found to survive over 10
years [Freed et al., 1992; Wenning et al., 1997; Piccini et al., 1999;
Freed et al., 2001; Mendez et al., 2008]. However, two NIH-
sponsored, double-blind clinical trials failed to show behavioral
recoveries seen in the previous open-label trials [Freed et al., 2001;
Olanow et al., 2003], which may be explained by multiple reasons
such as no or short-term immune suppression, difference in tissue
preparation methods, and problems associated with donor cells and
patient selection. Furthermore, graft-induced dyskinesias were
observed in a group of grafted patients [Freed et al.,, 2001].
Collectively, these results suggest that the fetal cell transplantation
therapy may need optimal adjustment of its detailed procedure in
order to make reproducible clinical outcomes. Nonetheless, a
number of positive outcomes of fetal cell transplantation from
several open-label trials strongly support the effectiveness of cell
therapy to treat PD.

Although promising, the fetal cell transplantation therapy has
some inherent limitations such as (1) short supply of donor tissues
and (2) difficulty in standardization of the method and donor tissues
for each trial. In this regard, human embryonic stem cells (hESCs)
[and also human induced pluripotent stem cells (hiPSCs)] could be a
potential future alternative cell source for cell therapy for PD. In this
article, we summarized the current state of DA neuronal derivation
in vitro from both hESCs and hiPSCs. Furthermore, behavioral
outcomes of several transplantation studies in animal PD models
were covered briefly. Lastly, current loadblocks that need to be
removed for clinical applications of hESCs and hiPSCs to treat PD
were discussed.

hESCs were first established by James Thomson in 1998 from the
inner cell mass of a blastocyst [Thomson et al., 1998]. Due to their
self-renewal and pluripotent characteristics, these cells have the
capability of being expanded indefinitely and differentiated into
any cell type of interest in appropriate conditions. In January 2009,
the U.S. Food and Drug Administration (FDA) approved the first-
ever hESC-based investigational new drug (IND) application to treat
spinal cord injury (although it was put on hold several months later
due to formation of microscopic cysts). In addition, several IND
applications for hESC-based cell therapies are currently waiting for
clearance from U.S. FDA.

Two decades of transplantation trials using human fetal
mesencephalic tissue demonstrated that successful grafting of DA
neurons into the striatum of the PD patients could lead to
amelioration of DA-related motor dysfunctions. In that sense, cell
therapy using hESCs is very promising as long as the issues of
efficient derivation of DA neurons and safety are resolved.

For clinical applications for PD, it would be critical to acquire pure
population of mDA neuron-like cells from hESCs. This would
obviate potential undesirable side effects derived from contami-
nated non-dopaminergic cells or remaining undifferentiated hESCs.
Establishing a method for strict and efficient differentiation of
hESCs into DA neurons is one of the processes required to obtain
homogeneous DA neuronal population. To this end, coaxing hESCs
efficiently into neural lineage, which is the first step of the whole
dopaminergic differentiation procedure, should be achieved. In
2001, three groups separately reported protocols to generate NPs
from hESCs [Carpenter et al., 2001; Reubinoff et al., 2001; Zhang
et al., 2001]. Zhang et al. cultivated hESC-derived embryoid bodies
(EBs) in suspension for 4 days, followed by culture the EBs in
tissue culture dishes in basic fibroblast growth factor (bFGF)-
supplemented medium until neural rosettes were formed. The neural
rosettes which mainly consisted of nestin-positive NPs (96%) were
isolated and further expanded in suspension as so-called “ESC-
derived neurosphere” [Zhang et al.,, 2001]. Reubinoff et al.
established a somewhat different method. They induced neural
differentiation by overgrowing hESCs for 3-4 weeks, followed by
expansion of the neural cells in suspension (as neural spheres) up
to 22 weeks. The expanded spheres were mostly composed of
NPs expressing nestin (97%), A2B5 (90%), and N-CAM (99%)
[Reubinoff et al., 2001]. Carpenter et al. first generated EBs and
then grew the cells on poly r-lysine/fibronectin-coated dishes in
defined growth medium supplemented with epidermal growth
factor (EGF), bFGF, platelet-derived growth factor-AA (PDGF-AA),
and insulin-like growth factor-1 (IGF-1). The expanded cells
were enriched by immunoselection for polysialylated neural
adhesion molecule (PSA-NCAM) and A2B5, resulting in as much
as 90% PSA-NCAM-positive or A2B5-positive NPs [Carpenter et al.,
2001].

The NPs generated by these methods were able to be further
differentiated into cell types of three neural lineages; neurons,
astrocytes, and oligodendrocytes [Reubinoff et al., 2001; Zhang
et al., 2001], and the NP-derived neurons were shown to display
similar characteristics to mature neurons obtained from primary
tissue [Carpenter et al., 2001].

DOPAMINERGIC DIFFERENTIATION PROTOCOLS BASED ON TWO
DIFFERENT NEURAL INDUCTION METHODS
Basic structures of protocols for differentiating hESCs into DA
neurons have been established based on the information obtained
from mouse embryonic stem cell (mESC) differentiation, which are
largely categorized into two: (1) co-culture of ESCs with stromal
feeder cells such as PA6 [Kawasaki et al., 2000] and (2) EB-based
multi-stage method [Lee et al., 2000].

Co-cultivation with stromal feeder cells has been adopted by
many groups for derivation of DA neurons from hESCs [Buytaert-
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Hoefen et al., 2004; Park et al., 2004, 2005; Perrier et al., 2004;
Zeng et al., 2004; Sonntag et al., 2007]. For example, Zeng et al.
cultivated hESCs on PA6 stromal feeder cells for 3 weeks, which
resulted in appearance of TH+ cells in about 87% of total colonies.
These TH+ cells co-expressed other DA neuron markers, retained
the capability of synthesis and release of dopamine, and formed a
graft stably integrated into the striatum of 6-OHDA-lesioned PD rats
[Zeng et al., 2004]. Perrier et al. used MS5 as stromal feeder cells
to induce neural differentiation. The NPs obtained after 28 days of
co-cultivation were first expanded on polyornithine/laminin-coated
culture dishes in the presence of sonic hedgehog (SHH), fibroblast
growth factor 8 (FGF8), brain-derived neurotrophic factor (BDNF)
and ascorbic acid (AA), and then differentiated into DA neurons in
N2 medium containing BDNF, glial cell line-derived neurotrophic
factor (GDNF), TGFR3, dibutyryl-cAMP (dbcAMP) and AA. This
protocol yielded a high number of TH+ cells (about 30-50% of total
cells were neurons and 64-79% of the neurons were TH+ cells)
[Perrier et al., 2004].

EB-based method has been also used by many laboratories for
differentiation of hESCs into DA neurons [Schulz et al., 2004;
Yan et al., 2005; Iacovitti et al., 2007; Cho et al., 2008]. Schulz
et al. performed differentiation of hESCs in suspension culture
(as EBs) for about 1 month either in HepG2-conditioned medium
supplemented with bFGF or in DMEM/N2 media containing
serum and/or BMP4. After these relatively simple differentiation
procedures, about 75% of total neurons (BIII-tubulin+) were found
to be TH+ cells which expressed several DA neuronal markers,
released dopamine upon stimulation, and formed stable grafts in PD
rats [Schulz et al., 2004]. From a recent report, Roy et al. established
an interesting protocol by combining EB-based method with co-
culture method. In this protocol, EBs were formed first, and then
fragmented and cultivated on tissue culture dishes to induce neural
structures such as rosettes. The neural rosettes were collected,
triturated and co-cultivated with immortalized human midbrain
astrocytes to derive dopaminergic progenitors as well as DA
neurons. After full dopaminergic differentiation, they were able to
obtain a decent number of TH+ cells (about 39.6% of total cells
were BlII-tubulin+ neurons and 67.4% of the neurons were TH+
cells) which were functional in terms of improving motor functions
in PD rats after transplantation [Roy et al., 2006]. More recently,
Cho et al. reported a highly efficient differentiation protocol. Like
other methods, EBs were generated, fragmented and then induced to
form neural structures (e.g., neural rosettes and neural tube-like
structures). The most unique feature of this protocol is the
generation of neurosphere-like structures, so-called “‘spherical
neural masses” (SNMs), from the neural structures. The SNMs
were passaged several times in suspension during which non-
neural components were removed mechanically. These SNMs
were able to produce high yield of functional TH+ cells after
differentiation: 77% of total cells were neurons and 86% of the
neurons were TH+ cells. Furthermore, the SNMs could be expanded
for a long time, frozen and thawed freely on demand, and
differentiated into DA neurons within only 14 days [Cho et al.,
2008]. These characteristics would be of great help in producing a
large number of DA neurons within a short period of time for cell
transplantation.

ENHANCING THE EFFICIENCY OF DOPAMINERGIC DIFFERENTIATION
BY GENETIC MODIFICATIONS

Several attempts have been made to promote the efficiency of
dopaminergic differentiation by genetically modifying hESCs. The
genes used for the genetic modification were mostly, if not all,
involved either in early development/specification of mDA neurons
or in cell survival. To our expectations, these genes were found to
support more efficient differentiation of hESCs into DA neurons as
described below.

Martinat et al. tried to promote dopaminergic differentiation by
lentiviral-mediated delivery of Pitx3 and Nurr1 genes, the two genes
encoding transcription factors implicated in early mDA neuronal
specification. Differentiation of the genetically modified hESCs was
carried out by either co-cultivation with stromal cells or EB-based
method. Both RT-PCR and immunocytochemistry analyses showed
that overexpression of Nurrl and Pitx3 genes increased the number
of TH+ cells as well as the level of several DA neuronal markers after
differentiation, but not the number of total neurons. Transplantation
of the hESC-derived TH+ neurons was shown to elicit robust
behavioral improvement in PD rats, albeit the number of animals per
group in this study (n=3-5) was small [Martinat et al., 2006].

Frilling et al. recently showed that exogenous expression of
Lmx1a gene in hESCs led to a dramatic increase in the number of DA
neurons. On the contrary, the number of serotonergic neurons was
decreased. The genetically modified hESCs harboring the “PGK
promoter-Lmx1la gene” cassette produced much higher TH+ cells
(50-65% of total neurons) than control EGFP-hESC lines (25%).
Importantly, the majority (75-85%) of TH+ cells from the Lmx1a-
hESCs co-expressed several other DA neuron markers, while only a
small portion of TH+ cells (10-20%) derived from EGFP-hESCs co-
expressed the DA markers [Friling et al., 2009].

Ko et al. [2007] previously reported that hESC-derived NPs could
be expanded over 20,000-fold without losing their capabilities of
being differentiated into DA neurons. In their subsequent report, Ko
et al. argued that the expanded hESC-derived NPs were prone to
form tumors and undergo apoptosis. Intriguingly, overexpression of
exogenous Bcl-XL and SHH enhanced viability of the hESC-derived
NPs during differentiation in vitro as well as in vivo, leading to
enhanced TH+ cell number (>1,000 TH+ cells) in graft and
behavioral recovery in PD rats [Ko et al., 2009].

ENHANCING THE EFFICIENCY OF DOPAMINERGIC DIFFERENTIATION
BY MODULATING SIGNALING PATHWAYS

One interesting way to enhance efficiency of dopaminergic
differentiation is by modulating signaling pathway(s) involved in
neural induction and/or specification of mDA neurons. Based on the
study that antagonistic inhibition of bone morphogenetic protein
(BMP) signaling pathways promoted neural induction [Gerrard et al.,
2005], Noggin, a peptide antagonist of BMP signals, has been
included in many protocols [lacovitti et al., 2007; Sonntag et al.,
2007]. In addition, Chambers et al., demonstrated that blocking both
BMP and TGFB signaling pathways using Noggin and SB43154,
respectively, resulted in much efficient neural induction [Chambers
et al., 2009]. Other groups have shown that, treatment with signaling
molecules such as Wnt5a and FGF-20 also enhanced dopaminergic

294

hESC AND iPSC ON PARKINSON’S DISEASE

JOURNAL OF CELLULAR BIOCHEMISTRY



differentiation from hESCs [Correia et al., 2007; Hayashi et al., 2008;
Shimada et al., 2009].

DOPAMINERGIC DIFFERENTIATION USING INDUCED PLURIPOTENT
STEM CELLS (iPSCs)

The groundbreaking discovery that overexpression of 4 transgenes,
Oct4, Sox2, K1f4, and c-Myc, could reprogram differentiated somatic
cells to the ESC-like pluripotent state [Takahashi and Yamanaka,
2006] opened a new avenue in cell replacement therapy. The somatic
cell-derived pluripotent stem cells, termed iPSCs, could become an
unlimited and autologous cell source that does not elicit immune
rejection.

For clinical applications for PD, it would be crucial that hiPSCs
can be efficiently differentiated into DA neurons and reverse
behavioral defect in rat PD model. Although the feasibility of
differentiating iPSCs into DA neurons was first demonstrated using
hiPSCs [Takahashi et al., 2007], more extensive analyses were
performed using mouse iPSCs. Wernig et al. reported that TH+
neurons were generated from mouse iPSCs in vitro, albeit with low
efficiency (approximately 1-5% of total neurons). When trans-
planted, the mouse iPSC-derived neurons formed synaptic connec-
tions with host neurons and displayed behavioral recovery in PD rats
[Wernig et al., 2008].

PD-specific hiPSCs were first established by Dr. Daley’s group in
2008. In this case, the hiPSCs were generated from dermal
fibroblasts of 57-year-old male suffering from multifactorial PD
[Park et al., 2008]. The disease-specific hiPSCs would provide a
useful tool for studying etiology of the disease, toxicological
research, and drug-screening. Soldner et al. also successfully
established hiPSC lines from seven different PD patients and were
able to differentiate the PD-specific hiPSCs into DA neurons using
both EB-based and co-culture methods. Interestingly, no difference
in the efficiency of dopaminergic differentiation was detected
among the PD-specific hiPSCs, non-PD-hiPSCs and hESCs (about 2-
40/ TH+ cells/total cells and 10-45% neurons/total cells) [Soldner
et al., 2009]. However, this result needs further confirmation since
the condition for dopaminergic differentiation used in this report
seemed to be suboptimal as judged by low efficiency of DA neuronal
generation even from hESCs. Furthermore, behavioral recovery of
PD animal models by the iPSC-derived DA neurons was not
examined in this report.

In summary, hiPSCs derived from both normal adults as well as
PD patients were shown to have the capability to be differentiated
into DA neurons. However, both efficient differentiation of hiPSCs
into DA neurons and behavioral functionality of the hiPSC-derived
DA neurons in animal PD model are yet to be demonstrated.

Although great advancement has been made in dopaminergic
differentiation of hESCs (Table I), many loadblocks still have to be
removed before safe and successful use of hESCs to treat PD.

GENERATION OF HOMOGENEQOUS POPULATION OF mDA-NEURON
LIKE CELLS FROM hESCs IN LARGE AMOUNTS

One of the critical issues to address before clinical applications of
hESCs for PD is obtaining pure population of DA neurons or DA
neural precursors. Contamination of even small number of
undifferentiated hESCs in the graft could be a potential source
for tumor formation. It should be also noted that the presence of
other types of cells could cause undesirable side effects. For
example, a recent report demonstrated that serotonin neurons
existing in the graft worsened .-DOPA-induced dyskinesias in PD
rats, probably by the release of L-DOPA-derived DA from serotonin
nerve terminals [Carlsson et al., 2007].

Two technical improvements may contribute to obtaining a pure
population of DA neuronal precursors or DA neurons; (1) highly
efficient and strict differentiation method, and (2) sorting the DA
neuronal precursors or DA neurons. Although diligent efforts from
many laboratories have led to higher yield of DA neurons as shown
in Table I, there still remains much room for improvement in
dopaminergic differentiation of hESCs. Until now, the most efficient
protocol for DA neuronal generation from hESCs in the absence of
genetic modification yielded 86% of DA neurons over total neurons
and 77% of neurons (BIII-tubulin+) out of total cells in vitro [Cho
et al., 2008]. Although genetic modification could enhance the
efficiency of dopaminergic differentiation [Friling et al., 2009], this
approach may need extra caution to use it for clinical applications
due to risks of undesirable side effects.

Cell sorting is another way to obtain a homogeneous population
of DA neurons. For example, several groups tried to isolate DA
neurons by sorting genetically manipulated hESCs where EGFP was
expressed by either Pitx3 or dopamine transporter gene promoter
[Hedlund et al., 2008; Zhou et al., 2009]. Other groups tried to
remove only remnant undifferentiated hESCs from differentiated
cell population by sorting the cells with antibody against PSA-
NCAM [Schmandt et al., 2005; Thompson et al., 2006]. In this case,
non-dopaminergic cells are still remaining in the cell population,
posing the risk of unwanted side effects.

Ideally, it would be better if mDA neuron-specific cell surface
marker is available for cell sorting. Corin might be one of the
candidates which fall into this category [Jonsson et al., 2009].

ACHIEVING GOOD SURVIVAL OF hESC-DERIVED CELLS AFTER
TRANSPLANTATION

Good survival of the transplanted cells is an important issue to
consider for obtaining maximal clinical benefits from future cell
therapy for PD. Since more than 200,000 DA neurons should survive
for behavioral restoration [Hagell and Brundin, 2001], both efficient
generation of DA neurons and maximal survival of DA neurons after
transplantation are absolutely required for a successful cell
transplantation therapy. Many reports so far showed that the
number of DA neurons survived in the graft of PD rats was very low
compared with the original number of cells used for transplantation
(about 200,000-500,000 cells). Therefore, optimal conditions for an
effective transplantation need to be determined carefully. Examples
of strategies to enhance survival of grafted DA neurons are described
below:
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(1) Transplantation of cells in early stage of differentiation would
lead to more heterogeneous cell population in the grafts, while
grafting fully matured DA neurons with long branching pro-
cesses may yield decreased cell survival due to higher vulner-
ability to injury.

(2) Efforts to alleviate cell stresses resulting from the change in
growth environment during transplantation may increase cell
survival in the grafts. For example, pretreating the cells with
neurotrophic factors such as GDNF, BDNF and neurotrophin-3,
prior to transplantation were shown to enhance cell survival
[Apostolides et al., 1998; Espejo et al., 2000; Hoglinger et al.,
2001; Andereggen et al., 2009].

(3) In addition, strategies for blocking apoptotic pathways, avoid-
ing excitotoxicity, and inducing blood vessel formation near
the grafted sites were also discussed to increase cell survival
[Sortwell, 2003].

PREVENTION OF TUMOR FORMATION AFTER TRANSPLANTATION
Tumor formation is one of the biggest loadblocks in taking hESCs
into clinical trials. Several causes may be responsible for the tumor
formation, which include (1) undifferentiated hESCs still existing in
the cell population after dopaminergic differentiation, (2) chromo-
somal aberration in hESCs, and (3) co-existing of actively
proliferating irrelevant cells in differentiated cell population.
Therefore, to minimize the tumor formation, it would be critical
to perform dopaminergic differentiation using hESCs with normal
karyotype. Furthermore, establishing methods to remove hESCs or
unwanted proliferating cells completely from the differentiated cell
population either by strict dopaminergic differentiation or sorting of
DA neurons (or DA neuronal precursors) are also required.

PREVENTION OF IMMUNE REJECTION AFTER TRANSPLANTATION
Although brain is an immunologically privileged area, immune
suppressant drug might be needed to prevent immune rejection of
the graft by host immune system.

The iPSC research is expected to open new avenues in immune
rejection-free and patient-specific cell therapy for PD. Recent
success in generation of safe hiPSCs either by non-viral and
chromosome non-integrating gene delivery system [Yu et al., 2009]
or by protein delivery [Kim et al., 2009] would bring the hiPSCs one
step closer to clinical applications. One of the remaining technical
issues to be resolved, however, may be the generation of the hiPSCs
in a defined and xeno-free culture condition.

PROVISION OF LARGE AMOUNT OF DA NEURONS WITHIN A SHORT
PERIOD OF TIME

It is estimated that more than 200,000 DA neurons per brain are
needed for behavioral recovery [Hagell and Brundin, 2001].
Considering the estimated low cell survival rate after transplantation
(5-20%) [Sortwell, 2003], a large number of DA neurons would be
needed for cell transplantation. In this regards, development of
protocols for enhancing both dopaminergic differentiation and
expansion of NPs (or DA neuronal progenitors) would be of great
importance. Furthermore, it would be more beneficial if the
differentiation process becomes simpler and shorter.

To address this issue, massive expansion of hESC-derived NPs,
which are easily differentiated into DA neurons on demand, may be
an attractive idea. Recently, Ko et al. [2007] successfully expanded
NPs over 1 month (>20,000-folds increase after six passages), and
were able to differentiate the expanded NPs into DA neurons
efficiently. Cho et al. [2008] also established a procedure in which
spherical neural masses (SNMs), which are mostly composed of NPs,
could be expanded for a long time (at least 120 days) and be coaxed
with high efficiency into DA neurons within only 2 weeks. Similar
approaches of expanding NPs were also shown in other reports
[Geeta et al., 2008].

GENERATION OF CLINICALLY COMPLIANT DA NEURONS

FROM hESC

For clinical applications, it would be required to eliminate risk of the
xenogenic contamination. First of all, hESCs for dopaminergic
differentiation should be generated and cultivated in a xenogen-free
environment. In fact, several studies have already reported
successful derivation and maintenance of hESCs on either human
feeder cells or feeder-free extracellular matrices [Xu et al., 2001;
Ludwig et al., 2006]. Second, the whole dopaminergic differentiation
procedure should be carried out under xenogen-free conditions. To
this end, both culture media and feeder cells (or matrices in the case
of feeder-free culture) should be carefully chosen. Cell culture
medium should not contain any component from animal source. For
example, fetal bovine serum should not be included in the medium.
All the reagents, growth factors, and extracellular matrix should be
clinical grade synthesized under good manufacturing practice
(GMP) conditions. When co-culture method is to be adopted for the
differentiation, mouse stromal cell lines such as MS5 and PA6 have
to be replaced with human cell lines with similar functions. For
example, immortalized human fetal mesencephalic astrocytes [Roy
et al., 2006] were used for dopaminergic differentiation. Replace-
ment of mouse feeder cells with feeder-free, non-cellular materials
can be another option. Ueno et al. [2006] demonstrated that human
amniotic membrane matrix, a non-cellular tissue material, had dual
functions in differentiating hESCs into DA neurons: those functions
were (1) neural cell formation and (2) dopaminergic specification.
On the contrary, matrigel, one of the most popular extracellular
matrices commercially available, should not be used since it is
derived from mouse tumor cells.

In addition, it should be also noted that the fate determination of
hESC-derived NPs could be affected by the nature of extracellular
matrices used. For example, it was reported that poly-L-ornithine/
laminin tends to induce neural cell formation, while plastic, gelatin
and fibronectin favor nonneural cell formation [Goetz et al., 2006].

hESCs, which can supply unlimited number of cells for transplanta-
tion, are regarded as a promising cell source for cell therapy for PD.
However, safety issues, especially immune rejection and tumor
formation, need to be clearly resolved before clinical applications of
the cells. The recent advent of iPSC research field is expected to
provide a solution for the immune rejection problem. Establishment

298

hESC AND iPSC ON PARKINSON’S DISEASE

JOURNAL OF CELLULAR BIOCHEMISTRY



of clinically compliant hiPSCs for a single patient may sound
impractical at this moment. However, it is probable that the
generation of patient-specific hiPSCs would become much easier
and less labor-intensive in the near future due to rapid advances in
the technical aspects of iPSC research [Aasen et al., 2008; Sun et al.,
2009; Utikal et al., 2009]. Although the risk of tumor formation
might not be easy to eliminate completely, development of strict and
efficient dopaminergic differentiation protocols, sorting of the DA
(or DA precursor) cells, and selective killing of the remnant hESCs in
the cell population after differentiation would eventually lead to
safe clinical applications of hESCs to treat PD.

ACKNOWLEDGMENTS

This research was supported by grants (SC1110 and SC5170) from
the Stem Cell Research Center of the 21st Century Frontier Research
Program funded by the Ministry of Education, Science and
Technology, Republic of Korea.

REFERENCES

Aasen T, Raya A, Barrero MJ, Garreta E, Consiglio A, Gonzalez F, Vassena R,
Bilic J, Pekarik V, Tiscornia G, Edel M, Boue S, Izpisua Belmonte JC. 2008.
Efficient and rapid generation of induced pluripotent stem cells from human
keratinocytes. Nat biotechnol 26:1276-1284.

Agid Y. 1991. Parkinson’s disease: Pathophysiology. Lancet 337:1321-1324.

Andereggen L, Meyer M, Guzman R, Ducray AD, Widmer HR. 2009. Effects of
GDNF pretreatment on function and survival of transplanted fetal ventral
mesencephalic cells in the 6-OHDA rat model of Parkinson’s disease. Brain
Res 1276:39-49.

Apostolides C, Sanford E, Hong M, Mendez 1. 1998. Glial cell line-derived
neurotrophic factor improves intrastriatal graft survival of stored dopami-
nergic cells. Neuroscience 83:363-372.

Ben-Hur T, Idelson M, Khaner H, Pera M, Reinhartz E, Itzik A, Reubinoff BE.
2004. Transplantation of human embryonic stem cell-derived neural pro-
genitors improves behavioral deficit in Parkinsonian rats. Stem cells (Dayton,
Ohio) 22:1246-1255.

Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger F.
1973. Brain dopamine and the syndromes of Parkinson and Huntington.
Clinical, morphological and neurochemical correlations. J Neurol Sci
20:415-455.

Brundin P, Strecker RE, Lindvall O, Isacson O, Nilsson OG, Barbin G,
Prochiantz A, Forni C, Nieoullon A, Widner H, Gage FH, Bjorklund A.
1987. Intracerebral grafting of dopamine neurons. Experimental basis for
clinical trials in patients with Parkinson’s disease. Ann NY Acad Sci 495:473-
496.

Buytaert-Hoefen KA, Alvarez E, Freed CR. 2004. Generation of tyrosine
hydroxylase positive neurons from human embryonic stem cells after
coculture with cellular substrates and exposure to GDNF. Stem Cells (Dayton,
Ohio) 22:669-674.

Carlsson T, Carta M, Winkler C, Bjorklund A, Kirik D. 2007. Serotonin neuron
transplants exacerbate L-DOPA-induced dyskinesias in a rat model of
Parkinson’s disease. J Neurosci 27:8011-8022.

Carpenter MK, Inokuma MS, Denham J, Mujtaba T, Chiu CP, Rao MS. 2001.
Enrichment of neurons and neural precursors from human embryonic stem
cells. Exp Neurol 172:383-397.

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer
L. 2009. Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling. Nat Biotechnol 27:275-280.

Cho MS, Lee YE, Kim JY, Chung S, Cho YH, Kim DS, Kang SM, Lee H, Kim MH,
Kim JH, Leem JW, Oh SK, Choi YM, Hwang DY, Chang JW, Kim DW. 2008.
Highly efficient and large-scale generation of functional dopamine neurons
from human embryonic stem cells. Proc Natl Acad Sci USA 105:3392-3397.

Correia AS, Anisimov SV, Roybon L, Li JY, Brundin P. 2007. Fibroblast
growth factor-20 increases the yield of midbrain dopaminergic neurons
derived from human embryonic stem cells. Front Neuroanat 1:4.

Ehringer H, Hornykiewicz 0. 1960. Distribution of noradrenaline and dopa-
mine (3-hydroxytyramine) in the human brain and their behavior in diseases
of the extrapyramidal system. Klinische Wochenschrift 38:1236-1239.

Espejo M, Cutillas B, Arenas TE, Ambrosio S. 2000. Increased survival of
dopaminergic neurons in striatal grafts of fetal ventral mesencephalic cells
exposed to neurotrophin-3 or glial cell line-derived neurotrophic factor. Cell
Transplant 9:45-53.

Freed CR, Breeze RE, Rosenberg NL, Schneck SA, Kriek E, Qi JX, Lone T,
Zhang YB, Snyder JA, Wells TH, Ramig L, Thompson JC, Mazziotta S,
Huang ST, Grafton D, Brooks G, Sawle G, Schroter G, Ansari AA. 1992.
Survival of implanted fetal dopamine cells and neurologic improvement 12
to 46 months after transplantation for Parkinson’s disease. N Engl J Med
327:1549-1555.

Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S,
Winfield H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S. 2001. Trans-
plantation of embryonic dopamine neurons for severe Parkinson’s disease.
N Engl J Med 344:710-719.

Friling S, Andersson E, Thompson LH, Jonsson ME, Hebsgaard JB, Nanou E,
Alekseenko Z, Marklund U, Kjellander S, Volakakis N, Hovatta O, El Manira
A, Bjorklund A, Perlmann T, Ericson J. 2009. Efficient production of
mesencephalic dopamine neurons by Lmx1a expression in embryonic stem
cells. Proc Natl Acad Sci USA 106:7613-7618.

Geeta R, Ramnath RL, Rao HS, Chandra V. 2008. One year survival and
significant reversal of motor deficits in parkinsonian rats transplanted with
hESC derived dopaminergic neurons. Biochem Biophys Res Commun
373:258-264.

Gerrard L, Rodgers L, Cui W. 2005. Differentiation of human embryonic stem
cells to neural lineages in adherent culture by blocking bone morphogenetic
protein signaling. Stem Cells (Dayton, Ohio) 23:1234-1241.

Goetz AK, Scheffler B, Chen HX, Wang S, Suslov O, Xiang H, Brustle O, Roper
SN, Steindler DA. 2006. Temporally restricted substrate interactions direct
fate and specification of neural precursors derived from embryonic stem
cells. Proc Natl Acad Sci USA 103:11063-11068.

Hagell P, Brundin P. 2001. Cell survival and clinical outcome following
intrastriatal transplantation in Parkinson disease. J Neuropathol Exp Neurol
60:741-752.

Hayashi H, Morizane A, Koyanagi M, Ono Y, Sasai Y, Hashimoto N, Takahashi
J. 2008. Meningeal cells induce dopaminergic neurons from embryonic stem
cells. Eur J Neurosci 27:261-268.

Hedlund E, Pruszak J, Lardaro T, Ludwig W, Vinuela A, Kim KS, Isacson O.
2008. Embryonic stem cell-derived Pitx3-enhanced green fluorescent pro-
tein midbrain dopamine neurons survive enrichment by fluorescence-acti-
vated cell sorting and function in an animal model of Parkinson’s disease.
Stem Cells (Dayton, Ohio) 26:1526-1536.

Hoglinger GU, Widmer HR, Spenger C, Meyer M, Seiler RW, Oertel WH,
Sautter J. 2001. Influence of time in culture and BDNF pretreatment on
survival and function of grafted embryonic rat ventral mesencephalon in the
6-OHDA rat model of Parkinson’s disease. Exp Neurol 167:148-157.

lacovitti L, Donaldson AE, Marshall CE, Suon S, Yang M. 2007. A protocol for
the differentiation of human embryonic stem cells into dopaminergic neu-
rons using only chemically defined human additives: Studies in vitro and in
vivo. Brain Res 1127:19-25.

Jonsson ME, Ono Y, Bjorklund A, Thompson LH. 2009. Identification of
transplantable dopamine neuron precursors at different stages of midbrain
neurogenesis. Exp Neurol 219:341-354.

JOURNAL OF CELLULAR BIOCHEMISTRY

299

hESC AND iPSC ON PARKINSON’S DISEASE



Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, Nakanishi S,
Nishikawa SI, Sasai Y. 2000. Induction of midbrain dopaminergic neurons
from ES cells by stromal cell-derived inducing activity. Neuron 28:31-40.

Kim D, Kim CH, Moon JI, Chung YG, Chang MY, Han BS, Ko S, Yang E, Cha
KY, Lanza R, Kim KS. 2009. Generation of human induced pluripotent stem
cells by direct delivery of reprogramming proteins. Cell Stem Cell 4:472-476.

Ko JY, Park CH, Koh HC, Cho YH, Kyhm JH, Kim YS, Lee I, Lee YS, Lee SH.
2007. Human embryonic stem cell-derived neural precursors as a continuous,
stable, and on-demand source for human dopamine neurons. J Neurochem
103:1417-1429.

Ko JY, Lee HS, Park CH, Koh HC, Lee YS, Lee SH. 2009. Conditions for tumor-
free and dopamine neuron-enriched grafts after transplanting human ES
cell-derived neural precursor cells. Mol Ther 17:1761-1770.

Lang AE, Lozano AM. 1998. Parkinson’s disease. First of two parts. N Engl J
Med 339:1044-1053.

Lee SH, Lumelsky N, Studer L, Auerbach JM, McKay RD. 2000. Efficient
generation of midbrain and hindbrain neurons from mouse embryonic stem
cells. Nat Biotechnol 18:675-679.

Limousin P, Krack P, Pollak P, Benazzouz A, Ardouin C, Hoffmann D,
Benabid AL. 1998. Electrical stimulation of the subthalamic nucleus in
advanced Parkinson’s disease. N Engl J Med 339:1105-1111.

Ludwig TE, Levenstein ME, Jones JM, Berggren WT, Mitchen ER, Frane JL,
Crandall LJ, Daigh CA, Conard KR, Piekarczyk MS, Llanas RA, Thomson JA.
2006. Derivation of human embryonic stem cells in defined conditions. Nat
Biotechnol 24:185-187.

Martinat C, Bacci JJ, Leete T, Kim J, Vanti WB, Newman AH, Cha JH, Gether
U, Wang H, Abeliovich A. 2006. Cooperative transcription activation by
Nurrl and Pitx3 induces embryonic stem cell maturation to the midbrain
dopamine neuron phenotype. Proc Natl Acad Sci USA 103:2874-2879.

Mendez I, Vinuela A, Astradsson A, Mukhida K, Hallett P, Robertson H,
Tierney T, Holness R, Dagher A, Trojanowski JQ, Isacson 0. 2008. Dopamine
neurons implanted into people with Parkinson’s disease survive without
pathology for 14 years. Nat Med 14:507-509.

Olanow CW. 2004. The scientific basis for the current treatment of Parkin-
son’s disease. Annu Rev Med 55:41-60.

Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, Shannon
KM, Nauert GM, Perl DP, Godbold J, Freeman TB. 2003. A double-blind
controlled trial of bilateral fetal nigral transplantation in Parkinson’s disease.
Ann Neurol 54:403-414.

Park S, Lee KS, Lee YJ, et al. 2004. Generation of dopaminergic neurons in
vitro from human embryonic stem cells treated with neurotrophic factors.
Neurosci Lett 359:99-103.

Park CH, Minn YK, Lee JY, Choi DH, Chang MY, Shim JW, Ko JY, Koh HC,
Kang MJ, Kang JS, Rhie DJ, Lee YS, Son H, Moon SY, Kim KS, Lee SH. 2005.
In vitro and in vivo analyses of human embryonic stem cell-derived
dopamine neurons. J Neurochem 92:1265-1276.

Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A, Lensch MW,
Cowan C, Hochedlinger K, Daley GQ. 2008. Disease-specific induced plur-
ipotent stem cells. Cell 134:877-886.

Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J, Topf N, Harrison NL,
Studer L. 2004. Derivation of midbrain dopamine neurons from human
embryonic stem cells. Proc Natl Acad Sci USA 101:12543-12548.

Piccini P, Brooks DJ, Bjorklund A, Gunn RN, Grasby PM, Rimoldi O, Brundin
P, Hagell P, Rehncrona S, Widner H, Lindvall 0. 1999. Dopamine release from
nigral transplants visualized in vivo in a Parkinson’s patient. Nat Neurosci
2:1137-1140.

Reubinoff BE, Itsykson P, Turetsky T, Pera MF, Reinhartz E, Itzik A, Ben-Hur
T. 2001. Neural progenitors from human embryonic stem cells. Nat Bio-
technol 19:1134-1140.

Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA. 2006. Functional
engraftment of human ES cell-derived dopaminergic neurons enriched by

coculture with telomerase-immortalized midbrain astrocytes. Nat Med
12:1259-1268.

Schmandt T, Meents E, Gossrau G, Gornik V, Okabe S, Brustle 0. 2005. High-
purity lineage selection of embryonic stem cell-derived neurons. Stem Cells
Dev 14:55-64.

Schulz TC, Noggle SA, Palmarini GM, Weiler DA, Lyons IG, Pensa KA,
Meedeniya AC, Davidson BP, Lambert NA, Condie BG. 2004. Differentiation
of human embryonic stem cells to dopaminergic neurons in serum-free
suspension culture. Stem Cells (Dayton, Ohio) 22:1218-1238.

Shimada H, Yoshimura N, Tsuji A, Kunisada T. 2009. Differentiation of
dopaminergic neurons from human embryonic stem cells: Modulation of
differentiation by FGF-20. J Biosci Bioeng 107:447-454.

Soldner F, Hockemeyer D, Beard C, Gao Q, Bell GW, Cook EG, Hargus G, Blak
A, Cooper 0, Mitalipova M, Isacson 0O, Jaenisch R. 2009. Parkinson’s disease
patient-derived induced pluripotent stem cells free of viral reprogramming
factors. Cell 136:964-977.

Sonntag KC, Pruszak J, Yoshizaki T, van Arensbergen J, Sanchez-Pernaute R,
Isacson 0. 2007. Enhanced yield of neuroepithelial precursors and midbrain-
like dopaminergic neurons from human embryonic stem cells using the bone
morphogenic protein antagonist noggin. Stem Cells (Dayton, Ohio) 25:411-
418.

Sortwell CE. 2003. Strategies for the augmentation of grafted dopamine
neuron survival. Front Biosci 8:s522-5532.

Sun N, Panetta NJ, Gupta DM, Wilson KD, Lee A, Jia F, Hu S, Cherry AM,
Robbins RC, Longaker MT, Wu JC. 2009. Feeder-free derivation of induced
pluripotent stem cells from adult human adipose stem cells. Proc Natl Acad
Sci USA 106:15720-15725.

Takahashi K, Yamanaka S. 2006. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
126:663-676.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yama-
naka S. 2007. Induction of pluripotent stem cells from adult human fibro-
blasts by defined factors. Cell 131:861-872.

Thompson LH, Andersson E, Jensen JB, Barraud P, Guillemot F, Parmar M,
Bjorklund A. 2006. Neurogenin2 identifies a transplantable dopamine neu-
ron precursor in the developing ventral mesencephalon. Exp Neurol
198:183-198.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ,
Marshall VS, Jones JM. 1998. Embryonic stem cell lines derived from human
blastocysts. Science (New York, NY) 282:1145-1147.

Twelves D, Perkins KS, Counsell C. 2003. Systematic review of incidence
studies of Parkinson’s disease. Mov Disord 18:19-31.

Ueno M, Matsumura M, Watanabe K, Nakamura T, Osakada F, Takahashi M,
Kawasaki H, Kinoshita S, Sasai Y. 2006. Neural conversion of ES cells by an
inductive activity on human amniotic membrane matrix. Proc Natl Acad Sci
USA 103:9554-9559.

Umemura A, Jaggi JL, Hurtig HI, Siderowf AD, Colcher A, Stern MB, Baltuch
GH. 2003. Deep brain stimulation for movement disorders: Morbidity and
mortality in 109 patients. J Neurosurg 98:779-784.

Utikal J, Polo JM, Stadtfeld M, Maherali N, Kulalert W, Walsh RM, Khalil A,
Rheinwald JG, Hochedlinger K. 2009. Immortalization eliminates a road-
block during cellular reprogramming into iPS cells. Nature 460:1145-1148.

Volkmann J, Sturm V, Weiss P, Kappler J, Voges J, Koulousakis A, Lehrke R,
Hefter H, Freund HJ. 1998. Bilateral high-frequency stimulation of the
internal globus pallidus in advanced Parkinson’s disease. Ann Neurol
44:953-961.

Wenning GK, Odin P, Morrish P, Rehncrona S, Widner H, Brundin P, Rothwell
JC, Brown R, Gustavii B, Hagell P, Jahanshahi M, Sawle G, Bjorklund A,
Brooks DJ, Marsden CD, Quinn NP, Lindvall 0. 1997. Short- and long-term
survival and function of unilateral intrastriatal dopaminergic grafts in
Parkinson’s disease. Ann Neurol 42:95-107.

300

hESC AND iPSC ON PARKINSON’S DISEASE

JOURNAL OF CELLULAR BIOCHEMISTRY



Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, Soldner F, Broccoli V,
Constantine-Paton M, Isacson O, Jaenisch R. 2008. Neurons derived from
reprogrammed fibroblasts functionally integrate into the fetal brain and
improve symptoms of rats with Parkinson’s disease. Proc Natl Acad Sci USA
105:5856-5861.

Xu C, Inokuma MS, Denham J, Golds K, Kundu P, Gold JD, Carpenter MK.
2001. Feeder-free growth of undifferentiated human embryonic stem cells.
Nat Biotechnol 19:971-974.

Yan Y, Yang D, Zarnowska ED, Du Z, Werbel B, Valliere C, Pearce RA,
Thomson JA, Zhang SC. 2005. Directed differentiation of dopaminergic
neuronal subtypes from human embryonic stem cells. Stem Cells (Dayton,
Ohio) 23:781-790.

Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II, Thomson JA. 2009.
Human induced pluripotent stem cells free of vector and transgene
sequences. Science (New York, NY) 324:797-801.

Zeng X, Cai J, Chen J, Luo Y, You ZB, Fotter E, Wang Y, Harvey B, Miura T,
Backman C, Chen GJ, Rao MS, Freed WJ. 2004. Dopaminergic differentiation
of human embryonic stem cells. Stem Cells (Dayton, Ohio) 22:925-940.
Zhang SC, Wernig M, Duncan ID, Brustle O, Thomson JA. 2001. In vitro
differentiation of transplantable neural precursors from human embryonic
stem cells. Nat Biotechnol 19:1129-1133.

Zhou W, Lee YM, Guy VC, Freed CR. 2009. Embryonic stem cells with GFP
knocked into the dopamine transporter yield purified dopamine neurons in
vitro and from knock-in mice. Stem Cells (Dayton, Ohio) [Epub ahead of print].

JOURNAL OF CELLULAR BIOCHEMISTRY

hESC AND iPSC ON PARKINSON'S Disease 301



