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Abstract 
 

Since the first successful derivation of human embryonic stem cells (hESC), rapid progress has 
been attained in the development of strategies in differentiation of these cells into various neural 
lineages, with the fundamental objective of using these cells for replacement and repair of damaged 
neuronal circuits in the central nervous system (CNS). Of particular interest are midbrain 
dopaminergic (mDA) neurons, which play a central role in regulation of voluntary movement. 
Degeneration or loss of function of mDA neurons in the nigrostriatal pathway is associated with 
Parkinson disease (PD).  

Stromal-Derived Inducing Activity (SDIA) is recognized as one of the most efficient methods 
in restricting ESC differentiation to a dopaminergic lineage, and refers to the property of mouse 
stromal cell lines such as PA6 or MS5 to cause ESC to differentiate to DA neurons. Although this 
strategy has been extensively used to generate mDA neurons from hESC, the biochemical nature of 
SDIA is yet unknown.   

In the present study mDA neurons were generated from the BG01V2 hESC line by SDIA. To 
examine whether SDIA exerts its effect directly on hESC and is responsible for early dopaminergic 
induction, neural progenitor cells (NPC) were enyzmatically isolated from the co-cultures and 
allowed to differentiate in feeder-free conditions. The isolated cells were committed to a 
mesencephalic neural lineage, and were capable of maintaining their phenotype and developing into 
postmitotic mDA neurons in feeder-free conditions. The mDA neurons showed neuronal excitability 
and dopamine transporter function. The in vitro proliferation and differentiation of the NPC was also 
investigated by a BrDU incorporation assay.  

Next, the maintenance of cellular memory and capacity for proliferation of the mesencephalic 
NPC was assessed. The NPC could be expanded in vitro by five-fold as neurospheres for up to two 
weeks while retaining their DA differentiation potential, but did not retain a stable phenotype over 
extended periods of time. Preliminary transplantation experiments of neurospheres in striatal 
lesioned animals indicated, however, that these cells could survive and conserve their phenotype in 
vivo.  

To gain additional insight into the biochemical role of SDIA in early dopaminergic induction 
of hESC, the separate contributions of cell surface activity and secreted factors were examined. The 
data revealed that the PA6 cell surface activity promoted cell survival and was mainly responsible 
for enhanced neurogenesis of hESC, whereas secreted factors provided DA lineage-specific 
instructions.  

In order to identify the soluble factors responsible for the DA phenotype-inducing component 
of SDIA, the gene expression profile of PA6 cells was compared to that of cell lines lacking the DA-
inducing property. A number of soluble factors known to be associated with CNS development that 
were highly expressed in PA6 cells were identified as potential DA differentiation-inducing 
candidates. These differentially-expressed genes included stromal cell-derived factor 1 (SDF-
1/CXCL12), pleiotrophin (PTN), insulin-like growth factor 2 (IGF2), and ephrin B1 (EFNB1). When 
these factors, termed SPIE, were applied to the hESC, they induced dopaminergic neuronal 
differentiation of hESC line, BG01V2 and other karyotypically normal hESC lines in vitro. Thus, it 
appears that SPIE comprises the DA phenotype-inducing property of SDIA. This may provide a 
simple and direct means of differentiating hESC to form DA neurons in a single step, without a 
requirement for co-culture, animal cell lines, or animal products. 
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Abbreviations 
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COMT   catechol-O-methyltransferase  
CXCL     chemokine (C-X-C motif) ligand  
D   dimensional 
DAT   dopamine transporter  
dbcAMP  dibutyryl-cyclic AMP  
DBH   dopamine beta hydroxylase  
DV   dorsoventral  
EB     embryoid body  
ECM  extracellular matrix  
EFNB1  ephrin B1  
EGF   epidermal growth factor  
En-1  engrailed-1  
ESC  embryonic stem cells 
FatiGO  fast assignment and transference of information using gene ontology 
FGF        fibroblast growth factor  
FOXA1   forkhead box A1 
GABA   γ-aminobutyric acid  
GAD   glutamic acid decarboxylase 
GDNF   glial cell line-derived neurotrophic factor  
GFAP   glial fibrillary acidic protein  
Girk2  inwardly rectifying K+ channel 
GTP  guanosine triphosphate  
HA   hyaluronic acid  
hESC       human embryonic stem cells 
HGF  hepatocyte growth factor  
HOX  homeobox  
6-OHDA 6-hydroxydopamine  
ICM   inner cell mass   
IGF         insulin-like growth factor    
IGFBP  insulin-like growth factor binding protein    
L-DOPA  L-dihydroxy-L-phenylalanine    
LB  lewy body     
Lmx1   LIM homeobox transcription factor 1   
MAO  monoamine oxidase     
MAP2  microtubule-associated protein 2    
MAPK   mitogen-activated protein kinase    
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mDA       midbrain dopaminergic   
MPSS   massive parallel signature sequencing    
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SDIA       stromal-derived inducing activity  
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Sox   sry-related high mobility group box  
SPIE  SDF-1, PTN, IGF2, EFNB-1  
SSEA   stage-specific embryonic antigen  
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TH  tyrosine hydroxylase  
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Introduction 
 
1. Embryonic stem cells 

 
Embryonic stem cells (ESC) are pluripotent cells which give rise to the three primary germ 

layers: ectoderm, endoderm and mesoderm that subsequently differentiate to all somatic cell types in 
an embryo. ESC are a valuable tool in understanding the complex mechanisms in development of 
specialized cells and establishment of organ structures. Because these cells can also self replicate 
indefinitely, they have awakened a great deal of interest and research effort. The unlimited self-
renewal ability and plasticity of ESC potentially allows for in vitro generation of unlimited number 
of distinct cell types and has opened new avenues in regenerative medicine.   

 
1.1 Derivation of ESC 

 
Following fertilization of an egg and formation of a diploid zygote, a structure referred to as a 

blastocyst is generated by multiple mitotic cell divisions during early embryogenesis. The blastocyst 
consists of the embryoblast and trophoblast. The trophoblast, also referred to as the outer cell mass, 
forms the extra-embryonic tissue, which eventually gives rise to the placenta, chorion, and the 
umbilical cord, whereas the embryoblast also known as the inner cell mass (ICM) develops into the 
embryo [1]. Early studies of development of mouse blastocysts by Sherman et al in 1975 [2] 
examined the growth and differentiation of trophoblast cells as well as the proliferation of the inner 
cell mass in long-term cultures. Four cell lines were obtained and maintained for more than a year. 
However, these lines contained cell types other than undifferentiated ESC, were not able to 
differentiate to all the three germ layers in vivo and eventually developed chromosomal 
abnormalities. In 1981, established cultures of embryonal carcinoma stem cells were used to develop 
appropriate culture conditions and determine the optimal stage of isolation of pluripotent embryonic 
stem cells. These optimizations led to the successful derivation of the first stable mouse embryonic 
stem cell lines [3-5].   

 
The pioneering work on mouse ESC, and later advances in culturing techniques that were 

developed to culture nonhuman primate ESC lines [6, 7, 8] eventually led to the first successful 
generation of  human ESC lines by Thompson et al. and Reubinoff et al. in 1998 [9,10].  The hESC 
were derived from human embryos that were produced by in vitro fertilization for clinical purposes. 
HESC lines described by Thompson and coworkers retained their pluripotency, were karyotypically 
normal when grown on mouse embryonic fibroblast (MEF) feeders, and fulfilled all the criteria for 
ESC including having the capability to generate large germ cell tumors that can contain several 
different types of tissue (teratomas) when grafted to severe combined immunodeficient (SCID) mice 
[11]. As the SCID mouse lacks both B and T cells it is also an excellent model to study the behavior 
of ESC in vivo without the need for immunosuppressant drugs. 

 
To date, hundreds of hESC lines have been generated from donated embryos. Isolation of the 

ICM from the trophectoderm at the blastocyst-stage has, for the most part, been achieved by 
immunosurgery or mechanical dissection. The first hESC lines were established using the 
immunosurgical method, which requires the use of animal-derived products including anti-human 

serum antibodies and guinea pig complement [10-12]. Exposure to animal-derived products would 
prevent the later use of hESC for transplantation therapies, due to possible transfer of pathogens 
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which would potentially initiate the patient’s innate immune mechanisms leading to an increased 
risk of graft rejection. Therefore, mechanical or enzymatic isolation of the ICM from the 
trophectoderm in a manner that avoids contact between the ICM and animal products during the 
derivation procedure would be advantageous for future clinical applications [13-16]. In addition, 
laser beams have been successfully used in derivation of hESC lines by creating a small opening at 
the zona pellucida that encapsulates the blastocyst, followed by laser-assisted isolation of the ICM 
[17].  

 
Generation of hESC lines from the inner cell mass at the blastocyst stage has thus far obligated 

the destruction of the embryo, which has raised ethical and political concerns. In order to address 
this issue, much work has been devoted to isolating cells from earlier stages of embryonic 
development without destruction of the embryo. Initial attempts in removal of one cell at the 8-cell 
or morula stage resulted in variable success rates and required co-culture of isolated blastomeres 
with established hESC lines [18-20]. Blastomere differentiation to ICM was highly inefficient 
because the blastomere-derived aggregates mostly gave rise to trophectoderm-like vesicles. To 
circumvent this problem and increase the efficiency of hESC derivation, a modified approach using 
culture media supplemented with laminin was employed [21]. This strategy was almost as efficient 
as conventional methods used to derive hESC lines from whole blastocysts. The authors rationalized 
that the essential role of laminin involved recreation of the natural ICM niche, which prevented 
polarization of the blastomeres into ICM and trophectoderm. In addition, optimization of culture 
conditions in this new procedure allowed successful generation of blastomere-derived hESC in 
feeder-free conditions, eliminating the need for co-cultures with animal-derived feeder layers or 
previously established hESC lines.  

 
1.2 Growth and maintenance of hESC in vitro  

 
Indefinite self-renewal is a fundamental hallmark of successful hESC culture. When the first 

hESC lines were derived, MEF feeder layers were used to support the propagation of hESC in the 
primitive undifferentiated state [10, 11]. Ever since, in effort to move toward a total xeno-free hESC 
culturing systems, different approaches using human-derived cell types including fibroblast feeder 
cells derived from fallopian tube epithelium [22], fetal foreskin, muscle [23, 24], bone marrow [25], 
or amniotic epithelium [26], have been established. Alternatively, hESC can be maintained in feeder-
free environments in the presence of extracellular matrices such as matrigel and fibronectin-
containing hydrogels. Nevertheless, media conditioned by feeder fibroblast cells and 
supplementation with basic fibroblast growth factor (bFGF) are required to maintain hESC in an 
undifferentiated state in such feeder-free conditions [27, 28].  

 
In feeder-free culture systems, hESC often give rise to fibroblast or stromal-like cells that may 

serve as supportive cells in maintaining the undifferentiated growth of hESC. Studies examining the 
nature of these feeder cells provided evidence that feeder cells derived from hESC can be used to 
support their own growth [29, 30]. Although these cells fulfill the growth requirements of hESCs, 
they are not immortal and will senesce after several passages, thereby limiting their continual use. 
Derivation of new feeder cells can be cumbersome and may result in highly variable culture systems. 

 
Thus, additional efforts are required to completely eliminate the need of feeder cells and 

establish a well-defined environment for hESC growth. Studies focused on secreted factors released 
from MEF feeder layers that maintain self-renewal divisions of hESC have identified a number of 
factors responsible for maintenance of hESC pluripotency [31-34]. In addition, high concentrations 
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of bFGF and repression of bone morphogenetic protein (BMP) signaling by noggin have been 
suggested to sustain undifferentiated proliferation of hESC in serum-freed media [34-37]. Other 
multifaceted exogenous treatments of hESC with cocktails of human recombinant proteins and 
signaling molecules including Activin A and transforming growth factor-beta 1 (TGF-β1) have also 
been introduced as new approaches in hESC culture [37-39].  

 
On the other hand, there is evidence suggesting that maintaining hESC in feeder-free culture 

systems can decrease their stability and predispose them to developing genetic abnormalities [40]. 
Also, feeder-free conditions may not be optimal for a wide range of hESC lines [41]. Even though 
feeder-free and serum-free defined conditions provide a basic platform and clues in characterization 
of hESC self-renewal, further investigations need to be undertaken to determine factors contributing 
to maintenance of the pluripotent phenotype and stability of all existing hESC lines worldwide. 

 
1.3 Methods for expansion of hESC  

 
HESC have a high capacity for self renewal and need to be frequently passaged and transferred 

to freshly-prepared cultures upon confluency. Typically, hESC in co-culture with various murine or 
human cell types are isolated from their supportive feeder cell layer by enzymatic treatment or 
mechanical dissection. Commonly used animal-derived enzymes include collagenase IV, dispase, 
and trypsin [42]. In view of potential clinical applications, recombinant animal protein-free enzymes 
and human collagenase have also been used for hESC culture [43]. Enzymatic passaging as 
compared to mechanical isolation is less labor intensive and can easily be applied on a large scale, 
providing a more defined and reproducible culture system. However, enzymatic methods in 
propagation of hESC have been strongly linked to occurrence of genetic abnormalities [40, 44, 45].  
To address concerns associated with enzymatic passaging, a number of groups have established 
enzymatic techniques involving bulk passaging and single cell dissociation without compromising 
the pluripotency or genetic stability over extended culture periods (more that 100 passages) [ 46, 47]. 
Furthermore an automated method has also been developed for robust mechanical large-scale 
expansion of undifferentiated hESC [48]. 

 
1.4 Characterization of hESC 

 
HESC grow in tightly packed colonies and maintain a defined border at the periphery of 

colonies. High nucleus to cytoplasm ratio and prominent nucleoli are typical features of individual 
hESC within colonies. hESC are also characterized by expression of a number of cell surface 
markers and transcription factors including stage-specific embryonic antigen-4 (SSEA-4), SSEA-3, 
TRA antigens, Oct3/4, Nanog, and absence of hESC negative markers, such as SSEA-1[49-53].   

 
Analysis of self-renewal capacity of hESC is often evaluated by telomere length and 

telomerase activity measurement after prolonged in vitro cultivation [54, 55]. In general, human 
somatic cells have a limited lifespan and can only escape replicative senescence upon acquisition of 
genetic alterations [56].In contrast, it has been established that the intrinsic mechanisms in hESC 
responsible for their immortality are not caused by genetic alterations or inactivation of the well-
known p53 and Rb tumor suppressor pathways [55, 57].  

 
It is, however, evident that hESC acquire karyotypic abnormalities during prolonged 

maintenance in vitro, which may be correlated to tumorigenic events that occur in vivo [40, 44, 45, 
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58]. Chromosomal aberrations are believed to be a result of in vitro adaptation and selection because 
abnormal rapidly-dividing cells gradually predominate and eventually take over the entire diploid 
culture [58]. Also, the most recurrent chromosomal changes in hESC in vitro reflect over-expression 
of genes associated with pluripotency, cell proliferation, and anti-apoptosis, which are highly 
comparable to genetic changes seen in common human cancers [58]. Consequently, for therapeutic 
use of hESC, in addition to traditional Giemsa-stained karyotyping that detects large chromosomal 
changes, fluorescent in situ hybridization, DNA microarray, whole-genome single nucleotide 
polymorphism, and short tandem repeat analysis are carried out to ensure maintenance of a normal 
genetic signature at a high level of resolution [40, 44, 45, 59, 60].  

 
Functional confirmation of the multipotent nature of hESC is generally achieved by examining 

their potential to differentiate into all three germ layers (ectoderm, mesoderm and endoderm) in vitro 
as well as in vivo. In vitro, hESC are allowed to randomly differentiate as embryoid bodies (EBs), 
which are aggregates of cells grown in suspension culture, followed by immunocytochemical 
analysis, or measurement of expression of genes associated with the three germ layers by RT-PCR.  
The in vivo test for pluripotency of hESCs is teratoma formation in SCID mice [10, 11]. 

 
1.5 Three-dimensional culture of hESC  

 
Ideal culture conditions for hESC should recapitulate the niche and physical environment in 

which hESC naturally reside. Generally, hESC are grown in colonies which must remain within a 
narrow size range during passaging procedures to prevent differentiation. Thus, it is clear that cell-
cell interactions as well as paracrine or autocrine signals within colonies play an essential role in 
maintaining hESC in an undifferentiated state. 

 
There is a profound difference in cell signaling, gene expression and organization of cells in 

two dimensional cultures (2D) as compared the three dimensional (3D) culture systems, which more 
closely resemble the in vivo hESC environment [61, 62]. A study by Nur-E-Kamal et al. [63] showed 
that physical and mechanical cues are also crucial in emulating the native microenvironment of 
mouse ESC, as 3D culture greatly enhanced cell proliferation and self-renewal in comparison with 
growth on 2D tissue culture surfaces. The authors used synthetic polyamide matrix scaffolds to 
mimic the fibrillar network of the basement membrane. The resultant gain in proliferative ability was 
correlated with the cellular mechanotransduction by activation of the small GTPase Rac, the 
activation of phosphoinositide 3-kinase (PI3K) pathway and enhanced expression of Nanog [63].  

 
Another type of polymeric fibrous scaffold is made of cellulose acetate that creates a 

meshwork permitting surface immobilization of various extra cellular matrix (ECM) molecules and 
growth factors. This manually constructed 3D matrix has been used in the study of uncommitted 
human embryonic germ cell derivatives, which share some properties with hESC. The enhanced 
interaction of cells in 3D cultures led to maintenance of multipotency and elevated proliferation and 
cell survival [64].  

 
Encapsulation of hESC has also been carried out in biocompatible poly-glycerolco-sebacate-

acrylate (PGSA) elastomers, which are photo-polymerized to form porous scaffolds. Although hESC 
continued to proliferate under these conditions, the cells formed differentiating EB structures within 
the pores after seven days of culture and did not remain in an undifferentiated state [65]. Thus far, 
the most physiologically relevant matrix developed for culture of undifferentiated hESC is composed 
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of hyaluronic acid (HA) hydrogel. The HA hydrogel replicates major components of the  ECM that 
is abundant in embryos and stem cell niches and can maintain hESC in undifferentiated state while 
preserving their full differentiation capacity [66].  

 
Similar to PGSA scaffolds, structure and chemistry of synthetic hydrogels can be modified by 

external stimuli to manipulate the temporal and spatial availability of bioactive molecules. Addition 
of components such as growth factors and ECM proteins can also be used in inducing differentiation. 
Development of methods capable of controlling cell-cell interactions in scalable culture by 
encapsulation of hESC in size-specified scaffolds is indeed highly desirable; however, the release of 
cells from these 3D structures requires enzymatic digestion. For example, release of hESC from HA 
hydrogel is achieved by addition of hyaluronidase into the growth medium, and it is uncertain how 
the enzymatic treatment affects hESC in long-term cultures.  

 
2. Directed in vitro differentiation of hESC 

 
Theoretically, hESC have the capability to give rise to all somatic cell types present in an 

embryo. Although hESC exhibit this great potential, for development of new therapeutic strategies 
the challenge still remains in understanding the intricate mechanisms that govern stem cell growth, 
cell fate decisions, tissue generation and organogenesis. Systematic studies of the developmental 
biology of various cell types are leading to increasing success in lineage-specific differentiation of 
hESC.  

 
Aggregation of hESC into 3D EB structures has a general inductive influence, and is frequently 

used as a first step for producing in vitro differentiation of many cell lineages. Spontaneous 
differentiation produced by EB formation or allowing increased confluency of hESC cultures 
generally results in a small fraction of cells with any particular phenotype. Therefore, considerable 
efforts are being made in identifying exogenous biochemical supplementation that can direct cell-
specific differentiation, and results in enrichment of desired cell types.  

 
2.1 Cell-specific endodermal differentiation  

 
Examples of major cell types that have been derived from the endoderm using hESC include 

hepatocytes [67-69], insulin-producing β-cells [70-73], and lung epithelium [74-76] for development 
of potential cell replacement therapy in acute liver failure/hepatitis, type I diabetes, and pulmonary 
diseases.  

 
The isolation of hepatocytes from randomly-differentiated hESC is relatively difficult, because 

many markers characteristic of liver cells are also expressed in the extraembryonic endoderm, which 
contributes to the formation of the yolk sac [67]. Selective induction and isolation of definitive 
endoderm can be achieved by activin A treatment in combination with fluorescence-activated cell 
sorting (FACS) of cells that express lineage-specific cell-surface proteins including CXCR4 [68, 69].  

 
Hepatocytic induction is then accomplished by sequential addition of inducing factors FGF4, 

BMP2, and hepatocyte growth factor (HGF). The highest reported yield of albumin secreting 
hepatocytes is about 70% [69]. Additionally, transplantation of hepatocyte precursors or mature 
hepatocytes in animals with tetrachloride-induced liver injury has resulted in successful integration 
and participation in liver repair. 
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The signaling pathways in the developing pancreas are very complex and include the TGF-β, 

notch, hedgehog, FGF, and epidermal growth factor (EGF) pathways [70]. A study by Assady et al. 
[71] suggested that pancreatic β-cells could be produced by random differentiation of hESC as EBs.  
However, only 1–3% of cells within EBs were insulin-positive β -cell.  Segev et al. [72] used a more 
efficient methodology for derivation of immature pancreatic cells involving growth in insulin-
transferrin-selenium-fibronectin medium, followed by supplementation with N2, B27, and bFGF. 
Nicotinamide and decreased glucose concentrations in the media were also used to improve insulin 
secretion in response to glucose. Recently, co-transplantation of randomly differentiated hESC with 

mouse embryonic dorsal pancreas has also been found to result in differentiation of β-cell–like cell 
clusters capable of insulin synthesis [73]. 

 
Another target of hESC differentiation is the alveolar epithelial type II (ATII) cells that 

constitute the primary lung-lining tissue.  These cells might possibly be used for treatment of lung 
chronic respiratory disease as well as pulmonary genetic disorders. Generation of mature ATII cells 
from hESC has been carried out via EB formation in small airway growth medium [74], or by co-
culture with pulmonary mesenchyme [75]. Both of these strategies gave rise to a small percentage of 
cells with the pulmonary epithelial/ATII phenotype. Wang and colleagues [76] have recently 
achieved remarkable success in deriving an almost pure population of ATII cells from hESC by 
genetic selection. ATII cells are characterized by their unique ability to synthesize and secrete 
surfactant protein C. Wang et al. [76] used nonviral transfection of hESC with a neomycin transgene 
under the control of a surfactant protein C promoter and were thereby able to produce an almost 
homogenous population of surfactant protein C expressing ATII cells under neomycin selection. 

 
2.2 Cell-specific mesodermal differentiation  

 
Bone and cartilage cells are of therapeutic interest because of their potential use for the 

treatment of osteoporosis and osteoarthritis. Mesodermal differentiation of mesenchymal precursors 
has been achieved by co-culturing hESC with murine OP9 stromal cells, followed by FACS using 
antibodies against the lineage-specific cell-surface protein CD73. In this paradigm, mesenchymal 
precursors gave rise to chondrocytes, osteocytes, and skeletal myoblasts under defined conditions 
[77]. A more selective system for osteogenic derivation from hESC was reported by Sottile et al. 
[78], where mineralization of EB-derived cells was induced by an osteogenic supplement consisting 
of ascorbic acid phosphate, β-glycerophosphate and dexamethasone. 

Major advances have been made in the treatment of ischemic heart disease and 
cardiomyopathy by heart transplantation. The number of patients waiting for cardiac transplantation 
continues, however, to rise, and the possibility of using cardiomyocytes derived from hESC is a 
promising alternative. In 2001, Kehat et al. [79] demonstrated that hESC differentiation as EBs can 
commit hESC to form mesodermal cells, and eventually contracting cardiac tissue. Recently, a 
technique was reported for enhancing the derivation and purity of cardiomyocytes directly from 
hESC, by treatment of high-density undifferentiated monolayer cultures with activin A and BMP4. 
Most importantly, the authors demonstrated that transplantation of these cells into damages rat heart 
in combination with insulin-like growth factor 1 (IGF-1) and a multicomponent prosurvival cocktail 
can results in improvement in heart function [80]. 
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Generation of two additional cell types, blood-forming hematopoietic cells, and endothelial 
cells from hESC- derived mesoderm precursors has also been established. These cell types could 
potentially be used for blood transfusion, analyzing hematopoietic and vascular defects, or for cell 
transplantation in the treatment of immunodeficiency disorders. It has been suggested that the 
cytokines, interleukin 3 and interleukin 6 in combination with BMP4 strongly promote 
differentiation of hESC into hematopoietic cells subsequent to EB formation [81]. The use of this 
combination of factors resulted in conversion of the majority of treated EBs to hematopoietic cells, 
as indicated by the expression of the hematopoietic progenitor marker CD45. Alternatively, a co-
culturing system with the mouse stromal cell lines S17 and OP9, or the yolk sac endothelial cell line 
C166, can be used to derive hematopoietic-like cells expressing CD34 [82, 83].  

 
Isolation of endothelial cells from randomly-differentiated EBs has been carried out by flow 

cytometry cell sorting using antibodies against platelet endothelial cell-adhesion molecule-1 [84]. In 
this study, endothelial cell transplantation experiments using biodegradable scaffolds showed 
formation of functional vessel-like structures that were integrated with the animal’s vascular network 
[84]. 

 
2.3 Cell-specific ectodermal differentiation   

 
The ectoderm derivatives include external ectoderm, neural crest, and neural tube. These 

structures give rise to cells of the epidermis, external sense organs, and the peripheral and central 
nervous system [1].  

 
2.3.1 Non-neuronal derivatives of the ectoderm  

 
Retinoic acid (RA) and BMP signaling has been found to act synergistically to enhance the 

induction of hESC to keratinocytes, which are the major component of skin. Temporal addition of 
low concentrations (1 µM) of RA strongly upregulated expression of factors involved in epidermal 
morphogenesis and ectodermal specification, while repressing early neural induction [85]. 
Production of keratinocyte precursors from hESC can be improved by a series of mesenchymal 
inducers, including fixed PA6 stromal feeder cells, BMP4, and collagen [86]. In terms of evaluation 
of these cells for of suitability for cell transplantation therapy, hESC-derived keratinocytes have 
been expanded while retaining a normal karyotype, and transplanted into mice without generating 
teratomas.  

 
Age-related macular degeneration is one of the leading causes of human blindness, and is 

mainly caused by loss and dysfunction of the retinal pigment epithelium. Transplantation studies 
indicate that donor retinal pigment epithelium can support photoreceptor survival and restore visual 
function in animals with degenerated retinal pigment epithelium [87]. The first retinal pigment 
epithelium cells were isolated from hESC by randomly differentiating colonies of hESC followed by 
mechanical isolation of epithelial-like clusters, or by transferring differentiated EBs to gelatin-coated 
substrates [88]. Enhanced conversion of hESC to retinal pigment epithelial cells has been achieved 
by co-culturing hESC with a human retinal pigment epithelial cell line, or with human basement 
membranes of the choriocapillaris endothelium and retinal pigment epithelium [89].  
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2.3.2 Differentiation of the neuroectoderm  
 
Generating functional neurons from hESC with the aim of treating neurodegenerative diseases 

is the subject of intensive investigation. Shortly after derivation of the first hESC lines, Reubinoff et 
al. [90] described isolation of expandable neural progenitor cells from hESC that had been cultivated 
for four to seven weeks at a high density in vitro. The authors illustrated that the neuroepithelium 
containing areas of differentiating hESC colonies, identified by expression of the embryonic 
polysialylated neural cell adhesion molecule (PSA-NCAM), had distinct morphological features. 
These areas were mechanically dissected and expanded as neural aggregates or spheres in serum-free 
media. Neural induction was achieved by plating the spheres on coverslips coated with poly-D-
lysine and laminin, which resulted in emergence of cells expressing the neuronal markers, β-tubulin 
and microtubule-associated protein 2 (MAP2). They also identified a subset of the neuronal cells as 
being glutaminergic and GABAergic neurons, as shown by the expression of glutamate and glutamic 
acid decarboxylase (GAD).  

 
Later, the same group, Reubinoff and coworkers [91] optimized the expansion of hESC-

derived NPC by addition of B27 supplement, human recombinant epidermal factor EGF and the 
mitogen bFGF. Furthermore, the expanded NPC were capable of differentiating into all three major 
neural lineages (neurons, astrocytes, oligodendrocytes) in vitro as well as in vivo.  Lineage tracing 
studies showed that NPC grafted to the ventricles of newborn mice differentiated in a region-specific 
manner, according to normal developmental patterning signals. For example, neuronal 
differentiation was specifically detected in the olfactory bulb, where postnatal neurogenesis occurs 
[91].  

 
At about the same time, Zhang et al. [93] used a different protocol with similar success in 

generating enriched populations of NPC from hESC. In that study, differentiating EBs were treated 
with insulin, transferrin, progesterone, heparin, and bFGF. A continuous exposure to bFGF led to 
formation of monolayers of neural tube−like rosettes that were isolated by dispase enzymatic 
treatment. Similar to the study by Reubinoff et al. [91], the generated NPC were capable of 
generating oligodendrocytes, astrocytes, and mature neurons both in vitro and after transplantation 
into mice.  

 
These observations confirming the multi-lineage differentiation potential of hESC-derived 

NPC, and promising indications of survival and integration of these cells in vivo, set the stage for 
future developments of methods for selective differentiation of different neuronal phenotypes that 
could potentially be used to treat various central nervous system disorders.  Indeed, studies 
examining the signals and factors that govern the proliferation and cell fate specification of neural 
progenitors are accumulating rapidly.  

 
Generation of transplantable motor neurons from hESC could have potential for treating 

victims of spinal cord injuries, or degenerative diseases such as amyotrophic lateral sclerosis. The 
first functional motor neurons originating from hESC were described by Li et al. in 2005 [94]. In 
that study, Li and colleagues used the method described by Zhang et al. [93] to generate NPC cells 
that were subsequently induced to become motor neurons through specification by addition of RA to 
the culture medium. Further maturation to postmitotic motorneuron was induced by the ventralizing 
morphogenic protein SHH. An interesting aspect of this study was the specific temporal effect of RA 
on motor neuron induction. It was clearly illustrated that RA could only induce early, but not late 
neuroectodermal cells to differentiate into motorneuron [94]. 
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This occurred through upregulation of expression of HOX genes that are involved in assigning 
the rostrocaudal positional identity of spinal motor neurons. The functionality of the generated motor 
neurons was confirmed by electrophysiological experiments and establishment of neuromuscular 
transmission in motorneuron-myotube co-cultures [94].  

 
In another study, directed differentiation of motor neurons was also achieved by addition of 

RA/SHH extrinsic cues to cultures of differentiating NPC generated from hESC [95]. With respect to 
clinical potential, transplantation of hESC-derived motor neurons in developing chick embryo spinal 
cord showed that these cells were capable of survival and long distance directed axonal growth [95]. 
On the other hand, transplantation in adult rats did not result in any axonal outgrowth from the CNS. 
It should be pointed out that, although caudal and ventral patterning was achieved by RA and SHH, 
the initial neural induction of hESC was obtained by co-culture with MS5 mouse stromal cells, 
which prevents the use of motorneurons generated by this strategy for any type of human 
transplantation therapy for motorneuron diseases [95]. 

 
In a later study by Li et al. [96], neural induction medium containing heparin and cyclic 

adenosine monophosphate (cAMP) in addition to RA and SHH was successful in generating a nearly 
homogenous population of ventral spinal progenitor cells, with highly efficient generation of motor 
neurons, thus eliminating the need for any feeder cells.  

 
Promoting remyelination is another approach for treatment of neurologic disorders caused by 

demyelination of motor neurons. One of the strategies used to promote remyelination involves 
transplantation of oligodendrocytes, which produce the myelin sheath of motor neurons and are 
essential for normal signal conduction. Transplantation of hESC-derived oligodendrocytes produced 
by stromal cell co-cultures and bFGF, EGF, and RA treatment, has led to remyelination of 
motorneurons, and recovery of motor function after spinal cord injury [97].   

 
A number of additional studies have reported the production of multiple neuronal subtypes, 

including cholinergic, serotonergic, GABAergic, and dopaminergic neurons, from hESC [101-104].  
As previously mentioned, protocols used for neural conversion of hESC generally give rise to a 
mixture of neuronal phenotypes. Previous studies of neural differentiation of mouse ESC (mESC) 
have established protocols for growth factor-mediated lineage selection and survival-promoting 
factors of neuronal cells [98-100]. As a general strategy for obtaining selective neuronal 
differentiation, factors with effects on the anteroposterior (AP) or the dorsoventral (DV) neuronal 
patterning in combination with specific neurotrophins are used at specific stages during in vitro ESC 
differentiation. In a comprehensive study of neural development of mouse ESC, Barberi et al. used a 
stromal feeder-based differentiation system to generate early ectodermal cells (6 days co-culture) 
and identified various combination of factors that govern neural and neuronal subtype specification 
[100]. 
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3. Dopaminergic differentiation of hESC 
 
To date, the majority of studies on neural differentiation of hESC have been focused on 

generation of dopamine producing neurons of the midbrain subtype, due to their potential application 
in cell replacement therapy for PD. Established protocols for the in vitro induction of hESC fall into 
two distinct categories. The first strategy is based on previous findings in mESC, which involved 
exposing neural progenitor cells obtained by random differentiation of ESC, first to early midbrain 
patterning factors, and later to neurotrophic factors that contribute to the selective survival of mDA 
neurons. The second DA inductive technique involves the use of feeder cells, of animal or human 
origin, which possess a neural and dopaminergic cell fate specification property. In addition, specific 
culturing conditions appropriate for DA differentiation of hESC have also been developed. 

 
3.1 DA induction by biochemical patterning cues 

 
For successful derivation of functional, and midbrain specific DA neurons, it is imperative to 

develop in vitro models that can mimic the in vivo scenario. Although it is unlikely that a structure 
comparable to the developing neural tube can be recreated in ES cell cultures, it is important to 
mimic the induction events associated with different regions of the brain that lead to the 
development of midbrain specific cell populations. 

 
 

Figure 1. Neural subtype specification from neural progenitors derived from mouse ESC using various 
combinations of inducing factors. AA, ascorbic acid; bFGF, basic fibroblast growth factor; BDNF, brain-derived 
neurotrophic factor; CNTF, ciliary neurotrophic factor; EGF, epidermal growth factor; FGF4, fibroblast growth 
factor 4; FGF8, fibroblast growth factor 8; NT4, neurotrophin-4; PDGF, platelet-derived growth factor; RA, 
retinoic acid; SHH, sonic hedgehog. {Adapted from Barberi et al. (2003), [100]} 
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SHH and FGF8 
 
The secreted morphogens SHH and FGF8 possess important signaling activities and have been 

shown to play an essential role in neural tube patterning and specification of different cell types 
during early stages of development.  

 
SHH is one of the three human homologs of the drosophila hedgehog (HH) gene. The role of 

the HH family was first discovered in the famous studies of developmental biology by Ed Lewis, 
Christiane Nüsslein-Volhard and Eric Wieschaus (winners of the Nobel Prize in Medicine in 1995) 
where large numbers of mutations affecting embryogenesis were identified. The name originated 
from HH mutant fly embryos that were short and covered in tiny spines resembling a hedgehog, 
while the specific name of ″sonic hedgehog″ was derived from a video game character. In 
drosophila, signaling by hedgehog family proteins was identified as one of the essential pathways 
responsible for DV patterning [106, 107]. Expression patterns of SHH was found to be associated 
with polarizing activities in vertebrate embryos in tissues including the notochord and floor plate of 
the neural tube [108, 109]. Subsequent studies of mouse SHH mutants revealed that disruption of the 
SHH gene results in malformation of the ventral neural tube leading to defects in the midbrain and 
forebrain [110].  

 
The notochord consists of a rod-like structure of mesodermal cells situated on the ventral side 

of the neural tube. The SHH protein, secreted from the notochord and the floorplate, becomes 
distributed in a gradient across the ventral neural tube, where it acts in a concentration-dependent 
manner to specify a range of distinct neuronal cell types [111]. In addition, a recent study has shown 
that cellular responses to SHH can also depend on the duration of SHH signaling. In fact, changing 
the concentration or duration of exposure to SHH had a similar effect on intracellular signaling 
initiated by SHH [112].   

 
SHH elicits its biological effects by binding to the cell-surface transmembrane protein patched 

(PTCH) [113]. The receptor PTCH prevents expression and activity of a seven membrane spanning 
receptor called smoothened (SMO). Upon ligand binding, PTCH is inhibited, allowing SMO to 
accumulate. Accumulation of SMO leads to the activation of the GLI transcription factors, the 
activators Gli1 and Gli2 and the repressor Gli3 [114-117]. The Gli proteins acting as transcriptional 

activators or repressors, suggests that the polarizing activity of SHH could be a result of the specific 
distribution and functional properties of each of the Gli proteins. The few developmental regulatory 
genes that have been identified as direct targets of the SHH-PTCH-GLI pathway include Wnt genes, 
BMP4, and the transcription factor, Hepatocyte Nuclear Factor-3β [118-120].  Notably, continuous 
exposure to SHH also leads to a negative feedback by transcriptional activation of PTCH itself, that 
will gradually desensitize the cells to SHH signaling [121].   

 
FGF8 was formerly named androgen-induced growth factor. This protein is expressed in the 

isthmus and acts as an AP organizer in the midbrain-hindbrain boundary. Fibroblast growth factor 
(FGF) signals are known to interact with tyrosine kinase receptors that activate the mitogen-
activated protein kinase (MAPK) and PI3 K pathways, which mediate growth and development 
[124].  The temporal expression of FGF8 in organizing centers of the CNS during early 
embryogenesis suggests an involvement of FGF8 in the neuronal development [125, 126].  The role 
of FGF8 signaling in specifying positional identity in the brain was further supported in a study by 
Crossely and colleagues [127] that clearly demonstrated that implanted FGF8-coated beads acted 
similarly to grafted isthmus tissue in transforming chick caudal forebrain into midbrain. In 1998, 
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localization of SHH and FGF8 along the AP and DV axis of the neural tube between rat embryonic 
days 11–15 showed that DA neurons develop at sites where the signals of both molecules intersect. 
In addition, SHH and FGF8 function-blocking experiments provided solid evidence that these two 
extracellular signaling factors are necessary and sufficient for the induction of DA neurons in the 
midbrain and forebrain [128].  

 
DA induction of hESC by SHH and FGF8 

 
Like their mouse counterparts, hESC can be directly induced to differentiate to a dopaminergic 

phenotype by SHH and FGF8 instructive signals.  In 2005, Yan and coworkers [129] demonstrated 
neural induction and of hESC and DA specification of neurons in the absence of any type of feeder 
cells. This protocol involved differentiation of the hESC lines H1 or H9 in suspension as EBs for 4 
days, followed by expansion as adhesive cultures in the presence of bFGF for an additional 14 to 16 
days. This procedure generated neuroepithelial cells, which were then dissociated and differentiated 

in the presence to SHH and FGF8. The authors suggested that for generation of DA neurons with 
midbrain neuronal phenotypes, early exposure of FGF8 was necessary. When FGF8 was added to 
cultures before Sox1 expression, at day 10 of expansion instead of day 18, expression of early 
transcription factors expressed in the forebrain, including orthodenticle homolog 2 (Otx2) and brain 
factor-1 (Bf1) was suppressed, whereas expression of the midbrain specific transcription factor 
engrailed 1 (En-1) was induced. Addition of FGF8 to neural progenitor cells that had already begun 
to express Sox1 resulted in generation of DA neurons with mostly forebrain phenotypes. After three 
weeks of differentiation, the dissociated NPC that were treated with FGF8 at earlier stages gave rise 
to neurons positive for both tyrosine hydroxylase (TH) and En-1, which comprised 50%–60% of the 
total neuronal population. They further illustrated that the obtained midbrain TH+ neurons were 
biologically and electrophysiologically active.  

 
Recent technical advances based on the same strategy used by Yan et al. [129] have allowed 

generation a more pure population of dopaminergic neurons from hESC [130]. For this improved 
differentiation procedure, the hESC lines SNUhES1, SNUhES3, and SNUhES16 were cultured as 
EBs for seven days and then expanded in NP serum-free selection media for four days to form neural 
rosettes. The neural rosettes were mechanically isolated and further expanded in suspension in the 
presence of bFGF and N2 supplements to form large aggregates referred to as spherical neural 
masses (SNMs).For neuronal induction, the SNMs were transferred to matrigel-coated substrates 
after 10 days and further cultured under the influence of SHH and FGF8 and ascorbic acid (AA).  

 
In contrast to the protocol developed by Yan et al. [129], the procedure used by Cho and 

coworkers [130] involved addition of FGF8 and SHH at a much later stage, after the cells displayed 
neuronal morphologies (four days after differentiation of SNMs was initiated). Notably, the late 
exposure to FGF8 did not result in NPC with a forebrain character. After 14 days of differentiation, 
approximately 66% of the total cells were TH+ and EN-1 expression was also confirmed in the 
majority of the TH+ cells. The SNMs could also be expanded for long periods (>four months) 
without losing their capability to differentiate into functional midbrain TH + neurons.  

 
The hESC line hES1 has also been differentiated to functional dopamine producing neurons by 

EB formation in insulin–transferrin–selenium fibronectin media (7-10 days), NPC expansion in N2 
media supplemented with EGF, bFGF (10 days), and DA induction and differentiation by SHH and 
FGF8 treatment (10-15 days).  
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The majority of cells in these cultures were neuronal cells and about 40% of the β-III tubulin + 
neurons were also positive for TH [131].   

 
DA induction of hESC in feeder-free conditions without SHH and FGF8 

 
Differentiation of BG01 and BG03 hESC cell lines to midbrain dopaminergic neurons have 

been observed in a serum-free suspension system in the absence of added neural-inducing or 
instructive factors [132]. In this report, the authors generated EBs for one month in differentiation 
medium, and demonstrated that these aggregates were able to differentiate into TH+ neurons in 
adherent cultures in appropriate medium. It was suggested that the specification of the DA lineage 
was driven by cell-to-cell signaling within the suspension aggregates. They also hypothesized that 
the large cellular aggregates may have provided a low-oxygen environment which was previously 
shown to enhance differentiation of DA neurons from mESC [133].   

 
The majority of protocols developed for DA differentiation of hESC involve the use of 

neurotrophic factors to enhance survival of TH+ neurons. Glial cell line-derived neurotrophic factor 
(GDNF) is a selective neurotrophic factor for midbrain dopaminergic neurons and has been shown to 
be neuroprotective in rodent and primate models of PD [134-136]. GDNF enhances the yield of TH+ 
neurons from fetal mesencephalic NPC as well as hESC [137, 138, 140]. Brain-derived neurotrophic 
factor (BDNF) is also known to contribute to the survival and differentiation of DA neurons during 
development [139, 140].  Additional survival factors for DA neurons are dibutyryl-cyclic AMP 
(dbcAMP) that accelerates the onset of the survival effects of GDNF and BDNF [141-143], as well 
as PTN [144-146], and conserved dopamine neurotrophic factor [147]. 

 
A study of the effect of transforming growth factor-α on the transition of hESC-derived NPC 

cells to DA neurons has reported that transforming growth factor-α, when used in concert with bFGF 
in cell-free induction systems, yields a higher percentage of dopaminergic neurons (≈ 20%) from 
hESC [141]. 

 
During ectodermal differentiation, epidermis is induced by BMPs, whereas neural fates arise by 

default following BMP inhibition by Noggin or other BMP inhibitors such as chordin and follistatin 
[149-152]. Inhibition of BMP signaling can be used to enhance induction of NPC from hESC [153, 
154]. More recently, support systems for enhanced induction of DA neurons from hESC have been 
developed by the use of noggin in the presence of type IV human collagen, which is the major 
protein of the basal lamina extra cellular matrix during CNS development. Combined treatment with 
noggin during NPC expansion, and dbcAMP during neuronal differentiation significantly increased 
the number of dopaminergic neurons derived from hESC, as compared to untreated cultures [155]. 

  
3.2 DA differentiation of hESC on cellular substrates 

 
When hESC are grown in co-culture systems with various feeder cells, the feeders are 

generally considered to provide signal transduction through two major mechanisms, promoting 
differentiation towards specific cellular phenotypes. First, the cellular substrate provides direct cell–
cell contact, which may convey signaling that reflects the natural niche for survival and lineage 
specification of differentiating hESC. Secondly, cells secrete various soluble factors, such as growth 
factors and cytokines that stimulate the proliferation and differentiation of hESC. Cell-surface bound 
factors might also guide hESC towards specific lineages.  
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3.2.1 Role of extracellular matrix molecules (ECM) during CNS development 

 
Numerous studies have provided evidence supporting a role of intercellular adhesion governed 

by ECM components and their receptors during CNS development.The first demonstration of the 
role of cell adhesion in embryonic cell sorting was provided more that 50 years ago by Townes and 
Holtfreter [156]. They hypothesized that ectodermal and mesodermal cells sort into two distinct 
germ layers due to their distinct cell adhesion properties. Indeed, later it was shown that the neural 
tube is separated from the surface ectoderm, because the neural tube-forming cells that initially 
express the cell adhesion molecule epithelial cadherin stop producing this protein, and instead 
synthesize another subtype of the cadherin protein, neural-cadherin, as well as NCAM, as the neural 
tube develops. Cell-type specific transient expression of different types of cadherins during the 
neural tube formation is also important for the closure of the neural tube [157, 158]. 

 
The expression of ECM and their receptors are highly regulated and contribute to controlling 

cell migration, differentiation, survival, and axon guidance during development of the nervous 
system [159-163]. Extracellular matrices are also known to interact strongly with many growth 
factors and modulate their biological activity [164].  Although differential expression of genes which 
encode ECM molecules is known to occur during the formation and regionalization of the neural 
tube, the specific role of individual ECM molecules and their receptors during neuronal specification 
is still under investigation [165-167].  

 
Laminin, fibronectin and collagen are among the main ECM molecules that regulate neuronal 

development [159, 163].The mechanisms for attachment to extracellular matrices for neural cells 
predominantly involve binding to the integrin cell surface receptors, which mediate commitment and 
lineage determination during early embryogenesis [159-161, 163]. A large number of proteoglycans 
are also expressed in the developing nervous system. Aside from being a part of the ECM network, 
the potential functions of proteoglycans include roles as receptors, modulators of axon guidance cue 
function and regulators of the biological activity of a variety of growth factors [163, 166].  

 
Interaction with ECM molecules leads to activation of intracellular second messenger 

pathways through activation of protein kinases including the focal adhesion kinase, a tyrosine kinase 
associated with integrins in focal contacts [153, 164]. Focal adhesion kinase initiates a cascade of 
intracellular signals and works in concert with signaling initiated by growth factors during 
development [172-175]. 

 
An important role of the extracellular environment in determining programmed differentiation 

of stem cells has recently been established [176-179]. Particularly, loss of β1 integrin function 
during ESC differentiation resulted in enhanced neuroectodermal differentiation, paralleled by over-
expression of Wnt-1 and decreased BMP-4 mRNA levels [176-178]. Laminin-coated substrates have 
also been reported to enhance general neuronal differentiation of hESC and can affect neuronal 
subtype specification and electrophysiological properties of the resultant neurons [179]. 
Additionally, a more recent study utilizing mechanically-tunable synthetic biomaterials as a substrate 
for growth and differentiation of NPC illustrated that substrate rigidity influences self-renewal and 
lineage specification of NPC during differentiation [180].  
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3.2.2 DA differentiation induced by SDIA 
 
Mouse stromal cells are feeder cells which are frequently used to induce differentiation of ESC 

to a DA lineage. Kawasaki and colleagues in Japan [181] examined the role of various feeder cells 
including MEF and NIH3T3 embryonic fibroblast cells, MDCK, and COS kidney epithelial cell 
lines, and two stromal cell lines OP9, and PA6 in differentiation of mESC. Using these co-culture 
systems, a surprising neural and dopaminergic-inducing activity of PA6 stromal cells, termed 
"stromal-derived inducing activity" (SDIA) was discovered. 

 
The bone marrow stroma consists of a variety of different cell types including endothelial cells, 

adipocytes, smooth muscle cells, reticular cells, osteoblasts and stromal fibroblasts. Bone marrow 
stromal cells form the connective tissue that provides the structural and physiological support for 
hematopoietic cells [182]. These cells are rich in a variety of ECM molecules, including different 
types of collagen and laminin, and secrete many growth factors as part of their hematopoietic 
supporting role [183, 183]. They also have the ability to differentiate towards osteogenic, 
chondrogenic and adipogenic lineages [185, 186]. 

 
The PA6 cells were derived in 1982, from skull bone marrow of newborn mouse calvaria and 

were originally referred to as the MC3T3-G2/PA6 preadipose cell line because of their capacity to 
convert to adipose cells [187]. These cells were initially used to support in vitro proliferation of 
hematopoietic stem cells and hemopoiesis [188, 189].  

  
In contrast to previous protocols for generation of mDA neurons from mESC, the co-culturing 

method does not require formation of embryoid bodies, selection of neural precursor cells, or 
addition of patterning cues or growth factors. In the initial study by Kawasaki et al [181], after 12 
days of co-culture with PA6 cells 92% of ES cell colonies contained NPC and differentiated neurons 
characterized by positive staining for nestin, NCAM, β-tubulin, and MAP2. Less than 2% of the 
colonies contained cells that had differentiated to glial fibrillary acidic protein + (GFAP+) glial or 
mesodermal lineages. In this paradigm, GABAergic, cholinergic, and serotonergic neurons were 
observed in 43%, 28%, and 7% of colonies, respectively. The percentage of TH-expressing colonies 
was, however, the highest at 92%. Approximately one-third of neuronal cells had committed to a 
dopaminergic lineage, and the yield of TH+ neurons was 16% of the total cells. The resulting TH+ 
neurons expressed the midbrain markers nuclear receptor-related 1 (Nurr1) and paired-like 
homeodomain transcription factor 3 (Pitx3), were capable of synthesizing dopamine, and survived 
when transplanted to mouse 6-hydroxydopamine (6-OHDA) treated striatum (~ 20% survival rate). 
This study [181] also discovered that low doses of BMP4 after the onset of nestin expression 
suppressed the neural inducing activity of PA6 cells, but was not able to completely abolish the 
effect. The temporally limited effect of BMP indicated that SDIA may exert other neural inducing 
signals at earlier stages, before the cells can respond to BMP signaling. RT-PCR analysis did not 
show expression of BMP inhibitors, suggesting that SDIA may antagonize BMP signaling by a 
different mechanism. In this study, PA6 cells were reported to retain neural-inducing activity after 
being fixed with paraformaldehyde. In contrast, medium conditioned by PA6 cells for 3 days did not 
induce significant neural differentiation of ESC. Furthermore, the authors illustrated that SDIA 
activity was not mimicked by FGF8/SHH, or Wnt signaling [181]. 

 
This technically simple and efficient method for DA differentiation of ESC has been very 

widely used, and was successfully applied to primate ESC, resulting in 35% TH+ neurons after 



 23

selective cell sorting. In addition to TH+ neurons, the SDIA-treated primate ES cells gave rise to 
20% GABAergic, 5% cholinergic, and 1% serotonergic neurons. In contrast to mESC that generated 
92% TH+ colonies, primate ESC gave rise to only 45% TH+ colonies. The survival rate of generated 
primate TH+ neurons in vivo after transplantation was also somewhat less than TH+ neurons derived 
from mESC. Also, one unpredicted finding from the primate study was the appearance of pigmented 
epithelial cells in approximately 8% of the colonies [190].  

 
Monitoring of the temporal regulation of SDIA-induced neural differentiation of primate and 

mouse ESC, has led to approaches in which ESC are co-cultured with PA6 cells and subsequently 
cultured as neurospheres. These approaches can produce cultures with enriched populations of NPC, 
which can be used to obtain enhanced transplantation efficiency of dopaminergic neurons [191-193]. 
For instance, Morizane and colleagues [192] reported that the survival of TH+ cells after 
transplantation in an animal model of PD was highest when mouse ESC were treated with SDIA for 
12 days before transplantation. The proportion of TH+ neurons derived from proliferating 
neurospheres can also be increased by exposure to PA6 cell conditioned medium [191], or by 
addition of FGF20 [192] which is a neurotrophic factor preferentially expressed in the substantia 
nigra [193]. 

 
The effect of SDIA on hESC differentiation was tested in 2003 in Dr. W. Freed’s laboratory 

[194]. When the hESC line BG01 was cultured on PA6 cells for three weeks, approximately 87% of 
hESC colonies contained large numbers of TH+ cells. The first appearance of TH+ cells was 
observed after 8-10 days of co-culture with PA6 cells, and the number of TH+ neurons within 
colonies reached a maximum at approximately day 18. In contrast, less than 10% of colonies 
contained GABAergic neurons. The TH+ neurons generate by PA6 cell induction had midbrain 
characteristics, as determined by expression of Nurr1 and Pitx3 transcription factors that are strongly 
associated with midbrain dopaminergic neurons. The dopaminergic nature of the TH+ neurons was 
further confirmed by the lack of expression of the noradrenergic neuronal marker, dopamine beta 
hydroxylase (DBH), and by release of dopamine. In this study, initial attempts were also made to 
identify potential PA6 cell-released neural inducing factors. A cytokine growth factor–focused array 
was used to identify genes that were highly expressed in PA6 cells, as compared to MEF cells which 
completely lack SDIA activity. Several growth factors including hepatocyte growth factor, vascular 
endothelial growth factor and FGF7 were differentially expressed in PA6 cells.  Addition of these 
growth factors to hESC cultures was, however, not sufficient to induce differentiation of hESC to 
form TH+ colonies. 

 
A parallel study of DA induction of hESC by Perrier and colleagues in 2004 [104], described 

multistep neural and dopaminergic induction by initial stromal feeder-mediated differentiation 
followed by sequential addition of SHH and FGF8 patterning molecules, ascorbic acid, and various 
neurotrophic factors including BDNF, GDNF, TGF-β3, dcAMP. In this work, differentiation of 
hESC lines H1, H9 and HE-3, as well as two monkey ESC lines, was carried out on MS5 or S2 
stromal cell lines for 28 days. At this stage, rosette-like structures were mechanically isolated and 
further cultured in the presence of SHH, FGF8, AA, and BDNF. These cultures were passaged twice 
at seven to nine day intervals and exposed to GDNF and dcAMP in the absence of SHH and FGF8 to 
obtain terminal differentiation to dopaminergic neurons. Addition of SHH and FGF8 from day 12 to 
day 20 of differentiation, while in co-culture with stromal cells, increased the number of TH+ 
neurons by three fold. Nonetheless, continuous exposure to SHH and FGF8 until day 42 was 
necessary for development of midbrain specific TH+ neurons.  
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Perrier et al. [104] hypothesized that the continuous responsiveness of the neural precursor 
cells to patterning cues in their differentiation paradigm was due to expansion in the absence of 
FGF2. The electrophysiological and dopamine releasing properties of TH+ neurons were also highly 
dependent on exposure to SHH and FGF8. At day 50 of differentiation, 30-50% of the total cell 
population belonged to a neuronal lineage, and the neurons expressed TH at a frequency of 64-79%. 
Very small percentages of GABAergic and serotonergic neurons were also detected. The time frame 
for DA differentiation in this study was analogous to development of human midbrain DA 
development. Notably, however, even after more than 50 days of differentiation, TH+ neurons did 
not express dopamine transporter (DAT), indicative of their immature state [104]. 

 
 Similar to this study, an investigation by Park et al. [195] identified a more efficient 

dopaminergic induction procedure of hESC based on co-culture with stromal cells, followed by 
expansion of the resulting neural precursor cells. In contrast to the protocol described by Perrier’s 
group [104], this study [195] used co-cultures with stromal PA6 cells, or PA6 cells stably 
overexpressing SHH (PA6-SHH) for 14 days, followed by terminal differentiation for an additional 
14 days in feeder-free conditions. This study confirmed that early exposure to SHH and FGF8 (after 
one week of induction) increased the yield of TH+ neurons, and was crucial in commitment of TH+ 
cells to a midbrain phenotype [195]. Stromal cell-induced DA differentiation of hESC has also been 
found to be enhanced by addition of the BMP inhibitor noggin [154]. Furthermore, it has also been 
reported that mesencephalic-restricted neuroectodermal cells produced by the SDIA method, can be 
expanded in vitro for extended periods, without any loss of their dopaminergic differentiation ability 
[196].  

 
Despite the numerous studies that have used SDIA in DA differentiation of ESC, the only 

thorough characterization of SDIA that has been reported involves the temporal aspect of SDIA 
activity [197, 198]. Although, factors secreted from PA6 cells have been suggested to be involved in 
the neural and dopaminergic induction of ESC [199, 200], the exact role of the physical and 
molecular properties of SDIA remains unknown.   

 
4. The dopaminergic system of the brain 

 
4.1 Dopamine signal transduction 

 
Dopamine acts as a neurotransmitter and has hormone-like effects in the brain.Dopamine is 

synthesized from its amino acid precursor, L-tyrosine. The conversion of L-tyrosine to L 3,4-
dihydroxy-L-phenylalanine (L-DOPA) is the first and the rate-limiting step of dopamine 
biosynthesis and is catalyzed by TH. L-DOPA is then converted to dopamine by aromatic l-amino 
acid decarboxylase (AADC). Coenzymes that are also required in the formation of dopamine include 
tetrahydrofolic acid (THFA; for L-tyrosine to L-dopa), pyridoxal phosphate (for L-dopa to 
dopamine), and nicotinamide adenine dinucleotide (NADH; for the formation of THFA and 
pyridoxal phosphate). After synthesis, dopamine is packaged into vesicles in dopaminergic nerve 
terminals, and then released in response to the presynaptic action potential [201]. Upon release into 
the synaptic cleft, dopamine signal transmission is mediated by interaction of dopamine with 
postsynaptic receptors of several types, principally D1 or D2-type G-protein coupled receptors [202]. 
Released dopamine can also bind to presynaptic D2 autoreceptors which modulate dopamine 
synthesis and release [203]. 
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4.2 Dopaminergic pathways  
 
The major mechanism of inactivation of dopaminergic neurotransmission occurs via uptake by 

dopamine-specific transporters [204, 205]. The recycled dopamine is either re-packaged in synaptic 
vesicles by vesicular monoamine transporter 2 (VMAT2), or enyzmatically degraded. The 
catabolism of dopamine is mediated by monoamine oxidase (MAO) and catechol-O-
methyltransferase (COMT) which convert dopamine to 3,4 dihydroxyphenylacetic acid and 3-
methoxytyramine, respectively [201].  

 
There are four specific pathways in the CNS that employ the transmitter dopamine but are 

diverse with respect to neuroanatomy and function. The nigrostriatal pathway is comprised of A9 
subtype of DA neurons of the substantia nigra pars compacta (SNpc) that project to the neostriatum 
(caudate nucleus-putamen).This system is primarily concerned with sensory stimuli and regulation 
of motor function. The cell bodies of the A10 group of DA neurons are located in the ventral 
tegmental area (VTA), and comprise the mesocortical and mesolimbic pathways by innervations of 
the limbic system (medial and the ventral striatum) and the neocortex. The mesocortical/mesolimbic 
pathways are involved in the control of motor and emotional behavior as well as mediation of brain 
reward and addiction. The dopamine releasing neurons (A8 group) in the fourth pathway, known as 
the tuberoinfundibular system, are located in the arcuate nucleus of the hypothalamus and send their 
axonal projections to the median eminence. Dopamine released from these neurons regulates 
secretion of hormones from the anterior pituitary gland. DA neurons are also found in the 
diencephalic and hypothalamic brain regions (areas A11 to A15), periglomerular regions in the 
olfactory bulb (A16 cell group) and the retina (A17 cell group) [206-209].   

 
In addition to the anatomical distinction of the dopaminergic systems, the two major DA types 

of neurons in the SNpc and VTA can be differentiated based of morphology and expression of 
specific markers [210-217].  A selective marker for the vast majority of the A10 neurons is the 
calcium binding protein calbindin  [213, 214], whereas the G-protein-gated inwardly rectifying K+ 

channel Girk2 is only expressed in the A9 neurons [215, 216]. Ephrin B2 and its receptor EphB1 
have also been proposed to contribute to the establishment of the distinct DA neural pathways, based 
on data showing that these molecules selectively induce loss of the substantia nigra DA neurons by 
apoptosis, but not of VTA neurons in vitro [217].   

 
4.3 Development and maturation of mesencephalic DA neurons  

 
If stem cell therapy is to be used for neuron replacement in treatment of PD in the future, it is 

important to examine the course of in vitro DA differentiation of hESC to ascertain that any TH-
expressing neurons that are produced also express region-specific transcription factors and possess 
other distinctive midbrain specific properties, which would be expected to increase the ability of 
these cells to function in vivo. 

 
As previously discussed, the initial anatomical localization of DA neurons along the AP and 

DV axes of the developing brain is determined by the interaction of the two instructive factors SHH 
and FGF8 that are expressed in the ventricular zone and at the midbrain–hindbrain border, 
respectively. SHH and FGF8 are also known to initiate signaling cascades leading to activation of 
other molecules and transcription factors that lead to functional differentiation of DA neurons. The 
Otx2 homeogene is required for specification and regionalization of forebrain and midbrain regions 
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[218, 219].  It has also been reported that Otx2 has a role in cell-fate decisions during mid and late 
brain development by regulating the spatial patterns of SHH and FGF8 in a dose-dependent manner 
[220].  

 
Signaling cascades downstream of SHH/FGF8, and upstream of the transcription factors that 

are required for specification and phenotype development of mDA neurons,  have recently been 
identified by Andersson and colleagues at the Karolinska institute [221]. Their study demonstrated 
that the two homedomain transcription factors Lmx1a and Msx1 were dependent on SHH signaling, 
and were selectively expressed in dopamine progenitor cells during a time period corresponding with 
early specification of DA precursors. By using retroviral-mediated Lmx1a gene delivery into the 
developing chick midbrain, the authors were able to induce generation of dopaminergic neurons. 
Lmx1a knock down in the developing chick embryo dramatically reduced the number of postmitotic 
DA neurons, which confirmed that Lmx1a plays a critical role in midbrain DA neuronal 
development. It was further illustrated that Lmx1a is required to induce the expression of Msx1. The 
expression of Msx1 in turn repressed expression of Nkx6.1 gene which is associated with induction 
of motor neuron differentiation, while inducing expression of the proneural protein neurogenin 2 
(Ngn2). Ngn2 has recently been identified as an important factor in DA development and in 
differentiation of mDA neurons [222, 223]. In addition, Andersson and colleagues [221] showed that 
selective expression of Lmx1a in nestin expressing neural progenitor cells derived from mESC 
induced expression of Msx1/2 and robust generation of TH+ neurons after 8 days of in vitro culture.  

 
Studies on Lmx1b knockout mice have shown that the midbrain of Lmx1b -/- mice developed 

abnormally, thus providing evidence for the requirement of this factor for neuronal specification and 
maintenance of mDA neurons [224]. TH+ neurons that were found in the midbrain of Lmx1b-/- 
embryos failed to express the midbrain-specific paired homeodomain transcription factor Pitx3, and 
were eventually lost. Besides this role in regulating Pitx3 expression [224, 225], Lmx1b is also 
known to induce expression of Fgf8 and Wnt1 and other transcription factors critical for mDA 
development [226, 227].  

 
Similar to SHH, expression of TGF-β in early embryonic structures such as notochord and 

floor plate, as well as areas of mDA development, suggested a role in midbrain  cell-fate 
specification. In addition to the neurotrophic role of TGF-β, in vivo and in vitro studies have 
confirmed that SHH and TGF- β function synergistically in the induction of ventral midbrain 
dopaminergic neurons [228-230].   

 
One of the first steps during gastrulation and early neurulation involves complex interactions of 

several signaling molecules that belong to the Wnt family of secreted glycoproteins [231-234]. Loss-
of-function studies of Wnt-1, which is highly expressed in the developing midbrain, have been 
associated with failure of midbrain and hindbrain development [235, 236]. It has also been proposed 
that Wnt1 predominantly regulates specification of mDA progenitors through maintenance of 
expression of engrailed 1 (EN-1) [237], and Otx2 [238] genes. In addition, activation of the Wnt1 
signaling cascade leads to increased mDA progenitor proliferation and differentiation of mDA 
precursors into mature mDA neurons [238, 239]. Two other members of the Wnt family, Wnt-3a and 
Wnt-5a are expressed in the dorsal and ventral midbrain, respectively [239, 241].  

 
Previous in vitro studies in rat primary VM progenitor cell have confirmed a role of Wnt3a in 

enhancing the proliferation of DA neuron precursors, while inhibiting DA differentiation [239, 241]. 
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Conversely, Wnt5a did not have a significant effect on proliferation of midbrain NPC, but promoted 
differentiation and maturation of mDA precursors into DA neurons [239, 240].  

 
The paired box (Pax) transcription factors Pax2 and Pax5 are expressed at the midbrain-

hindbrain boundary with different spatiotemporal patterns [242, 243]. Onset of Pax2 expression 
occurs earlier that Pax5 (about 1 day earlier in mouse), and it has been suggested that Pax2 initiates 
the expression of Pax5 [244]. The cooperative role of Pax2 and Pax5 in brain development has been 
established by targeted mutations, as both midbrain and hindbrain structures were deleted by 
progressive inactivation of Pax2 and Pax5 alleles [245]. Although single Pax2 or Pax5 mutations 
resulted in variable outcomes, the midbrain and cerebellum were completely deleted in Pax2/ Pax5 
double-mutant embryos [246]. 

 
The developmental fate of midbrain dopaminergic neurons is also under the control of 

engrailed homeodomain transcription factors, En-1 and En-2. En-2 is expressed in a minority of 
mDA neurons, whereas En-1 is widely expressed in all midbrain TH+ cells [247]. The results from 
En-1/En-2 double mutant [248] and En1+/- studies in mice [249] indicate that the engrailed 
transcription factors are required for the maintenance and survival of DA neurons, as opposed to 
having an early role in mDA specification. Expression of En1 and En2 induces continued production 
of FGF8, which is important in maintaining the dopaminergic phenotype [250]. 

 
As the mDA precursor cells begin their radial migration along scaffolds of radial glial 

processes from the ventricular zone towards the marginal zone (E15 to E18 in developing rat brain) 
[251], they begin to express the Nuclear receptor 1 (Nurr1) [252]. The activation of Nurr1 
expression drives the midbrain NPC to exit the cell cycle and initiates DA phenotype development 
by activating the expression of factors which are required for dopamine synthesis and signal 
transduction, in particular TH, VMAT2, and DAT [253, 254]. In addition to Nurr1, achaete scute 
homolog 1 (Mash1) has also been suggested to have a role in DA maturation [223, 254]. 
Overexpression of Nurr1 in combination with Mash1 in NSC isolated from rat cortex (E13–E14) 
resulted in induction of substantial numbers of TH+ neurons [255]. 

 
Recently, a new group of transcription factors, the forkhead/winged helix transcription factors 

Foxa1 and Foxa2, were found to be important during dopaminergic specification [256]. Foxa1 was 
first identified as being highly expressed in early DA neurons sorted from mouse primary embryonic 
mesencephalic tissue in a cDNA library [257]. Genetic studies of Foxa1 and Foxa2 single- and 
double-mutants by Ferri and coworkers showed that Foxa1/2 positively regulate the expression of 
Nurr1 and En1 in immature mDA neurons and enhance the expression of Ngn2. Foxa1/2 were also 
required for the expression of TH and AADC during differentiation and maturation of mDA neurons 
[256]. 

 
When the neurons arrive at their final ventral position, they adopt the full DA phenotype by 

expressing TH and paired-like homeodomain transcription factor 3 (Pitx3). Pitx3 is a terminal 
differentiation marker for mDA neurons and is exclusively expressed in mDA neurons [258]. Loss-
of-function experiments have shown that Pitx3 is required for the terminal differentiation and 
survival of mDA neurons, mainly those of the SN [259, 260]. 

 
The regulation of the migratory processes of mDA neurons, in terms of establishing specific 

connectivity and axonal pathfinding, is not completely understood. It has been suggested that 
neuronal fibers extending from the SN and VTA innervate overlapping areas in the striatum in a 
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nonspecific fashion [261, 262], and that the distinct organization of the mesostriatal and mesolimbic 
pathways occurs through the selective elimination of misdirected projections at a later stage [262]. 
Also, several signaling molecules have been related to mdDA neuron migration and axonal 
projections. The netrin and Slit family of proteins are chemotropic molecules which guide cell 

migration during CNS development [263-265]. The netrin ligand and its receptors DCC are highly 
expressed in both SN and VTA during development [265]. DCC deficiency in mice has been 
correlated with altered DA organization of DA circuitry and function [266]. In vitro studies of fetal 
and mESC-derived DA neurons have also shown Slit-mediated navigation of DA axon growth 
mediated through Robo receptors [267, 268] which are also highly expressed in the developing 
midbrain [269].  

 
The Ephrin family receptor tyrosine kinases and their ligands have been implicated in guiding 

axons during the development of the nervous system [270, 271].The EphB1 receptor and its ligand 
Ephrin-B2 have also been reported to play a role in the development of the nigrostriatal and 
mesolimbic pathways. This receptor-ligand pair selectively inhibits neurite outgrowth from the 
substantia nigra DA neurons which, as previously mentioned, led to loss of these cells [217]. In 
addition, dopaminergic signaling has shown to regulate expression of the EphB1 receptor [273].  

 
5. Parkinson’s disease  

 
The PD syndrome was first described in the “Essay on the shaking palsy” published in 1817 by 

the British physician James Parkinson. Involuntary tremulous motion, lessened voluntary muscle 
power, incomplete and slow movement (Bradykinesia), stiffness of the muscles, and postural 
instability are among the symptoms experienced by patients suffering from this disease [273, 274].  
During the late 1950s, Dr. Oleh Hornykiewicz at the University of Vienna performed autopsies on 
deceased patients with PD, and discovered that PD was associated with depigmentation of the SN in 
the ventral midbrain [275]. Later discovery of decreased levels of dopamine in the substantia nigra 
suggested that PD was caused by decreased dopamine levels in the brain [275, 276]. 

 
PD primarily affects older individuals, over the age of 55, but Parkinsonian symptoms are 

occasionally seen in people in their 30's and 40's as well. Various studies have suggested that the 
incidence of PD varies by geographical location, and may be more common in men [278, 279]. 
Hereditary forms of PD account for a small percentage of reported cases of this neurodegenerative 
disorder, whereas most cases of PD occur sporadically [280, 281].   

 
Parkinson's disease: Cause and Treatment 

 
A number of neurodegenerative disorders are believed to be caused by accumulation of 

missfolded protein aggregates and formation of inclusion bodies known as amyloid fibrils [282]. 
Although the molecular pathology of PD is not completely understood, large inclusions referred to 
as Lewy bodies (LBs) are a prominent neuropathological hallmark of PD. LBs were first discovered 
in 1912 by Frederick Lewy, who examined the postmortem brains of patients with PD and observed 
abnormal structures in deteriorating nerve cells in the midbrain [283]. More recently, LBs have been 
found to be composed of predominantly abnormally polymerized α-synuclein (AS) protein [284, 
285]. AS is principally a presynaptic protein, which may act as a molecular chaperone in folding and 
unfolding of synaptic proteins critical for neurotransmitter release [286, 287].   
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AS does not have an ordered structure, and remains in an unfolded state under normal 
physiological conditions. Animal studies have suggested that aggregation of AS can be induced by 
increased concentration, or by inhibition of mitochondria function and proteolytic activity of the 
proteasome [288-300]. Impairment of proteasomal and mitochondrial function leads to generation of 
reactive oxygen species (ROS), which leads to detrimental oxidative stress in cells. Indeed, several 
studies have shown a direct correlation between oxidative stress and formation of AS aggregates and 
inclusions [291-295]. Environmental toxins (e.g., paraquat, rotenone, and MPTP) that generate 
reactive intermediates are also believed to be risk factors for PD, apparently by damaging the 
mitochondrial transport chain, inducing AS aggregation [296].  

 
Oxidative metabolism of dopamine itself also generates ROS (superoxide and hydrogen 

peroxide) in nigral neurons that may contribute to subsequent neurodegeneration [296, 297]. Recent 
observation have provided evidence that endogenous dopamine and AS work in synergy to induce 
selective degeneration of dopaminergic neurons. One hypothesis is that AS leads to intracellular 
release of dopamine through disruption of vesicular dopamine storage, or permeabilization of the 
cell membrane resulting in sequestration of exogenous dopamine, which is also toxic to cells [298-
301]. 

 
Genetic mutations that have been linked to early and late onset of reported cases of PD are 

mainly found in genes that are involved in protein aggregation, stress-response, mitochondrial 
function, or the ubiquitin- proteasome system [302]. In fact, discovery of mutations in the gene 
coding for AS (SNCA) in rare cases of familial forms of PD led to the discovery of AS as the 
principal component of LBs [303]. The parkin and ubiquitin carboxyterminal hydrolase L1 (UCH-
L1) genes are examples of mutated genes contributing to dysfunction in the ubiquitin–proteasome 
pathway [304, 305], whereas mutations in PINK1and HtrA2 genes affect mitochondrial function 
[306]. Each of these mutations can predispose patients to developing PD.  

 
Currently, there is neither a cure for PD, nor any treatment which can arrest disease 

progression. Highly individualized medication treatment regimens that are available today can 
reduce disability by improving motor function, and help the patient to cope with symptoms.  
Levodopa or L-dopa (Larodopa, Dopar), is the drug most commonly used for treatment of PD, and 
was discovered as a result of studies by the Swedish scientist Arvid Carlsson, who identified the 
neurotransmitter properties of dopamine [307]. Unlike dopamine, levodopa can cross the blood brain 
barrier (BBB), and is converted to dopamine in the brain. Levodopa is often combined with a dopa-
decarboxylase inhibitor, carbidopa (Sinemet), in order to inhibit peripheral metabolism of levodopa 
before in reaches the brain. In addition to L-DOPA, COMT inhibitors, MAO-B inhibitors, dopamine 
agonists, and anticholinergics are also used to alleviate the symptoms of PD.  

 
Although L-DOPA is remarkably effective in treating PD, its effect diminishes over time in 

most patients. Long-term L-DOPA therapy is also associated with numerous adverse effects and 
motor complications including abnormal involuntary dyskinetic movements and psychiatric 
complications [308-311]. The undesired motor dyskinesias have been proposed to be due to DA 
receptor supersensitization [312-316]. Another theory is that the loss or insufficiency of the L-dopa 
converting enzyme, AADC, is responsible for the L-dopa induced involuntary movements [317-
319]. Adeno-associated virus (AAV)-mediated AADC gene delivery into primates with PD has 
shown restoration of AADC activity [319, 320], and currently this gene therapy approach is being 
tested in clinical trials [321]. In addition to AADC, striatal gene transfer of the trophic factor 
nurturin is also being assessed in Phase II clinical trials.  
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The subthalamic nucleus (STN) plays a key role in the circuitry of the basal ganglia and in the 

pathophysiology of Parkinson's disease. In patients with PD, activity of the STN is increased mainly 
because of reduced GABAergic input from the globus pallidus [322, 323]. There is also evidence 
that disinhibition of the STN signaling in the basal ganglia is involved in L-DOPA-induced 
dyskinesia [324, 325]. In some cases, surgical interventions including lesions of the thalamus 
(thalamotomy) or, more recently, deep brain stimulation of the STN are effective in counteracting 
Parkinsonian symptoms, resulting in reduced need for L-DOPA and in turn reduction in the 
development of dyskinesia [326-330].  

 
The activity of the STN can also be normalized by gene delivery of GAD, which is a key 

enzyme in synthesis of the inhibitory neurotransmitter, γ-aminobutyric acid (GABA). In 
hemiparkinsonian rats, transfer of GAD via AAV vectors has led to progressive motor improvement 
[331]. These observations provided the theoretical support for clinical studies of GAD gene transfer 
that are currently in progress [320, 332, 333].  

 
5.1 Transplantation of fetal tissue in treatment of PD 

 
Starting in 1979 and the 1980s, preclinical studies demonstrated that implanted fetal 

mesencephalic DA neurons could survive, reinnervate the striatum, manifest normal 
electrophysiological activity, and improve motor function in parkinsonian model rodents and 
primates [334-338]. On the other hand, since animals do not develop PD naturally, the parkinsonian 
symptoms were mimicked by destroying dopamine-producing cells in the SN with neurotoxins such 
as 6-hydroxydopamine (6-OHDA) or MPTP. Therefore, concerns were raised regarding 
uncertainties associated with animal models matching the exact symptoms of the human condition 
and whether the same effect could be reproduced in human patients with PD [339]. In addition, the 
efficacy of fetal transplantation procedure was limited in several respects, raising doubts concerning 
whether these procedures could be translated directly to human subjects [340].  

 
In 1981, two young PD patients received adrenal medulla autografts in the caudate nucleus. 

This procedure was the first attempted cell-based therapy in treatment of PD [341]. The first trials of 
fetal nigral dopamine neurons transplantation occurred a few years later. In 1990, a Swedish group, 
led by Dr. Olle Lindvall, and Dr. Curt Freed’s group at the University of Colorado in Denver 
reported moderate clinical improvement in single PD patients that received intrastriatal fetal 
mesencephalic cell transplants (7- 9 weeks gestational age) [342, 343]. Subsequent follow-up studies 
have documented long-term improvements in a few individual patients [344]. 

 
Based on these encouraging observations, numerous clinical and animal studies have been 

carried out to improve the survival of grafted cells in the human brain, and produce sustained 
symptomatic relief in idiopathic PD patients [345-351]. Nonetheless, results of double-blind 
controlled trials have been somewhat disappointing. The largest clinical study, reported in 2001 by 
Dr. Curt Freed [352], included 40 patients with advanced Parkinson's disease. Half of the patients 
received mesencephalic tissue transplants into the putamen bilaterally, while the rest underwent 
sham surgery. Improvement in motor coordination for at least one year after surgery was observed in 
9 patients that received cell transplantation therapy, whereas the remaining 11 patients and the 
patients who had the placebo surgery showed little or no improvements of their symptoms. An 
important observation in this study was that patients that obtained a benefit from the transplantation 
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therapy were primarily among the younger group, which was under the age of 60. Another double-
blind, placebo-controlled trial showed robust survival of dopamine neurons and increased dopamine 
in the grafted areas, but the neurochemical changes were accompanied by severe cases of dyskinesia 
in 56% of the treated patients [352]. Development of dyskinesia had also been previously observed 
in a subset of patients with embryonic dopaminergic tissue implants [352-355]. 

 
The variable outcomes from clinical studies of fetal DA neuron transplantation for PD are a 

clear indication that cell transplantation strategies for treatment of PD are at an experimental stage. 
Although complete restoration of the nigrostriatal pathway has not yet been achieved by current 
grafting strategies, evidence for survival and integration of fetal dopaminergic grafts is of high value, 
suggesting potential future efficacy. Our knowledge today illustrates that successful cell 
transplantation may not be achievable simply by transferring dopamine-producing cells to PD 
patient’s brains. Possible improvements might involve refinement of surgical procedures, or the use 
of neurotrophic factors to enhance the therapeutic potential of cell transplantation in the future. In 
order to enhance survival and functional integration of the grafts and to avoid dyskinesias, it may 
also be essential to develop technologies to engineer the microenvironment so that grafted cells can 
be controlled following implantation. Nonetheless, assessment of the final efficacy of any 
neurotransplantation approach that is developed will require clinical trials, which face the obstacle of 
limited availability of human fetal tissue [356]. 

 
5.2 Transplantation of ESC-derived cells in animal models of PD 

 
Stem cells have been proposed as ultimately better candidates for cell replacement therapy in 

PD because they have an unlimited life span and can be propagated and genetically engineered in 
vitro. Recent studies suggest that hESC-derived mesencephalic NPC and DA neurons can survive in 
vivo, but their functional integration in animal models of PD is still far from optimal. This is not 
surprising considering the differences in chemical and mechanical cues provided in various culturing 
procedures versus the actual in vivo environment. In addition, other major barriers that currently 
prevent the progression of hESC based therapies towards clinical use are the genetic instability of 
hESC, the possibility of teratoma formation, and immune rejection [357, 358].  

 
Although new technologies are emerging to improve continuous control in regards to genetic 

and epigenetic normality of the cells, it is essential to derive new hESC in order to prevent prolonged 
cultures of individual hESC lines that inevitably will lead to genetic abnormalities. As previously 
discussed, strategies such as cell sorting, using specific cell surface markers, and incorporation of 
lineage-specific selection markers by genetic manipulation have been developed in effort to produce 
homogenous cell populations and eliminate the presence of hESC and precursors, which can 
potentially form teratomas. Prolonged pre-differentiation of hESC in vitro will naturally decrease the 
presence of undifferentiated cells; however, this also results in development of neuronal cells into a 
more mature state, which may not be optimal for survival upon grafting [359].  

 
In most cases, the transplantation of cells or organs results in generation of a immune response 

that frequently leads to graft rejection. This response is directed towards the cell surface major 
histocompatibility complex antigens, which are encoded by the human leukocyte antigen genes. The 
human leukocyte gene sequences are highly variable and it is extremely difficult to obtain donors 
with precise matches. Currently, this rejection response is controlled by the administration of 
immunosuppressive drugs that are accompanied by serious side effects associated with suppression 
of the entire immune system. Grafts of neuronal tissue to the brain are generally at least somewhat 
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less susceptible to rejection, as compared to peripheral organ grafts, but this protection, termed          
˝ immunological privilege˝ is not absolute [360, 340]. Some clinical trials of fetal tissue 
transplantation have obtained graft survival without immunosuppressive treatment [351].  

 
Various approaches by which the immune response against transplanted hESC-derived cells 

could be reduced or eliminated are currently under investigation. Examples of such methods are 
generation of isogenic hESC lines by somatic nuclear transfer to an enucleated oocyte, from which 
hESC lines can be derived, and initiation of hematopoietic chimerism. The latter strategy is based on 
conditioning the patient’s immune response to foreign hESC-derived cells by introducing 
hematopoietic cells from the same hESC line used to generate the cell type of interest prior to 
transplantation [360].  

 
Transplantation of DA precursors or neuronal cells is still at the stage where survival and 

integration needs to be optimized. Numerous studies have demonstrated that transplantation of 
hESC-derived DA cells can induce reversal of biochemical and locomotor deficits produced by 
lesions in the nigrostriatal system in both rodents and primates. On the other hand, there are several 
reports that have failed to demonstrate any significant survival of dopaminergic neurons in grafts 
derived from hESC.  

 
In one study, the hESC of the BG01 line were differentiated on PA6 cells for 8 days or 22 

days, and then grafted into the striatum of rats that had received unilateral lesions with 6-OHDA. 
Five weeks after transplantation, only small numbers of TH+ cells were found in the grafted cell 
population [194].  In another study, where neuronal cells derived from the hESC lines HSF-6 and 
SNU-hES-3, by co-culture with PA6/PA6-SHH cells for 14 days, were transplanted into the striatum 
of hemiparkinsonian rats, no TH+ neurons were detected in the grafts. Approximately 5x105 cells 
were transplanted in the form of single cells or cell aggregates, and cell survival was assessed two 
weeks after cell transplantation. Although TH+ neurons were not present in the grafts, this group 
illustrated that implantation of cell aggregates in contrast to single cells resulted in enhanced overall 
cell survival [195].  In a somewhat different SDIA-mediated differentiation paradigm, H7 and H9 
hESCs were cultured on the mouse stromal cell line MS5-Wnt with noggin for three weeks and then 
grown in feeder-free conditions with factors supporting DA cell development. At day 42 of 
differentiation, 10x104 cells were implanted into the striatum of 6-OHDA lesioned rats and the 
animals were sacrificed for immunohistochemical analysis after 12 weeks. Interestingly, the group of 
animals that received H7 hESC-derived cells showed behavioral improvement, whereas motor 
function was completely unaltered in the group of rats that received differentiated cells from H9 
hESC. The number of surviving TH+ neurons were small in the majority of animals used in this 
study, and large teratoma formation occurred in two animals. In one animal where 560 TH+ neurons 
were detected, 94% behavioral recovery was observed [154].     

Brederlau and coworkers [361] investigated the survival and differentiation of hESC that were 
induced by SDIA for various durations, in a rat model of PD. Differentiated hESC of line SA002.5 
that had been grown on PA6 cells for 16, 20, or 23 days were enyzmatically isolated and dissociated 
into single cell suspensions. At each time point, the right striatum of each rat was implanted with 
10x104 cells. Cells survival assessment, performed two weeks after transplantation in four animals 
from each group, revealed that hESC cultured on PA6 cells for 16 or 23 days did not survive the 
grafting procedure. Thirteen weeks after engraftment, all animals that received cells after 16 days of 
differentiation, and 50% of  animals with cells from 20 days of in vitro culture died because of 
teratoma formation. Disregarding animals that developed teratomas, only a small number TH+ cells 
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were found in the grafts (10-50/graft), and there was no significant difference between the two 
groups [361].  

In addition, Martinat and colleagues [367] reported a study in which the H9 hESC were 
differentiated by co-culture with MS5 stromal cells followed by co-transduction with lentiviral 
vectors carrying Nurr1 and Pitx3 genes. The combination of Nurr1 and Pitx3 effectively potentiated 
the maturation of midbrain DA neurons while repressing the generation of non-dopaminergic 
neurons from hESC in vitro. Nonetheless, when the Nurr1/Pitx3 transduced neural precursors 
generated by EB formation were transplanted into mice that had been unilaterally lesioned with 6-
OHDA, the TH+ cells found within the grafts did not mature and failed to extend processes.  

These studies indicate that DA precursors or neurons derived from hESC by SDIA-mediated 
strategies alone do not differentiate or survive well in vivo in rodent models of PD. Conversely, 
when primate ESC-derived NPC, induced by SDIA and treated with FGF20, were transplanted in 
MPTP-treated monkeys, a substantial number of functional TH+ cells (more than 4000/brain) were 
found in the grafts, which consequently resulted in stable behavioral improvements [362].This 
suggests that DA cells derived from hESC by SDIA may require additional factors, including 
instructive and neurotrophic molecules for survival and development into functional DA cells in vivo 
that may not be provided by the rodent brain environment. 

A study by Roy et al. [363] on transplantation of DA progenitors derived from the H1 and H9 
hESC lines by EB formation followed by induction with immortalized human fetal midbrain 
astrocytes in the presence of SHH and FGF8 has provided more encouraging results. Ten weeks after 
engraftment of DA progenitors (at day 24 of differentiation), about 21% of the total number of 
transplanted cells (5 x105 cells) were TH+ in the rat striatal area. A substantial and long-lasting 
behavioral recovery was also observed in animals that received cell implants. Notably, the number of 
TH+ cells was higher in the peripheral area of the graft, as compared to the center of the cell cluster. 
The authors argued that this effect was due to the inducing effect of the host’s surrounding midbrain 
astrocytes. Further evidence of this theory was provided by increased number of TH+ cells in rats 
with fewer engrafted cells, possibly because of a greater proximity and exposure to host astrocytes 
[363].     

A recent study by Yang et al. [364] has shown that a hESC-derived population of DA cells, 
treated with a number of factors with DA inducing or mitogenic effects, can survive for prolonged 
periods (five months) after transplantation, and reverse the behavioral deficits seen in a parkinsonian 
rat model. Spontaneous neural induction was initiated in H9 hESC colonies in adherent cultures, 
followed by exposure to SHH and FGF8, and treatment with AA, B27, cAMP, TGFβ3, GDNF, and 
BDNF. In addition, the DA precursors differentiated for four weeks including two-week treatment 
with FGF8 and SHH were expanded in the presence of Wnt3a for 20 days prior to further 
differentiation and transplantation. Four weeks following transplantation, from the 2 x105 cells that 
were transplanted, an average of 361 TH-expressing neurons was detected per graft. This number 
increased to an average of 1,273 TH+ neurons per graft after an additional four months in vivo [364].  

Transplantation of enriched uncommitted NPC derived from the HES-1 cell line without the 
use of any external dopaminergic inducing signaling has provided some interesting results [365]. 
These NPC were obtained by culturing hESC on MEF feeders for prolonged periods in the presence 
of noggin followed by mechanical isolation. When NPC that were expanded for 6 weeks as 
neurospheres were grafted into striatum of rats, 102–630 TH+ neurons per brain were identified 
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(~0.2% of the total cells transplanted), 12 weeks after transplantation. There was also a close 
correlation between the number of TH+ neurons present in the grafts and the degree of amelioration 
of behavioral deficits [365]. This indicates that NPC may have an intrinsic mechanism which allows 
a fraction of the cells to differentiate to DA neurons without any additional manipulation. There is 
also a possibility that the neurospheres were influenced to differentiate into TH+ neurons by the 
midbrain microenvironment.  

In conclusion, the highly variable outcomes of the various transplantation studies of hESC-
derived DA cells is likely to reside in the utilization of different differentiation paradigms, the nature 
of the hESC line, cell preparation techniques, as well as the level of maturity of cells at the time of 
transplantation. A greater understanding of the molecular mechanisms that control DA neuron 
differentiation, as well as their functional integration in vivo, is likely to ultimately contribute to the 
development of novel hESC-based replacement therapies for PD. 
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Present investigations 
 
6. Results and conclusions 
 
6.1 SDIA-mediated differentiation of hESC 

 
In this study midbrain-restricted NPC were generated from the hESC line BG01V2 by a co-

culturing technique utilizing SDIA activity. The BG01V2 line is a variant of the normal hESC line 
BG01. The BG01 cells retained a normal karyotype of 46, XY for 44 passages, but subsequently 
converted to trisomy 17. The BG01V2 cell line has shown an enhanced ability to generate DA 
neurons in the PA6-hESC culture system, as compared to several other karyotypically normal hESC 
lines. We periodically performed karyotype analysis to monitor the genetic integrity of the hESC in 
continuous culture. The BG01V2 cell line sustained a consistent trisomy 17 until at least passage 80, 
with no development of additional karyotype abnormalities. Experiments described in this report 
were carried out using passages 71-80 of the BG01V2 line. Description of the SDIA-induced neural 
and DA induction of hESC is provided below.  

 
Differentiation of hESC in co-culture with PA6 cells  

 
Small clusters of hESC were seeded on layers of PA6 cells (Fig. 2A). Shortly thereafter, the 

clusters attached and formed colonies. The colonies increased in size rapidly during the first few 
days (Fig 2B).  The morphology of the cells composing the colonies changed from a compact stem 
cell-like shape to a more elongated shape over the course of a few days, as the cells differentiated 
towards an ectodermal lineage. The hESC were co-cultured with PA6 cells for 10-12 days (Fig 2C). 
At this time, the neural precursor markers nestin and PSA-NCAM were expressed in the majority of 
colonies (Fig 2 D-E). A subset of cells within some colonies was positive for the undifferentiated 
ESC marker Oct3/4, whereas the majority of colonies contained TH+ neurons (Fig. 2F). This clearly 
indicates the presence of cells in various stages of differentiation in co-cultures.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2. Dopaminergic induction of 
BG01V2 hESC line by the SDIA 
method. (A) Phase-contrast image of small 
clusters of BG01V2 seeded  on a layer of 
confluent PA6 stromal cells. A colony after 
(B) 5 days and (C) 12 days of co-culture. 
Immunofluorescence analysis ofexpression 
of  (D) nestin (E) PSA-NCAM and (F) 
Oct3/4 and TH after 12 days of co-
culturewith PA6 cells. Expression of 
nestin, PSA-NCAM and TH was detected 
in majority of colonies at days 12 of co-
culture. Expression of ESC marker Oct3/4 
was detected in approximately 40% of 
colonies, although significantly reduced 
within each colony.Scale bars=200 μm 
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Differentiation of isolated NPC to dopaminergic neurons 
 
After isolation from PA6 cells, NPC colonies were dissociated into small cell clusters and 

plated onto poly-L-lysine/laminin-coated dishes in the presence of SHH, FGF8 and GDNF (Fig. 3A). 
Under these conditions, the isolated cells attached to the plates and formed rosette-like structures 
after 3-5 days (Fig. 3B). Neuronal cell morphology could be observed in the center of the rosettes 
(Fig. 3C). As the differentiation of the NPC progressed, increased numbers of cells with neuronal 
morphology developed and occupied a larger fraction of the rosettes (Fig 3D). The differentiated 
rosettes were stained for the dopaminergic marker TH. After 18-20 days, approximately 34% of the 
cells were TH+ (Fig. 3E, F).  

 
 
 
 
 
 
 

 

   
 
 
 
 
 
 
 
 
 

Immunocytochemical identification of cell types in hESC-derived cultures 
 
Approximately 46% of cells exhibited a neuronal morphology and expressed MAP2 (Fig. 4A). 

Double staining with TH and MAP2 revealed that about 80% of the MAP2+ cells co-expressed TH 
(Fig 4B, C). A large fraction of the rosettes expressed GFAP, consistent with differentiation into 
astroglia (Fig. 4D, E). In contrast, only a small number of cells (<1%) differentiated into GalC+ cells 
(Fig. 4F). To investigate differentiation of hESC towards non-dopaminergic neuronal phenotypes, 
we stained for dopamine DBH, choline acetyltransferase, glutamate decarboxylase (GAD), serotonin 
(5-HT), or GABA. Less than 1% of cells stained positive for GABA (Fig. 4G), while expression of 
the other neurotransmitter markers was absent. GABA and TH were never detected in the same cells 
by double staining. 

 

Figure 3. Differentiation of isolated cells. (A-D) Phase contrast images of cells isolated from PA6 
cells after 12 days of co-culture. (A) Small clusters of partially differentiated BG01V2 cells were 
plated on poly-L-lysine/laminin-coated dishes. The cluster of cells attached to the plates and formed 
colonies within 48 hrs. (B) A colony after 5 days of differentiation, containing cells with typical 
neuroectodermal morphology. (C) After 10 days the neuroectodermal cells differentiated into cells 
with neuronal morphology in the center of the colonies. (D) By day 20, neuron-like cells migrated 
from the center to the periphery of colonies. (E, F) A colony differentiated for 20 days, immunostained 
for TH (red) and nuclear counterstaining with DAPI (blue). Scale bars=200 μm 
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Our previous investigations demonstrated α-smooth muscle actin (ASMA) positive cells of 
mesodermal origin in brain grafts from transplanted hESC after differentiation in PA6 co-cultures 
[194]. Therefore, we investigated the potential of hESC to differentiate into cells of mesodermal 
lineage by using an antibody against ASMA. The immunocytochemical analysis indicated that hESC 
generated a small subpopulation (<5%) of smooth muscle cells in vitro, as judged by expression of 
ASMA and morphology (Fig. 4H). An interesting observation regarding the population of ASMA+ 
cells was their segregation from the cells of ectodermal origin. As shown in Figure 4I, the ASMA+ 
cells were situated outside the borders of rosettes or colonies containing a large number of TH+ 
neurons. 

 

 
 
 
 
 
 
 
 
 
 

6.2 Characterization of NPC and DA neurons derived by SDIA (Paper I) 
 
In order to ascertain that NPC derived from the BG01V2 line by SDIA had a midbrain specific 

nature, we investigated the expression of key transcription factors involved in early specification of 
ventral mesencephalic precursors including Pax2, Pax5, Otx2 and Msx-1. Following enzymatic 

Figure 4. Cellular composition of differentiated cultures in feeder-free conditions. Marker 
expression in cultures after 19 additional days of differentiation in the presence of SHH, FGF8 and 
GDNF, following removal from the PA6 cell feeder layer. (A) Expression of the neuronal marker 
MAP2. (B, C) Co-expression of MAP2 and TH. Nuclei are counterstained with DAPI. (D, E) The 
glial marker GFAP (F) the oligodendrocytic marker GalC. GalC+ cells comprised less than 1% of 
the cell population. (G) Expression of GABA was seen in a small number of cells. (H) Expression 
of the mesodermal marker ASMA was detected in a subpopulation of cells, but (I) was rare in 
colonies containing large numbers of TH+ cells and was rarely seen in close proximity to TH+ 
cells. Scale bars=200 μm 
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isolation, as shown in Figure 5A and B, expression of Pax5, Otx2 and Msx1 was detected in the 
majority of cells within colonies.  

 

 
 

    
 
 
 
Next, we investigated in vitro proliferation and differentiation of these NPC using a BrDU 

incorporation assay, and monitored the cell population and viability of TH+ neurons over an 
extended period of time. After isolation from feeders, the cultures were analyzed for BrDU 
incorporation, and stained with antibodies against BrDU and TH every three days. At day three, the 
majority of cells (85 ± 2%) were proliferating, while a small percentage of cells (4 ± 1%) had began 
to acquire a dopaminergic phenotype, as indicated by expression of TH. BrDU incorporation showed 
a gradual decline over time, while the number of TH+ neurons reached a maximum of 17 ± 3% of 
the total cells at day 18. Thirty days after isolation from the feeder cells cell division, as indicated by 
BrDU incorporation, ceased in 91 ± 0.4 % of cells. The absence of BrDU in TH+ cells at all stages 
of differentiation also showed that the dopaminergic neurons produced from the BG01V2 line were 
postmitotic. The relationship between the percentages of proliferating BrDU+ cells and TH+ neurons 
during 30 days of culture is presented in line graphs in Figure 6 at the indicated time points. 

 
   

 
 
 
 

 
 

Figure 5. Expression of midbrain specific markers by isolated neural progenitor cells. 
Cells isolated from PA6 cell layers were differentiated for 7 days and immunostained with  
antibodies against (A) Otx2 and Pax5 and (B) Msx1. Scale bars=200 μm 

Figure 6. Examination of proliferation capacity of isolated neural progenitor cells and viability of TH+ neurons 
derived from hESC. Line graph illustrating the relationship between the mean values of percentages of (A) BrDU-
labeled and (B) TH+  cells as a function of time (means ± SEM). The overall effect of time was statistically significant 
for the BrDU+ cells (P <0.0001) and TH+ neurons ( P= 0.0287). In addition, percentages of BrDU+ cells at days 9-30 
versus day 3 were significantly different (P <0.001). The percentage of TH+ neurons was significantly different (P 
<0.05) at day 18 versus day 3. *=P<0.001, **=P<0.05   



 39

In addition, long-term monitoring of cultures was carried out to search for tumor cells with 
uncontrolled cell growth that may have arisen from the karyotypically-abnormal BG01V2 cell line. 
In cultures maintained for up to 49 days, there was no sign of transition of any cell type to tumor-like 
colonies with uncontrolled growth and cell viability was progressively decreasing at this time. 

 
After 18 days of differentiation, the majority of neuronal cells in the cultures expressed the 

dopamine transporter DAT, which is exclusively found in dopamine neurons (fig. 7A).  The DA 
neurons also exhibited functional DAT activity, evidenced by a concentration-dependent 
displacement of the binding of the radiolabeled DAT specific inhibitor [3H] WIN 35428 by the 
unlabeled WIN 35428 (Fig. 7B). The concentration of unlabeled ligand that displaced half of the 
radioligand (IC50) was 7.82 ± 0.56 µM. 

 
 

     
 
 
 
 
 
 
 
Electrophysiological investigation of neuronal cells with a fusiform perikarya morphology 

typical of dopaminergic neurons at day 12 and 25 of differentiation in feeder-free conditions showed 
that sodium currents contributing to membrane excitability were present at early stages of 
differentiation (i.e., 12 days after isolation), and appeared to increase in magnitude in cells 
differentiated for 25 days, indicating progressive neuronal maturation (Figure 8). 

 

Figure 7. Assessment of dopamine transporter (DAT) function and cell surface expression. 
(A) Illustration of dopamine transporter (DAT) expression, mainly seen in plasma membranes, in 
terminally differentiated cultures by immunocytochemistry 18 days after isolation. (B) Saturation 
curve for [3H] WIN 35428 illustrating displacement binding inhibition values. The points 
represent the means of experimental data from three independent experiments. The IC50 was 
8.66 uM. Scale bas=200 μm 
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In summary, NPC derived from the BG01V2 hESC line are midbrain-specific DA precursors, 

as indicated by the expression of midbrain specific marker genes Otx2, Pax5, Msx-1.  In addition, 
data obtained from analysis of neuronal excitability and dopamine transporter function of the DA 
neurons derived from these NPC signified that these cells share many essential biological 
characteristics with normal DA neurons, allowing them to be used in models for the advancement of 
cell replacement therapy, as well as for in vitro studies of molecular mechanisms controlling 
development and functions of these neurons. 

 
6.3 Proliferation of SDIA-derived mesencepahlic NPC (Paper II) 

 
In order to assess the proliferation capacity and maintenance of cellular fate associated with 

DA differentiation in NPC generated by the SDIA approach, isolated NPC from PA6 cells were 
expanded in the form of neurospheres for up to six weeks in the presence of SHH, FGF8 and bFGF. 
We assessed the lineage restriction of differentiating hESC in co-culture with PA6 stromal cells and 
determined that the highest yield of undifferentiated mesencephalic restricted NPC could be obtained 
from co-cultures after seven days of induction. NPC were enyzmatically isolated from co-cultures 
and propagated as aggregates or neurospheres in suspension culture for six weeks. Neurospheres 
were passaged weekly, and a portion of the passaged cell population was allowed to differentiate in 
adherent cultures in the presence of SHH, FGF8, and GDNF for 14 days.  

 
Cell proliferation was examined by quantifying the number of cells in culture directly after 

isolation from PA6 cells, and prior to passaging each week. As illustrated in Figure 8, the number of 
cells increased by more than two-fold after seven days and continued to increase up to three weeks 
(total of five-fold increase in cell number).  From the beginning of the fourth week, cell division 
ceased in the majority of neurospheres, and the number of cells in cultures progressively declined 
(Fig. 9).  

 

Figure 8. Functional maturation of hESC-derived neurons in feeder free cultures. Examples of whole-cell currents 
obtained under voltage clamp conditions showing (A) weak sodium current with a clear delayed rectifier current in a 
relatively immature neuron at day 12, and  (B) increased sodium currents and stronger outward rectification in a more 
mature neuron at day 25, as indicated by arrows. Cells were held at –60 mV and stepped in 10 mV increments for 100 
ms from –70 to +50 mV. The cell from which the data presented were recorded is shown under Hoffman contrast as an 
inset to its current-voltage plot for each condition. Scale bars=25 μm 
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Weekly investigation of DA differentiation ability of expanded NPC for various durations 

revealed that SDIA- derived NPC could be expanded by five-fold over the course of two weeks, 
while retaining their DA differentiation potential, but began to lose their ability to differentiate into 
glial, neuronal and dopaminergic lineages.  When NPC were differentiated directly after isolation 
from PA6 layers, MAP2+ and TH+ cells comprised 27 ± 4 % and 38 ± 5 % of the total cell 
population, respectively. The GFAP+ glial population accounted for 46 ± 18% of the total cells in 
cultures. One week of expansion of the NPC resulted in 23 ± 4% TH+, 35 ± 1 % MAP2+, and 29 ± 
4% GFAP+ cells after 14 days of differentiation. The percentages of TH+ and MAP2+ neurons did 
not change in cultures derived from secondary neurospheres (two weeks of expansion), whereas the 
percentage of GFAP+ glial cells increased to 35 ± 11. Cultures differentiated from tertiary 
neurospheres (three weeks of expansion) contained 50% fewer TH+ neurons (12 ± 1%), whereas the 
MAP2+ neuronal cells accounted for the same percentage of the total cell population as compared to 
cultures from 1 and 2 weeks of expansion.  In tertiary neurospheres, the number of GFAP+ cells, as 
compared to cultures expanded for shorter time periods did not decrease, comprising 39 ± 11% of 
the total cell population. At passage four, there was a substantial decrease in the percentages of TH+ 
and MAP2+ cells representing 1 ± 1 % and 9 ± 5 % of the total number of cells.  In these cultures, 
GFAP+ cells accounted for 16 ± 1% of the total cell population. Percentages of cells expressing TH, 
MAP2, and GFAP in differentiated cultures following each passage are shown in Figure 10.  

 
Tertiary neurospheres exhibited enhanced GABAergic differentiation as compared to cultures 

derived from NPC after two weeks of expansion.  Cultures processed from NPC cultured for one and 
two weeks contained about 200 GABA immunoreactive neurons (total per well), whereas 
neurospheres grown for three weeks gave rise to more than 200 GABA+ neurons, comprising 
approximately 1% of the total cell population.  GABAergic neurons were completely absent in 
cultures differentiated from quaternary neurospheres (four weeks of expansion). Attempts in 
differentiating neurospheres beyond four weeks of expansion were in most cases unproductive, as 
survival of cells during differentiation was very limited. 

 
 

Figure 9. Effect of time on proliferative capacity of SDIA-derived neurospheres. 
Representation of the decline in proliferation rate of the neurosphere population over 
time, passaged by mincing with a razor blade showing the log cell number quantified 
every seven days.   
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To investigate cell survival and behavior of the SDIA-derived neurospheres in vivo , NPC were 

expanded for three days after isolation from PA6 feeder cells and then transplanted to the striatum of 
rats unilaterally lesioned with 6-OHDA. Preliminary data, obtained from immunocytochemical 
studies three weeks after transplantation, showed that the majority of the grafted cells expressing 
human specific-nuclei antigen survived in the striatum and continued to express the mesencephalic 
progenitor markers Msx1 and Otx2. At this time, the midbrain neural progenitor cells had not 
differentiated to TH+ neurons in the host striatum.   

 
In conclusion, the NPC could be expanded by five-fold as neurospheres for up to 2 weeks in 

vitro while retaining their DA differentiation potential, without a substantial loss of viability. 
Although cells were continuously maintained under the influence of the midbrain patterning factors 
SHH and FGF8, they progressively lost their ability to differentiate to DA neurons and maintain a 
stable phenotype in vitro. Preliminary transplantation studies indicated that NPC expanded as 
neurospheres for three days were able to maintain their phenotype in vivo up to three weeks, but did 
not differentiate into TH+ neurons at that time. 

 
6.4 Assessment of PA6 cell surface activity and secreted molecules on DA 
differentiation (Paper III) 

 
To gain a better understanding of the nature of SDIA, the specific contribution of various 

factors secreted from PA6 cells and surface activity of the PA6 cells was examined in differentiation 
of hESC. Induction of hESC differentiation was carried out by these two elements separately. We 
first examined whether cell surface activity of fixed PA6 cells was sufficient for neural or DA 
induction of hESC, as had been previously reported [181] by using fixed PA6 cells. Expression of 
Oct3/4, β-III-tubulin and TH was examined after 12 days of co-culture. Similar to untreated PA6 
cells, inactivated PA6 cells were effective in promoting a decline in Oct3/4 expression. Fixed PA6 
cells also behaved similarly to normal PA6 cells in inducing hESC to adopt a neuronal lineage as 

Figure 10. The effect of time on cellular fate. Line graft representation of 
percentages of dopaminergic (TH+), neuronal (MAP2+) and glial (GFAP+)cells 
in differentiated cultures following each passage.  The percentages of TH+ cells  
at passage three and MAP2+ cells at passage four were significantly different 
(P <0.05) as compared to direct differentiation following isolation from  
PA6 feeders (Passage number 0).  *=P<0.05. 
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measured by expression of β-III-tubulin. Expression of TH, representing the DA-inducing activity of 
PA6 cells, was most markedly affected by fixation of PA6 cells. On fixed PA6 cells, 18 ± 8% of 
colonies contained TH+ neurons, as compared to 70 ± 15% of colonies grown on untreated PA6 
cells. Other co-culturing conditions using PA6 cells that had been mitotically inactivated by 
irradiation or mitomycin-c treatment also resulted in a significant reduction of colonies containing 
TH+ neurons. Fixation, irradiation or mitomycin-c treatment of PA6 cells each had less effect on the 
neural induction of hESC (Fig. 11).   

 
Next, we investigated whether DA differentiation of hESC could be induced by factors 

secreted from the PA6 cells by introducing media conditioned by PA6 cells to hESC cultures and 
monitoring their differentiation. HESC were allowed to differentiate in PA6 conditioned media 
(CM) or unconditioned media (UCM) for 12 days in the absence of PA6 cells. Survival of colonies 
was considerably improved by CM, but the neural induction of hESC was not significantly enhanced 
by the CM. When hESC were grown in the presence of CM, the percentage of colonies positive for 
β-III-tubulin was 60 ± 13 versus 52 ± 8 in cultures containing UCM. Overall differentiation was also 
increased in cultures containing UCM, versus cultures under the influence of CM, as indicated by 
loss of Oct3/4 expression. TH expression was not found in cultures containing UCM, while cultures 
grown in CM gave rise to TH expression in 12 ± 3% of colonies (Fig. 11).  

 
 

 
 
 
The overall viability of cells differentiated on inactivated PA6 cells or in the presence of UCM 

or CM was reduced upon subculture, as compared to cells co-cultured with untreated PA6 cells. As 
presented in Table 1, NPC that were isolated from co-cultures with inactivated PA6 cells had a 

Figure 11. Influence of PA6 cell surface activity 
and factors secreted from PA6 cells on neural 
and DA differentiation of hESC. Quantitative 
analysis of expression of Oct3/4, β-III-tubulin and 
TH by immunocytochemistry in differentiated 
colonies cultured on untreated or fixed PA6 cells 
and in the presence or absence of PA6 cell 
conditioned media after 12 days of culture. Data 
represent 60 colonies from three independent 
experiments. The overall effect of PA6 cell fixation 
was statistically significant for TH (P<0.0001) 
expressing colonies as compared to the untreated 
condition. The effect of CM treatment was 
statistically significant for Oct3/4 (P<0.0039), but 
not for β-III-tubulin or TH. CM; Conditioned 
media, UCM; unconditioned media. 
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significantly reduced potential to develop into β-III-tubulin+ and MAP2+ neuronal and TH+ 
dopaminergic cells. Differentiation towards a glial lineage was also reduced by more that 50% in all 
conditions involving PA6 cell inactivation, as compared to NPC co-cultured with untreated PA6 
cells. 

 

 
 
 
 
 
 
Addition of heparin to factors secreted from PA6 cells (CM) increased the percentage of TH+ 

colonies and number of TH expressing cells within each colony, as compared to cultures with CM 
alone. After 18 days of differentiation in feeder-free conditions in the presence of CM plus heparin, 
54 ± 6% of colonies contained a large number of TH+ neurons, while co-cultures with PA6 cells 
yielded 81 ± 1% TH+ colonies (Fig. 12). 

 
 

 
 
 
 
 
 
 
 
Synergistic effects of PA6 cell surface activity and secreted molecules were also confirmed by 

increased dopaminergic induction of hESCs cultured on fixed PA6 cells in the presence of  PA6 cell 
CM and heparin. 

Table 1. Quantitative analysis of marker expression in differentiated progenitor 
cells 18 days after isolation from co-culture with untreated or inactivated PA6 
cells. The percentages of cells expressing GFAP, β-III-tubulin, MAP2, and TH   
(mean ± SD). 

Figure 12. Effects of CM and heparin on dopaminergic induction of 
hESC after 18 days of culture. Comparison of a colony of hESC cultured 
in (A) CM plus heparin in the absence of PA6 cells to (B) co-culture with 
PA6 cells, illustrating a relatively less effective dopaminergic phenotype-
inducing effect as indicated by decreased numbers of TH+ cells within a 
colony grown in CM and heparin. Scale bars=200 μm 
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The current study clarifies the contributions of cell surface and soluble factors to the overall 

effect of SDIA, by showing that the PA6 cell surface promotes cell survival and cell adhesion, and is 
responsible for enhanced overall neurogenesis of hESC, rather than providing lineage-specific 
instructions.  The specific dopaminergic-inducing effect appears to reside in soluble factors secreted 
by PA6 cells.  Nevertheless, the presence of cell surface material enhances the survival of hESC 
during differentiation, thus markedly increasing the overall yield of dopaminergic cells.   

 
6.5 Identification of the molecular nature of SDIA (Paper IV)  

 
From the previous study, we concluded that PA6 cell surface activity enhanced cell survival 

and neurogenesis, whereas secreted factors were primarily responsible for the dopaminergic-
inducing effect of SDIA. In attempt to identify soluble factors secreted from PA6 cells with a 
potential role in the dopaminergic induction of hESC we carried out gene expression profiling of 
PA6 cells using DNA microarrays, and compared the PA6 gene expression profile to that of a 
number of mouse cell lines lacking SDIA activity. The cell types used for comparison included 
MEF, a mouse kidney cell line MM55K, and sub-types of PA6 and MS5 lines that lack 
dopaminergic inducing activity. The potent PA6 cell line will be referred to as PA6-DA, and PA6 
sub-types as PA6-X1 and PA6-X.  

 
First, the lack of SDIA activity was confirmed by co-culturing hESC with these various cell 

lines for 12 days and examining the cultures for expression of Oct3/4, nestin, β-III-tubulin and TH 
by immunocytochemistry. Differentiation of hESC in co-culture with cell lines PA6-X1, PA6-X, and 
MS5 could not be assessed as these cell lines did not support survival of hESC for 12 days of co-
culture. Expression of the stem cell marker Oct3/4 was detected in more than half of the colonies 
grown of MEF, while 82% of colonies cultured on MM55K and PA6-DA contained Oct3/4+ cells. 
The early neuronal marker nestin was expressed in the majority of colonies in co-culture with MEF, 
MM55K, and PA6-DA cells.  The presence of dopaminergic neurons, identified by expression of 
TH, was found in 2% of colonies in MEF co-cultures and in less than 1% of colonies grown on 
MM55K cells. The majority of colonies cultured on PA6-DA cells contained large numbers of TH+ 
neurons. Percentages of colonies expressing Oct3/4, nestin, β-III-tubulin and TH after 12 days of co-
culture are shown in Figure 13.  

 
 

  
                       

Figure 13. Cell feeder-induced differentiation of 
hESC. Marker expression analysis of differentiating 
hESC grown on mouse embryonic feeders (MEF); 
mouse kidney cell line, MM55K; and PA6 cells 
with potent SDIA activity was performed after 12 
days of co-culture. Quantification results of 
percentages of colonies expressing Oct3/4, Nestin, 
β-III-tubulin and TH on MEF, MM55K or PA6-DA 
feeder cells are presented in bar graphs with error 
bars indicating standard deviations. Data represent 
60 colonies from three independent experiments. 
The overall difference in TH and β-III- tubulin 
expressing colonies was statistically significant in 
conditions with MEF and MM55K cells 
(P<0.0001), as compared to PA6-DA co-cultures. 
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Gene expression analysis of the PA6-DA cell line, as compared to the five cell lines lacking 

SDIA activity, PA6-X1, PA6-X, MS5, MEF and MM55K, identified 288 genes preferentially 

expressed (Z ratio≥ 3.0, P < 0.05) in PA6-DA cells as compared to the PA6-X cell subtype. The 
majority of these genes were also significantly up-regulated in PA6-DA cells as compared to the 
transformed stromal cell lines, PA6-X1, PA6-X, MS5, and the MM55K and MEF cells. In order to 
classify genes predominantly involved in biological processes and pathways related to CNS 
development among the 288 up-regulated genes, the platform gene ontology FatiGO (Fast 
Assignment and Transference of Information using Gene Ontology) was used to categorize these 
genes with respect to gene function including biological process (Table 2). 

 
 

   
 
 
 
 
 
 

Table 2. Presentation of gene clusters categorized into biological processes at FatiGO specificity level 
six with relevance to various aspects of brain development and maintenance of central neurological 
processes. Expression levels of genes in PA6-DA as compared to PA6-X and MM55K cells are 
presented as Z-ratios. 
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Focusing on soluble secretory molecules and gene products with a possible role in CNS 
development and regulation of neurogenesis, we identified stromal cell-derived factor 1 (SDF-
1/CXCL12), pleiotrophin (PTN), insulin-like growth factor 2 (IGF2), insulin-like growth factor 
binding protein 4 (IGFBP4), and ephrin B1 (EFNB1) as factors potentially responsible for the 
dopaminergic inducing activity. These five factors were eventually reduced to four, SDF-1, PTN, 
IGF2, and EFNB1, based on in vitro functional analysis. This combination of factors was given the 
acronym "SPIE".   

 
These genes were among the most up-regulated in PA6-DA as compared to PA6-X or MM55K 

cells, each having a seven-fold or greater Z-ratio. In addition, differences in these transcripts as 
determined by RT-PCR reproduced the results of the cDNA microarray for all four genes. Relative 
expression of these genes in PA6-DA versus each cell type is presented in Table 3.  

 
 

                
 
 
 
 
Next, the effect of these candidate molecules on dopaminergic differentiation of BG01V2 and 

other karyotypically normal hESC lines BG02 and BG03 was examined. hESC maintained in an 
undifferentiated state under feeder-free conditions were dissociated and differentiated in suspension 
cultures for 2-4 days as EBs in hESC medium and subsequently transferred to poly-L 
ornithine/laminin coated tissue culture plates, and treated with the selected factors. EBs generated 
from the BG01V2 line exhibited poor survival in the absence of the candidate molecules (Fig. 14A), 
whereas EBs that were maintained in cultures containing the selected factors survived and 
differentiated into midbrain-specific NPC and TH+ neurons after 10 days of culture (Fig. 14B, C). 
The majority of BG01V2-derived colonies contained large numbers of TH+ neurons, although the 
center of colonies remained in a relatively undifferentiated state with expression of the midbrain 
neural progenitor marker, Msx1 (Fig. 14C). EBs derived from the BG03 cell line in the untreated 
cultures differentiated into colonies with a uniform appearance (Fig. 14D), whereas BG03-derived 
EBs that were exposed to SPIE developed into rosette-like structures in the center of colonies (Fig. 
14E), morphologically similar to those seen in SDIA-induced cultures. 

 
The overall survival of BG03 cell was significantly higher than the karyotypically abnormal 

BG01V2 cells, for both untreated and treated conditions. When EBs derived from the BG03 cell line 
were allowed to differentiate for 10 days, more that 90% of colonies were Msx1+ with extensive 
networks of TH+ neuronal cells (Fig. 14F).  

Table 3. Relative expression of the five candidate genes, illustrated as Z-ratios, in the   PA6-DA 
cell line versus the cell lines PA6-X, PA6-X1, MS5, MM55K, and MEF.    
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In contrast to the BG03 cell line, BG02- derived EBs displayed poor survival in untreated 

conditions and SPIE did not exert a substantial survival-promoting effect. Due the progressive loss 
of cell viability, the BG02 cultures were examined after five days of culture. In the absence of SPIE, 
the majority of differentiating BG02 cells had an epithelial morphology (Fig. 14G), and although a 
few β-III-tubulin+ neurons were detected after five days of differentiation, TH+ neurons were 
completely absent. In the presence of SPIE, however, colonies of differentiating BG02 cells 
contained cells with a recognizable neuronal morphology three days after the EBs were transferred 
to adherent cultures (Fig. 14H). Immunocytochemical analysis after an additional two days showed 
that the majority of these cells were positive for TH (Fig. 14I). Surprisingly, the differentiated BG02 
colonies did not express Msx1, highlighting the substantial variability in the properties of various 
hESC lines. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Effect of candidate molecules on differentiation of hESC.  Differentiation 
of EBs derived from the BG01V2 (A-C), BG03 (D-F), and BG02 (G-I) hESC lines. 
Following EB formation, the hESC were transferred to poly-L-ornithine/laminin coated 
dishes and were cultured in the absence or presence of  SDF-1, IGF2, IGFBP4, PTN, 
EFNB1, and heparin . Phase contrast images of differentiated EBs generated from (A) 
BG01V2 (D) BG03, and (G) BG02 in the absence of any factors after three days of 
culture. Panels B, E and H show EBs derived from BG01V2, BG03, and BG02, 
respectively, in the presence of the candidate molecules, SDF-1, IGF2, IGFBP4, PTN, 
EFNB1 after three days of differentiation. After 10 days of culture, Msx1 and TH-
immunoreactive cells were found in BG01V2 (C) and BG03 (F) cultures treated with the 
five candidate molecules. EBs generated from the BG02 cell line generated TH+  neurons, 
but expression of Msx1 was completely absent from these cultures.  
Scale bars=200 μm 
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It should be mentioned that all treated conditions also contained IGFBP4. We initially selected 
this factor as a potential DA inducing element, and speculated that it might have a role in regulation 
of IGF2 activity. To further characterize the activity by which the five molecules SDF-1, PTN, 
IGF2, IGFBP4, and EFNB1 exerted a DA inducing effect on hESC, we separated the role of the 
candidate molecules in dopaminergic induction by exposing the EB cultures to various combinations 
of inducing factors followed by immunocytochemical marker analysis after 10 days of 
differentiation. These preliminary data indicated that IGFBP4 was not required for SDIA activity, 
and that IGFBP4 in fact seemed to reduce the survival of proliferating midbrain NPC. In contrast, 
IGF2 was essential for survival of the proliferating NPC, whereas presence of SDF-1 and EFNB-1 
was required for dopaminergic induction of hESC. PTN, as anticipated, increased the yield of TH+ 
neurons.  

 
In summary, this study has identified the molecular nature of SDIA and demonstrates that the 

combination of SDF-1, PTN, IGF2, and EFNB1, termed SPIE, can mimic SDIA activity and 
produce a high yield of TH+ neurons from hESC in the presence of heparin. Nevertheless, optimal 
culture conditions for enhancing survival and maturation of differentiating midbrain specific NPC 
into functional DA neurons, and adaptation for the use of SPIE for a variety of hESC lines, remain to 
be developed.  
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7. Discussion and future perspectives 
 
In the research presented here, the activity of SDIA for neural and dopaminergic induction 

from hESC was examined. Experiments were designed to study the temporal effect of SDIA on 
hESC differentiation, and characterize NPC and dopaminergic neurons produced by this approach. 
The proliferative capacity of generated NPC, and the effect of time on their ability to adopt a 
dopaminergic phenotype was also assessed. SDIA is one of the most simple and efficient methods 
currently employed to generate DA neurons from hESC. Midbrain DA neurons derived from hESC 
offer a valuable in vitro model to study neurological disorders, such as schizophrenia, drug abuse, 
and PD that have been associated with dysfunction of the midbrain DA system, and to provide a 
functional cell-replacement strategy to treat Parkinson's disease. However, SDIA requires the culture 
of hESC on mouse stromal feeder cells, and because the use of animal cells or animal derived 
components does not meet safety requirements for clinical application, we intended to elucidate the 
activity of SDIA by identifying unknown inductive molecules that are produced by PA6 stromal 
cells. This would allow development of culture conditions with a chemically-defined media that 
would mimic the DA-inducing activity of SDIA.  

 
Temporal aspects of SDIA-mediated DA induction 

 
Previous studies that have adapted the SDIA method for generation of human DA neurons 

demonstrated a robust neural induction of hESC cells on PA6 or MS5 stromal cell lines [194-196]. 
Nonetheless, the co-culturing period of hESC with stromal cells differs between these studies. For 
instance, a study by Perrier et al. [104] reported that dopaminergic differentiation of hESC could be 
achieved by co-culturing hESC with MS5 or S2 stromal cell lines for 28 days followed by further 
differentiation for several weeks in the presence of growth factors and SHH and FGF8.  Generally, 
28 days is a sufficient period of time to allow for nearly complete differentiation of dopaminergic 
neurons by SDIA alone [194], however, the SDIA effect of PA6 and MS5 cells is quite variable. In 
the current study it was determined that SDIA is required only for the initial stages of differentiation. 
The first TH+ neurons appeared after 8 days of co-culture and assessment of lineage restriction of 
differentiating hESC in co-culture with PA6 stromal cells revealed that the highest yield of 
undifferentiated mesencephalic-restricted NPC expressing Pax2, Pax5, Otx2 and Msx-1 could be 
obtained from co-cultures after only 7 days of induction. When hESC of the BG01V2 line were co-
cultured with PA6 cells for only 10 days, and subsequently transferred to feeder-free culture 
conditions and cultured in the presence of SHH, FGF8 and GDNF, the yield of TH+ neurons was 
approximately 34% after 18 additional days of differentiation. Nearly 80% of all MAP2+ neurons 
were TH+, which demonstrates the highly specific DA-inducing effect of SDIA. Investigation of 
effects and timing of patterning signals during SDIA induced differentiation of mouse ESC have also 
showed a similar time-window for DA induction, also suggesting that SDIA is responsible for early 
specification of dopaminergic phenotype [198]. It is also curious that the time span for SDIA-
induced DA differentiation is similar for mouse and human ESC, despite the large differences in the 
duration for normal DA development if the two species.  

 
Development of SDIA-derived midbrain NPC into functional DA neurons 

 
We employed the SDIA method to generate dopaminergic neurons from a variant of BG01, 

here termed BG01V2, which carries a chromosome 17 trisomy. It has been suggested that long-term 
maintenance of hESC can cause chromosomal abnormalities, which may be associated with 
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enzymatic methods in propagation of hESC [40, 44, 45]. Interestingly, several laboratories have 
reported the gain of chromosome 17 as one of the most common alterations in late passages of hESC 
[40, 45, 58, 59]. Although it is suggested that chromosome 17 shows a higher incidence of 
aneuploidy, it has not yet been determined whether this chromosomal aberration is associated with 
adaptation to in vitro culture. Nevertheless, recent studies have identified possible candidate genes 
on this chromosome that may be involved in adaptation of hESC to in vitro culture. BIRC5 
(survivin), an inhibitor of apoptosis, is among these genes, and is selectively over-expressed in 
common human cancers [368, 369]. 

 
We discovered that the BG01V2 cell line had a higher efficiency of DA neuron differentiation, 

as compared to other karyotypically normal hESC lines. Therefore, we asked whether TH-expressing 
neurons derived from the BG01V2 cells were post-mitotic, displaying phenotypic characteristics of 
normal midbrain dopaminergic neurons. 

 
The obtained data from characterization studies of these cells indicated that the BG01V2-

derived TH+ neurons displayed functional maturity in terms of electrical excitability. Several studies 
have demonstrated maturation of neuronal cells as a function of insertion and clustering of voltage-
dependent sodium channels [370, 371]. Our observations were consistent with these studies, and 
showed an increase in sodium currents as the neurons matured. The TH+ cells also exhibited 
functional DAT activity as confirmed by competitive DAT binding experiments. The IC50 value 
from the binding assay was in the micromolar range, whereas dopamine transporter in a neuronal 
cell line and cell lines overexpressing DAT have displayed much higher binding affinities [372]. The 
electrophysiological studies demonstrated that many neurons in our cultures were not fully mature. 
This would possibly explain the low binding affinity of dopamine analog to DAT, which may be 
dependent on the state of neuronal maturation.   

 
It should be noted that we do realize that a karyotypically abnormal cells line has no or limited 

applications in cell replacement therapy, and that ideally hESC should be differentiated in cultures 
free of any xenogeneic material. However, hESC-based transplantation studies are at an 
experimental stage. Thus, a model for efficient phenotypic differentiation of DA neurons could be of 
clinical interest in investigating the genetics and molecular mechanisms controlling the functions of 
these neurons in vitro and in vivo, and potentially for understanding and treating neurodegenerative 
and psychiatric diseases. Furthermore, the genetic integrity of hESC is often assessed by classical 
cytogenetic methods which are very limited in resolution. High resolution DNA analysis have 
revealed that presumably normal hESC, with an unaltered karyotype, carry high frequencies of 
genetic abnormalities including mutations that could predispose them to forming tumors if they 
would be transplanted in human subjects [57, 59]. Thus, before clinical utility of even karyotypically 
normal hESC can be realized, culturing techniques and efficient high-resolution genomic analysis 
would need to be developed to preserve and monitor the genetic integrity of hESC. 

 
Proliferation capacity of NPC derived from hESC by SDIA  

 
Several reports have demonstrated long-term survival, differentiation, and morphological 

integration of fetal- derived NPC from various brain regions including the nigro-striatal system [373-
375]. Expansion of NPC as cellular aggregates in suspension cultures, also referred to as 
neurospheres, was initially developed for rodent NPC [376] and has recently been adapted for the 
long-term growth of human fetal NPC [373, 377]. Recently it has been reported that Wnt ligands 
(Wnt3a and Wnt5b) and receptor transcripts are upregulated in hESC-derived neurospheres and that 
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Wnt3a promotes the expansion of neurospheres derived from noggin-treated hESC [378]. On the 
other hand, little is known about the signaling factors controlling the ability of hESC-derived 
midbrain-specific NPC to undergo self-renewal and maintain cellular memory for extended periods 
of time as neurospheres.   

 
In this study, enyzmatically isolated NPC from co-cultures were propagated as neurospheres in 

suspension cultures for six weeks. Weekly investigation of neurosphere proliferation and DA 
differentiation ability of expanded NPC for various durations revealed that SDIA- derived NPC 
could be expanded by five-fold while retaining their DA differentiation potential. Nevertheless, the 
NPC progressively lost their ability to multiply and develop into DA neurons in vitro. The decrease 
in neuronal differentiation of NPC over time in vitro is consonant with the course of neural 
differentiation in development of the mammalian CNS, where the majority of neurons arise during 
the embryonic period from multipotent progenitors which are progressively more biased toward a 
glial fate as the brain develops [379]. A previous published report has also showed a gradual 
decrease in DA differentiation of fetal NPC derived from embryonic rodent ventral mesencephalon 
with increasing age of donor tissue [380].  

 
In final stages of our study, a study by Hong and coworkers that used the SDIA-inducing 

strategy to generate NPC from other hESC lines was published [184]. According to their study, the 
generated NPC could be passaged as clusters or single cells without losing their proliferative 
capacity or potential to differentiate to neurons, astrocytes, and oligodendrocytes as well as TH+ 
neurons during 12 weeks of expansion. 

 
It is interesting that the NPC in the Hong et al. [196] study maintained their ability to 

differentiate for at least 12 weeks, even though they were first differentiated for three times as long 
as the NPC in the present study.  Notable dissimilarities between our protocol and the protocol 
employed by Hong and coworkers include using different stromal cell lines, culturing techniques, 
and medium to achieve neural induction of hESC. In addition, Hong and coworkers used hESC lines 
H1 and HFS-6, whereas we used the BG01V2 line. The discrepancy between our study and the study 
of Hong and colleagues implies that the mechanisms involved in maintenance of cellular memory 
and differentiation potential of hESC-derived NPC might depend on culturing techniques employed 
in generation or propagation of these cells, or the nature of the hESC line they are derived from. 
Indeed, a recent study by Wu and colleagues [381] compared different hESC lines, including the 
HSF6 line that was used by Hong et al. [183], and illustrated a clear distinction between the genetic, 
epigenetic, and cellular properties of hESC and their derivative neurons. In particular, the HSF6 line 
was found to be more prone to generating midbrain and hindbrain neurons but failed to produce 
forebrain neurons. Comparison of the NPC in the study by Hong et al. [196], which showed a 
surprising lack of replicative senescence, to the BG01V2-derived NPC with limited proliferation 
capacity in our report, may be useful for investigating intrinsic mechanisms controlling self renewal 
and the transition of highly replicating neural stem cells to neural progenitor cells with a more 
limited life span. We should also note that a lack of replicative senescence is not necessarily a 
desirable property for hESC-derived cells.  

 
Preliminary transplantation studies of neurospheres which retained their potential to 

differentiate towards a DA phenotype suggested that these cells could survive and maintain their 
phenotype in vivo for up to three weeks. However, no TH+ neurons were detected in the grafts at this 
time. The failure of grafted NPC to differentiate into DA neurons in the host striatum has been 
observed in several studies [382, 383]. This raises the question of whether the pre-differentiation into 
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DA neurons is necessary before transplantation. In a study where adult neural stem cells from the 
SVZ of adult mice were transplanted into various regions of the mouse brain including the striatum, 
differentiation into mature neurons of grafted cells were only observed in the olfactory bulb, 
suggesting that the adult striatum may be a non-neurogenic area [384]. Other studies have reported 
that a small percentage of human NPC derived from hESC or fetal tissue have the ability to different 
to TH+ neurons in vivo [361, 367, 365, 385], but additionally neural stem cells seem to possess the 
ability to rescue dysfunctional neurons [385, 386] and migrate towards the site of injury [386] in 
animal models of PD. 

 
Identification of SDIA 

To identify the nature of SDIA, we focused first on clarifying the effect of SDIA on neural and 
DA induction of hESC. At this time there was a controversy in the literature regarding the role of 
stromal cells in dopaminergic differentiation of ESC.  The initial description of SDIA by Kawasaki 
et al. [181] suggested that SDIA was resistant to fixation and resided on the PA6 cell surface.  
Subsequent data (Schwartz et al. [199] and Yamazoe et al. [200]) have, in contrast, suggested that 
soluble secreted factors are involved.  We attempted to determine the separate contributions of these 
two components, and found that the PA6 cell surface activity was sufficient for neural induction, but 
the secreted factors from the PA6 cells were the DA-inducing element of SDIA. We also found that 
the number of TH+ neurons was substantially increased when heparin was added to feeder-free 
cultures containing medium conditioned by PA6 cells.   

 
Heparin is a highly-sulfated glycosaminoglycan and is found on cell surface and in the 

extracellular matrix. Heparan-sulfate glycosaminoglycans interact with various proteins and form 
proteoglycans [387, 388]. Although the role of these glycosaminoglycans is still to be fully 
determined, they are known to interact strongly with several growth factors, and modulate their 
biological activity, thereby playing a crucial regulatory role in embryogenesis and CNS development 
[389, 390].   

 
In order to identify soluble factors that would potentially reproduce the DA inducing activity of 

SDIA, we compared gene expression of the potent PA6-DA cell line to cell lines largely lacking 
SDIA activity, including PA6-X1, PA6-X, MS5, MEF and MM55K. We thereby identified a set of 
candidate genes including SDF-1, PTN, IGF2, and EFNB1as potential dopaminergic inducing 
factors, and examined the role of molecules encoded by these genes in dopaminergic induction of 
hESC in vitro 

 
The chemokine SDF-1 was originally identified in the immune system and induces leukocyte 

chemotaxis [391]. In addition to its T-cell chemotactic activity, SDF-1 is widely expressed in the 
developing nervous system [392, 393], interacting with Wnt pathway in neural development [394] 
and mediating sonic hedgehog-induced proliferation of cerebellar granule cells [395]. The temporal 
expression pattern of SDF-1 and CXCR4 implies roles in early neurogenesis. Indeed, genetic 
disruption of CXCR4 and SDF-1 in the mouse has resulted in defective fetal cerebellar [396] and 
hippocampal dental gyrus [397] development. SDF-1 has also been implicated in proliferation of 
NPC isolated from rat cortex by activating the ERK1/2 and PI-3 kinase pathways [388]. An up-
regulation of SDF-1 and its receptor CXCR4 has also been reported during differentiation of neural 
stem cells to more restricted precursors [399]. Also, in a previous study by our group, gene 
expression profiling by a focused human stem cell microarray showed expression of CXCR4 in 
neurons generated from hESC by the SDIA method [194]. Interestingly, a very recent study by 
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Edman and colleagues [400] demonstrated expression of two other α-chemokines, CXCL1 and 
CXCL6, in developing rodent ventral midbrain and suggested that these factors have a regulatory 
role in the development of the midbrain DA cell population. The application of CXCL1 (ortholog of 
human CXCL8), CXCL6, and human CXCL8 to primary ventral midbrain precursor cultures 
demonstrated that CXCL1, CXCL6 and CXCL8 have a role in promoting DA neurogenesis, 
enhancing development of Nurr1+ cells into DA neurons, and increasing proliferation of DA 
progenitors, respectively.  

 
The secreted growth factor pleiotrophin (PTN), also referred to as heparin-binding growth 

factor 8, exerts a mitogenic effect on cells that express its receptor, transmembrane protein tyrosine 
phosphatase [401-403]. PTN and its receptor are expressed during CNS development and as 
previously mentioned, PTN has a trophic effects on DA neurons and increases the yield of TH+ 
neurons differentiated from mouse ESC [144, 145, 404].  

 
IGFs and their carriers, IGF-binding proteins (IGFBPs) are widely expressed throughout the 

CNS [405, 406]. IGF2 has been suggested to have neurotrophic effects promoting survival and 
differentiation of neuronal cells [407, 408]. Recently expression of the receptor for IGF2, IGF1R, 
has been reported in hESC, and it has also been proposed that IGF2 has a role in hESC survival and 
self-renewal [409]. 

 
Indication of the involvement of IGF2 in differentiation of mesencepahlic neural progenitor 

cells from hESC was recently obtained by a massively parallel signature sequencing (MPSS) 
analysis of gene expression in PSA-NCAM+ neuronal precursors derived by SDIA. Abundance of 
the IGF2 transcript was among the highest of the 11912 distinct sequences detected. IGF2 
expression was also found in laser-captured dopamine neurons from human postmortem brain [410].  

 
Eph receptors and their ephrin ligands are essential for migration of many cell types during 

embryonic development [270]. Transmembrane B-class ephrins promiscuously bind EphB receptors, 
whereas A-class ephrins, which are tethered to the cell surface by a glycosylphosphatidylinositol 
linkage, preferentially bind EphA receptors. Ephrin B1 acts both as a ligand and as a receptor in a 
tissue-specific manner during embryogenesis and is critically important in many biological processes 
including axon guidance, neural crest migration [270, 271, 411]. Yet Ephrin B1 has not been 
considered before in the context of DA neurogenesis. However, as previously discussed, another 
member of the ephrin family, ephrin B2, which signals through its receptor EphB1, have been 
reported to constitute one of the signaling mechanisms responsible for specification of distinct DA 
neural pathways [217].  

 
A number of other genes that were also highly expressed in PA6-DA cells, but to a lesser 

extent than those studied, also have possible DA-inducing or neurotrophic effects. These included 
members of the TGF-β family and factors involved in the Wnt signaling pathway. Although we did 
not test the effect of these factors in our study, we cannot exclude the possibility that these factors 
might enhance the induction and survival of DA neurons derived from hESC. 

 
When hESC of line BG01V2 and BG03 were stimulated by SDF-1, PTN, IGF2, and EFNB1, 

termed SPIE, they differentiated into Msx1+ midbrain NPC and TH+ neurons after 10 days of 
induction. We chose to generate EBs for 2-4 days prior to treatment because this procedure generally 
enhanced the viability of hESC. Although SPIE does not seem to have a sufficient survival-
promoting effect to allow studies on fully undifferentiated hESC, the hESC were differentiated as 
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EBs only for 2-4 days in these experiments. We therefore believe that SPIE has a role in early DA 
induction of hESC. In addition, SPIE was not sufficient to direct lineage specific differentiation of 
midbrain NPC from the BG02 line. Similar differences in efficiency of DA neuron differentiation 
between hESC lines induced by SDIA have been observed in our laboratory and by other groups 
[154, 194, 195]. It may be that varying concentrations of SPIE components may be required to 
obtain differentiation of various hESC lines. 

 
Surprisingly, about one month ago (August 13, 2008), a report studying expression of 

numerous receptors for growth factors in corticospinal motor neurons was published. This study 
showed that that corticospinal motor neurons express high levels of IGF2, CXCL12 (SDF-1) and 
PTN receptors. This group also demonstrated that the combination of these factors significantly 
enhanced the survival of corticospinal motor neurons [412]. 

 
Concluding remarks  

 
We have identified a novel combination of four factors, SDF-1, PTN, IGF2, and EFNB1, 

termed SPIE, termed SPIE, which efficiently induce hESC to develop into midbrain specific NPC 
capable of differentiating into TH+ neurons. Future studies including investigation of the signaling 
mechanisms initiated by each of these four molecules may provide insights into novel pathways 
controlling DA development from hESC. Additional studies are required to determine whether these 
cells can mature into physiologically functional dopamine producing neurons, and whether they 
would be able to survive and integrate into the host brain circuitry in animal models of PD.  Aside 
from having a theoretical value, we believe that our findings identifying early DA inducing factors 
can be utilized to efficiently produce DA neurons from hESC in cultures free from animal cells and 
products, which would ultimately contribute to the advancement of cellular replacement strategies 
for treatment of PD. 
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8. Popular Scientific summary 
 
One of the most common age-related neurological diseases is Parkinson's disease, which 

causes a progressive impairment of the ability to control body movements. Parkinson's disease is 
mainly caused by deterioration of dopamine-producing neurons in a region at the base of the brain 
called substantia nigra.  

One approach to treatment of Parkinson's disease is replacement of defective dopamine-
producing neurons with healthy new cells, by transplanting cells into the brain. Previous studies 
using fetal tissue rich in dopamine neurons for transplantation have provided proof-of-concept that 
Parkinson's disease patients can benefit from cell replacement therapy. Results of clinical trials using 
fetal tissue grafts in patients with Parkinson's disease have, however, been highly variable, and in 
some cases there have been severe adverse effects. These observations indicate that current surgical 
strategies for dopamine cell replacement therapy need to be improved. Currently the limited 
availability of fetal tissue is restraining the development of appropriate cell transplantation 
procedures, because these procedures require large amounts of fetal tissue.  

Human embryonic stem cells (hESC) are cells derived from embryos at a very early age. These 
cells can be grown in culture indefinitely and have the capability to develop into a variety of cell 
types including dopamine neurons. Embryonic stem cells are therefore a promising source of cells 
for transplantation therapies for treatment of Parkinson's disease. The major challenge in hESC 
research is to control and direct the stem cells toward specific cell types of interest.  

Methods used to generate dopamine neurons from hESC include allowing spontaneous 
differentiation of hESC, followed by addition of specific molecules, or by culturing hESC on so 
called "feeder cells", which are cells commonly obtained from animal sources that have the ability to 
direct hESC to become dopamine neurons. The latter approach is more efficient and straightforward, 
but the use of animal cells hinders any clinical application due to possible transfer of animal cells 
and pathogens. Therefore it is of both theoretical and clinical importance to understand the activity 
of these feeder cell systems. By understanding how these feeder cells work it may be possible to 
develop defined in vitro differentiation approaches so that dopamine neurons can be generated from 
hESC without risk of contamination. 

Feeder cells which can cause hESC to become dopamine neurons are generally a type of cells 
derived from bone marrow called "stromal cells". The aim of the studies presented here was to 
determine exactly how stromal cells cause this cellular transformation. First, we found that stromal 
cells cause hESC to differentiate by secreting chemical factors. The chemical factors produced by 
stromal cells were analyzed leading to identification of a novel combination of four factors that is 
responsible for conversion of hESC to dopamine neurons.   

These studies, as well as many others highlighting the involvement of new factors in 
development of dopamine neurons, define a molecular scheme for inducing hESC differentiation, 
leading to generation of dopamine neurons. The key challenge in neuronal transplantation will be 
obtaining functionally effective cells which would integrate with the host endogenous neuronal 
circuitry after transplantation, leading to improved function. Also, hESC have the potential to form 
tumors, known as teratomas after transplantation. Thus there are safety issues to be considered in 
stem cell transplantation therapy. In the future, progress in hESC science and the world of 
bioengineering may enhance the clinical efficacy of hESC-derived dopamine neurons. For example, 
selective differentiation of dopamine neurons may be enhanced by genetic engineering of hESC, 
while development of culturing conditions more accurately mimicking the in vivo environment 
would potentially increase the function and stability of these neurons. 
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