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(57) ABSTRACT 

Methods for differentiating stem cells are disclosed herein. 
These methods can be used to generate neurons, including, 
but not limited to, dopaminergic neurons. The disclosed 
methods include culturing stem cells in the absence of ?bro 
blast groWth factor-2 to generate embryoid bodies and cultur 
ing the embryoid bodies in the presence of an effective 
amount of at least one of stromal cell-derived factor 1, 
pleiotrophin, insulin-like groWth factor 2, and ephrin B1 on 
an extracellular matrix for a period of time su?icient to pro 
duce dopaminergic neuronal cells. The differentiated cells 
can be used to study pharmaceutical agents that affect dopam 
inergic neurons and can be used in the treatment of neurode 
generative disorders such as Parkinson’s disease. 

22 Claims, 14 Drawing Sheets 
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DIFFERENTIATION OF STEM CELLS INTO 
DOPAMINERGIC CELLS 

CROSS REFERENCE TO RELATED 
APPLICATION APPLICATIONS 

This is the §371 US. National Stage of International Appli 
cation No. PCT/US2009/065007, ?led Nov. 18, 2009, Which 
Was published in English under PCT Article 21(2), Which in 
turn claims the bene?t of US. Provisional Application No. 
61/199,652, ?led Nov. 18, 2008, Which is incorporated by 
reference herein in its entirety. 

FIELD 

This invention relates to the ?eld of methods for the in vitro 
production of differentiated cells from stem cells, such as the 
production of dopaminergic neuronal cells. 

BACKGROUND 

Neurons in the central and peripheral nervous systems 
degenerate as a normal function of human development and 
aging. Pathological neuron degeneration, hoWever, is a seri 
ous condition seen in several neurological disorders. Neu 
ronal degeneration can be speci?c or diffuse, and can lead to 
sensory, motor and cognitive impairments. Neurodegenera 
tive disorders encompass a range of seriously debilitating 
conditions including Parkinson’s disease (PD), amyotrophic 
lateral sclerosis (ALS, “Lou Gehrig’s disease”), multiple 
sclerosis, Huntington’s disease (HD), AlZheimer’s disease, 
pantothenate kinase associated neurodegeneration (PKAN, 
formerly Hallervorden-SpatZ syndrome), multiple system 
atrophy, diabetic retinopathy, multi-infarct dementia, macu 
lar degeneration, and the like. These conditions are charac 
teriZed by a gradual but relentless Worsening of the patient’s 
condition over time. These disorders affect a large population 
of humans, especially older adults. Nevertheless, the under 
standing of these disorders is extremely limited and incom 
plete. 
Many advances have been made in gaining a better under 

standing of PD, AlZheimer’s disease and HD. The primary 
cause of cognitive dysfunction for all three disorders has been 
directly linked to neuron degeneration, usually in speci?c 
areas of the brain. PD is linked to degeneration of neurons in 
the substantia nigra, While AlZheimer’s disease is in some part 
due to loss of pyramidal neurons in the limbic cortex (Braak, 
E. & Braak, H., 1999, In: V. E. Koliatsos & R. R. Ratan (eds.), 
Cell Death and Diseases oftheNervous System, TotoWa, N.] .1 
Humana Press, pp. 497-508). HD’s cognitive de?cits are 
produced by degeneration of cells in the caudate nucleus of 
the striatum. HoWever, although the symptoms and progres 
sion of these diseases are Well characterized, the causes and 
triggers at onset are not Well understood. 

Thus, several strategies are being pursued to develop neW 
therapies for neurodegenerative disorders, including PD. For 
PD, the techniques range from the use of dopaminotrophic 
factors (Takayama et al., Nature Med. 1:53-58, 1995) and 
viral vectors (Choi-Lundberg et al., Science 275:838-841, 
1997) to the transplantation of primary xenogeneic tissue 
(Deacon et al., Nature Med. 3:350-353, 1997). Transplanta 
tion of dopaminergic neurons is a clinically promising experi 
mental treatment in late stage PD. More than 200 patients 
have been transplanted WorldWide (OlanoW et al., Trends 
Neurosci. 19:102-109, 1996), and clinical improvement has 
been con?rmed (OlanoW et al., supra, and Wenning et al., 
Ann. Neurol. 42:95-107, 1997) and Was correlated to good 
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2 
graft survival and innervation of the host striatum (KordoWer 
et al., N. Engl. .1. Med. 332: 1 1 18-1 124, 1995). HoWever, fetal 
nigral transplantation therapy generally requires human fetal 
tissue from at least 3-5 embryos to obtain a clinically reliable 
improvement in the patient. A different source of these neu 
rons is clearly needed. 

Dopaminergic neurons have been generated from murine 
CNS precursor cells (PCT Application No. PCT/US99/ 
16825; Studer et al., Nature Neurosci. 11290-295, 1998). 
These precursor-derived neurons are functional in vitro and in 
vivo and restore behavioral de?cits in a rat model of PD. Even 
though the primary mesencephalic CNS stem cell culture can 
provide differentiated dopaminergic neurons suitable for use 
in cell therapy, the cell number provided by this method is 
limited. The percentage of differentiated dopaminergic neu 
rons obtained from expanded mesencephalic precursors 
decreases as the cells are expanded more than about 10-100 
fold. Mesencephalic precursors can generate only about 10% 
to 15% dopaminergic neurons (out of total cell number) after 
10-100 fold expansion, and When the precursors are expanded 
1000 fold, that number drops further, to only about 1%. Thus, 
a need clearly remains for alternate sources of these cells. In 
addition, there is a need for reliable methods for generating 
larger numbers of primate neurons. 

SUMMARY 

Methods for differentiating stem cells (such as embryonic 
stem cells (ESC), for example, primate ESC or human ESC) 
are disclosed herein. These methods can be used to generate 

neurons, including, but not limited to, dopaminergic (DA) 
neuronal cells. The disclosed methods include culturing stem 
cells (such as embryonic stem cells) in the absence of ?bro 
blast groWth factor (FGF)-2 to generate embryoid bodies 
(EB) and culturing the EBs in the presence of an effective 
amount of at least one of stromal cell-derived factor 1 (SDF 
1/CXCL12), pleiotrophin (PTN), insulin-like groWth factor 2 
(IGF2), and ephrin B1 (EFNB 1) on an extracellular matrix for 
a period of time suf?cient to produce DA neuronal cells. In a 
particular embodiment, the EBs are cultured in the presence 
ofall of SDF-l, PTN, IGF2, and EFNBl for a period oftime 
suf?cient to produce DA neuronal cells (for example a period 
of time of about 2-50 days, such as about 7-35 days, about 
10-24 days, for example at least about 7 days). In particular 
examples, the stem cells are human ESCs, such as BG01, 
BG02, or BG03 cells, or cells derived from BG01, BG02, or 
BG03 cells (for example, BG01V2 cells). 

In some examples, the EBs are cultured in the presence of 
about 100 ng/ml SDF-l, about 100 ng/ml PTN, about 100 
ng/ml IGF2, and about 200 ng/ml EFNBl. In additional 
examples, the EBs are cultured in the presence of an effective 
amount of heparin (such as about 1 ng/ml to 1 mg/ml, for 
example about 100 ng/ml) in addition to SDF-l, PTN, IGF2, 
and/or EFNB 1. 

In some examples, the EBs are cultured on an extracellular 

matrix that includes factors to improve attachment, groWth, 
and/or differentiation of the EBs. In a particular example, the 
extracellular matrix includes poly-L-omithine and laminin. 

In one embodiment, the differentiated cells can be used in 
the treatment of neurodegenerative disorders. In some 
examples, the method includes producing dopaminergic neu 
ronal cells using the methods provided herein and adminis 
tering a therapeutically effect amount of the dopaminergic 
neuronal cells to a subject having a neurodegenerative disor 
der (for example, Parkinson’s disease, AlZheimer’s disease, 
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or Huntington’s disease). In particular examples, the DA 
neuronal cells are transplanted in the brain of a subject With a 
neurodegenerative disorder. 

The foregoing and other features of the disclosure Will 
become more apparent from the following detailed descrip 
tion, Which proceeds With reference to the accompanying 
?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and B is a pair of digital images shoWing (A) 
PA6-DA cells morphology and (B) PA6-X cell morphology. 
Scale bars:200 um. 

FIG. 2A through L is a series of digital images shoWing 
feeder-cell induced differentiation of hESC. Phase contrast 
images of con?uent layers of (A) MEF cells; (B) mouse 
kidney cell line MMSSK; (C) mouse stromal cell line MS5; 
(D) PA6-X1 cells; (E) PA6-X cells; (E) PA6-DA cells. Rep 
resentative images of day 12 co-cultures of BG01V2 cells 
With (G) MEF cells; (H) MM55K cells; (I) MS5 cells; (J) 
PA6-X1 cells; (K) PA6-X cells; and (L) PA6-DA cells. 

FIG. 3 is a bar graph shoWing percentage of colonies 
expressing Oct3/4, Nestin, [3-III tubulin, and TH after 12 days 
of co-culture With MEF, MM55K, or PA6-DA feeder cells. 
Error bars indicate SD. Data represent 60 colonies from three 
independent experiments. * P<0.0001 compared to PA6-DA 
co-cultures. 

FIG. 4 is a series of digital images of RT-PCR results in 
PA6-DA, PA6-X, and MM55K cell lines for ?ve candidate 
genes selected by microarray analysis. GAPDH Was ampli 
?ed as an internal control under the same conditions. 

FIG. 5 is a series of digital images of RT-PCR results in 
PA6-DA, PA6-X, and MM55K cell lines for decorin and 
procollagen type I. GAPDH Was ampli?ed as an internal 
control under the same conditions. 

FIG. 6A through E is a series of digital images shoWing 
phase contrast images of BG01V2 colonies maintained in 
feeder free cultures (A, B). Small clusters of BG01V2 cells 
cultured in loW-attachment plates and incubated in suspen 
sion culture (C). EBs after 4 days in suspension culture (D). 
Immunostaining With stem cell markers Oct3/4 (E) and 
SSEA-4 (F) con?rmed the undifferentiated state of the stem 
cells under feeder-free conditions. Scale bars:200 um. 

FIG. 7A through D is a series of digital images shoWing 
EBs transferred to poly-L-ornithine/laminin coated dishes 
and treated With SDF-l, IGF2, IGFBP4, PTN, EFNBl, and 
heparin. After three days of culture, the EBs attached to the 
plates and differentiated into neuroectodermal cells in 
rosette-like structures and cells With a clear neuronal mor 
phology (A, B). In contrast EBs cultured in medium contain 
ing heparin in the absence of the other molecules did not 
adhere and attached colonies exhibited poor cell survival (C, 
D). Scale bars:200 um. 

FIG. 8 is a bar graph shoWing percentage of colonies 
expressing TH and Msxl after 10 days exposure to combina 
tions of the four factors SDF-l (S), PTN (P), IGF2 (I), and 
EFNBl (E) (SPIE). P<0.05, ** P<0.01, *** P<0.001 as com 
pared to the untreated condition (-SPIE) (Tukey-Kramer mul 
tiple comparisons folloWing one Way analysis of variance). 

FIG. 9A through D is a series of digital images shoWing 
BG02-derived EBs differentiated in the present of SDF-l, 
IGF2, IGFBP4, PTN, EFNBl (A) or in the absence of any 
factors (B) three days after seeding on adherent cultures and 
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4 
BG03-derved EBs in the presence of the ?ve candidate fac 
tors (C) or in cultures that did not contain the molecules (D). 
Scale bar:200 um. 

FIG. 10A is a series of digital images of agarose gels 
stained With ethidium bromide shoWing RT-PCR shoWing the 
effect of SPIE treatment on differentiation of BG01V2 cells 
to midbrain-speci?c DA neurons after 17 days. TH, tyrosine 
hydroxylase; AADC, aromatic L-amino acid decarboxylase; 
Lmx1b, LIM homeobox transcription factor lb; Pitx3, 
paired-like homeobox transcription factor 3; En1, engrailed 
1 ; DAT, dopamine transporter; GFRAl, GDNF family recep 
tor alpha 1; TrkB, neurotrophic tyrosine kinase receptor type 
2; SMO, smoothened; c-RET, ret proto-oncogene; G3PDH, 
glyceraldehydes-3 -phosphate dehydrogenase (internal con 
trol). 

FIG. 10B is a series of digital images of Western blots 
shoWing increased levels of MAP-2, Pitx3, Nurrl, and TH 
proteins in cells treated With SPIE as compared to untreated 
cultures. The housekeeping gene actin Was used as an internal 
loading control. 

FIG. 11A through G is a series of graphs shoWing electro 
physiological analysis of BG01V2-derived cultures differen 
tiated by SPIE. (A) Bar graph shoWing percentage of cells 
eliciting sodium (INa), potassium (I K), GABA-evoked 
(IGABA), and glutamate-evoked a (IGZM) currents and percent 
age of cells capable of generating action potentials (AP) after 
14, 16, 18, and 21 days. Representation of cumulative log 
normal distribution of maximal potassium currents (B), 
sodium currents (C), and GABA currents (D) over time. Q, 14 
days; I, 16 days; V, 18 days; A, 21 days SPIE. (E) Hoffman 
modulation contrast image of a cell shoWing electrical excit 
ability (top left) as shoWn by strong inWard sodium current 
(top right) and outWard potassium current (bottom right) 
under voltage clamp at day 21 of differentiation and a strong 
AP obtained by a 90 pA current step from a member potential 
of —1 12 mV With an after hyperpolariZation (bottom left). (E) 
An example of a neuron capable of generating multiple APs 
after 18 days of differentiation. (G) Spontaneous, miniature 
postsynaptic currents recorded from a cell at day 21 of dif 
ferentiation. 

SEQUENCE LISTING 

The nucleic and amino acid sequences listed in the accom 
panying sequence listing are shoWn using standard letter 
abbreviations for nucleotide bases, and three letter code for 
amino acids, as de?ned in 37 C.F.R. 1.822. Only one strand of 
each nucleic acid sequence is shoWn, but the complementary 
strand is understood as included by any reference to the 
displayed strand. In the accompanying sequence listing: 
SEQ ID NOs: 1 and 2 are forWard and reverse mouse IGF2 

primers, respectively. 
SEQ ID NOs: 3 and 4 are forWard and reverse mouse PTN 

primers, respectively. 
SEQ ID NOs: 5 and 6 are forWard and reverse mouse 

CXCL12 primers, respectively. 
SEQ ID NOs: 7 and 8 are forWard and reverse mouse 

EFNBl primers, respectively. 
SEQ ID NOs: 9 and 10 are forWard and reverse mouse 

IGFBP4 primers, respectively. 
SEQ ID NOs: 11 and 12 are forWard and reverse mouse 

retinol binding protein 1 (RBP1) primers, respectively. 
SEQ ID NOs: 13 and 14 are forWard and reverse mouse 

vascular cell adhesion molecule 1 (V CAM1) primers, respec 
tively. 
SEQ ID NOs: 15 and 16 are forWard and reverse mouse 

Adamts5 primers, respectively. 
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SEQ ID NOs: 17 and 18 are forward and reverse mouse 
decorin (DCN) primers, respectively. 
SEQ ID NOs: 19 and 20 are forward and reverse mouse 

collagen type 1 alpha 2 (COL1A2) primers, respectively. 
SEQ ID NOs: 21 and 22 are forward and reverse human 

LIM homeobox transcription factor 1b (Lmx1b) primers, 
respectively. 
SEQ ID NOs: 23 and 24 are forward and reverse human 

aromatic L-amino acid decarboxylase (AADC) primers, 
respectively. 
SEQ ID NOs: 25 and 26 are forward and reverse human 

tyrosine hydroxylase (TH) primers, respectively. 
SEQ ID NOs: 27 and 28 are forward and reverse human 

brain-derived neurotrophic factor receptor TrkB primers, 
respectively. 
SEQ ID NOs: 29 and 30 are forward and reverse human 

engrailed 1 (En1) primers, respectively. 
SEQ ID NOs: 31 and 32 are forward and reverse human 

paired-like homeodomain transcription factor 3 (Pitx3) prim 
ers, respectively. 
SEQ ID NOs: 33 and 34 are forward and reverse human 

smoothened (Smo) primers, respectively. 
SEQ ID NOs: 35 and 36 are forward and reverse human 

dopamine transporter (DAT) primers, respectively. 
SEQ ID NOs: 37 and 38 are forward and reverse human 

c-RET primers, respectively. 
SEQ ID NOs: 39 and 40 are forward and reverse human 

glial cell line derived neurotrophic factor family receptor 
alpha 1 (GFRAI) primers, respectively. 
SEQ ID NOs: 41 and 42 are forward and reverse human 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
primers, respectively. 

The Sequence Listing is submitted as an ASCII text ?le in 
the form of the ?le named Sequence_Listing.txt, which was 
created on May 9, 2011, and is 9,033 bytes, which is incor 
porated by reference herein. 

DETAILED DESCRIPTION 

There is great interest in the possibility of using stem cells, 
such as embryonic stem cells (ESC) to produce speci?c 
somatic cell types which might be used either in cellular 
therapy or as in vitro models of cell function. Dopaminergic 
neurons have use in treating Parkinson’s disease (PD) and as 
in vitro models for testing drugs, such as agents for treating 
neurodegenerative disorders and agents for treating drug 
abuse. These neurons can also be used to study neuronal 
function in vitro. 

The most commonly-used technique for producing high 
yields of DA neurons from ESC (referred to as stromal 
derived inducing activity (SDIA)) requires a co-culture step, 
often using stromal cells such as the mouse PA6 cell line, 
human astrocytes, or other cell lines (e.g., Kawasaki et al., 
Neuron 28:31-40, 2000; Barberi et al., Nature Biotechnol. 
2111200-1207, 2003; Tang et al., J. Clin. Invest. 1151102-109, 
2005; Buytaert-Hoefen et al., Stem Cells 221669-674, 2004). 
Often, patterning factors including sonic hedgehog (SHH) 
and ?broblast growth factor 8 (FGF8) are employed, but these 
factors are effective only following an early induction step 
(e.g., Lee et al., Nature Biotechnol. 181675-679, 2000; Lau et 
al., Neuroreport 171975-979, 2006). However, for clinical 
translation to treat human subjects, all cell-based therapeutic 
agents would need to be free of animal-derived cells or mate 
rials because of concerns about possible transfer of pathogens 
or xenogens, which may trigger immune reactions in human 
subjects. Hence, identi?cation of the molecular mechanisms 
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6 
involved in SDIA is needed in order to develop a chemically 
de?ned environment for ef?cient dopaminergic induction. 
The inventors carried out gene expression pro?ling of PA6 

cells using DNA microarrays to reveal differential expression 
of genes coding for soluble factors with a potential role in the 
dopaminergic induction of hESC. In order to select the most 
relevant set of molecules, comparisons were made between 
the potent PA6 cell line and mouse embryonic ?broblasts 
(MEF), mouse kidney cell line MM55K, and sub-types of 
PA6 and MS5 lines that lack dopaminergic inducing activity. 
On the basis of the results of the comparative microarray 
analysis, a set of candidate genes was selected, including 
SDF-l, PTN, IGF2, Insulin-like growth factor binding pro 
tein 4 (IGFBP4), and EFNBl. The combination of SDF-l, 
PTN, IGF2, and EFNBl (SPIE) was found to be most effec 
tive at inducing differentiation of ESCs to dopaminergic neu 
rons. 

I. Terms 
Unless otherwise noted, technical terms are used according 

to conventional usage. De?nitions of common terms in 
molecular biology may be found in Benjamin Lewin, Genes 
V, published by Oxford University Press, 1994 (ISBN 0-19 
854287-9); Kendrew et al. (eds.), The Encyclopedia of 
Molecular Biology, published by Blackwell Science Ltd., 
1994 (ISBN 0-632-02182-9); and Robert A. Meyers (ed.), 
Molecular Biology and Biotechnology: a Comprehensive 
Desk Reference, published by VCH Publishers, Inc., 1995 
(ISBN 1-56081-569-8). 

In order to facilitate review of the various embodiments of 
this disclosure, the following explanations of speci?c terms 
are provided: 

Absence: A condition in which a particular compound or 
component is not present. However, the term “absence” does 
not require an absolute lack of the indicated compound. In 
some examples, “absence” of a compound includes a medium 
wherein exogenous compound (for example, FGF-2) is not 
added, or medium that contains less than a particular amount 
of the compound (for example, less than about 25 pg/ml of 
FGF-2, such as less than about 15 pg/ml, less than about 10 
pg/ml medium, less than about 5 pg/ml, or less than about 1 
p g/ ml). In another example, “absence” indicates that the com 
pound (such as FGF-2) cannot be detected using a standard 
assay, such as an immunoassay (for example ELISA or bead 
based assays) or mass spectrometry. 

Administering: To provide or give a subject a substance or 
compound, such as dopaminergic neuronal cells, by any 
effective route. In some examples, dopaminergic neuronal 
cells are administered to a subject by transplantation, for 
example, by injecting the cells at a particular location or brain 
region (for example, the caudate nucleus, putamen, and/or 
substantia nigra). 

Animal: Living multi-cellular vertebrate organisms, a cat 
egory that includes, for example, mammals and birds. The 
term mammal includes both human and non-human mam 
mals. Similarly, the term “subject” includes both human and 
veterinary subjects. 

Central Nervous System (CNS): The part of the nervous 
system of an animal that contains a high concentration of cell 
bodies and synapses and is the main site of integration of 
nervous activity. In higher animals, the CNS generally refers 
to the brain and spinal cord. 

Culturing or Cell Culture: Growth of a population of cells 
in a de?ned set of conditions (such as culture medium, extra 
cellular matrix, temperature, and/ or time of culture) in vitro. 
In some examples, a cell culture includes a substantially pure 
culture (for example, isolated embryonic stem cells). In addi 
tional examples a cell culture includes a mixed culture, such 
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as co-culture of tWo or more types of cells (for example a 
culture of embryonic stem cells With a feeder layer). In further 
examples, a cell culture includes cells grown in contact With 
an extracellular matrix (such as an extracellular matrix 
including poly-L-omithine and/or laminin). 

Differentiation: The process Whereby relatively unspecial 
iZed cells (e.g., embryonic cells) acquire specialiZed struc 
tural and/or functional features characteristic of mature cells. 
Similarly, “differentiate” refers to this process. Typically, 
during differentiation, cellular structure alters and tissue-spe 
ci?c proteins and properties appear. The term “differentiated 
neuronal cell” refers to cells expressing a nucleic acid or 
protein characteristic of the speci?c neuronal cell type, exhib 
iting synaptic vesicle release, or having an electrophysiologi 
cal characteristic of a neuronal cells (e. g., sustained bursts of 
action potentials). A differentiated neuronal cell can be a 
dopaminergic cell. 

Differentiation medium: A synthetic set of culture condi 
tions With the nutrients necessary to support the groWth or 
survival of cells, and Which alloWs the differentiation of cells, 
such as stem cells. 

Dopaminergic neurons/neuronal cells: Cells that produce 
the neurotransmitter dopamine. Typically, dopaminergic neu 
rons are highly concentrated in the substantia nigra of the 
midbrain. 

Dopamine, along With epinephrine, norepinephrine, and 
serotonin, belongs to a chemical family referred to “monoam 
ines.” Within the family of monoamines, epinephrine, nore 
pinephrine, and dopamine are derived from the amino acid 
tyrosine and form a subfamily called the catecholamines. 
Frequently, tyrosine hydroxylase (TH), the rate-limiting 
enzyme for the biosynthesis of dopamine, is used as a marker 
to identify dopaminergic neurons. Other markers for dopam 
inergic neurons include aromatic-L-amino acid decarboxy 
lase (AADC) and the dopamine transporter (DAT). 

Effective amount or therapeutically effective amount: The 
amount of an agent su?icient to prevent, treat, reduce and/or 
ameliorate the symptoms and/or underlying causes of any 
disorder or disease, or the amount of an agent su?icient to 
produce a desired effect on a cell. In one embodiment, an 
“effective amount” is an amount su?icient to produce differ 
entiation of at least some stem cells in a population to differ 
entiate to a desired cell type, such as dopaminergic neurons. 
In one embodiment, a “therapeutically effective amount” is 
an amount su?icient to reduce or eliminate a symptom of a 

disease, such as PD. In another embodiment, a therapeutically 
effective amount is an amount su?icient to overcome the 
disease itself. 

Embryoid bodies (EB): Stem cell aggregates generated 
When stem cells (for example, embryonic stem cells) are 
plated on a non-adhesive surface that prevents attachment and 
differentiation of the stem cells. Generally, embryoid bodies 
include an inner core of undifferentiated stem cells sur 
rounded by primitive endoderm. 

Embryonic Stem Cells (ES cells or ESC): Pluripotent cells 
isolated from the inner cell mass of the developing blastocyst, 
or the progeny of these cells. “ES cells” can be derived from 
any organism. ES cells can be derived from mammals, includ 
ing mice, rats, rabbits, guinea pigs, goats, pigs, coWs, non 
human primates, and humans. In speci?c, non-limiting 
examples, the cells are human, non-human primate, or 
murine. Without being bound by theory, ES cells can generate 
a variety of the cells present in the body (bone, muscle, brain 
cells, etc.) provided they are exposed to conditions conducive 
to developing these cell types. Methods for producing murine 
ES cells can be found in US. Pat. No. 5,670,372, Which is 
herein incorporated by reference. Methods for producing 
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8 
human ES cells can be found in US. Pat. No. 6,090,622, WO 
00/70021 and WO 00/27995, Which are herein incorporated 
by reference. 

Ephrin B1 (EFNBl): A ligand of Eph-related tyrosine 
kinases that is highly conserved among rat, mouse, and 
human. The EFNB1 gene comprises 13.17 kb and 5 exons. 
The classic female craniofrontonasal syndrome (CFNS) phe 
notype is caused by heterozygous loss-of-function mutation 
in the EFNB1 gene. 
An exemplary nucleic acid sequence for human EFNB1 

can be found as GENBANK Accession No. NMi004429 

(Oct. 29, 2008) and an exemplary amino acid sequence can be 
found as GENBANK Accession No. NPi004420 (Oct. 29, 
2008), both herein incorporated by reference. In one example, 
EFNB1 includes a full-length Wild-type (or native) sequence, 
as Well as EFNB1 variants that retain the ability to promote 
differentiation of stem cells to dopaminergic neurons. In cer 
tain examples, EFNB1 has at least 80% sequence identity, for 
example at least 85%, 90%, 95%, or 98% sequence identity to 
one of the EFNB1 GENBANK sequences referenced above. 

Expand: A process by Which the number or amount of cells 
in a cell culture is increased due to cell division. Similarly, the 
terms “expansion” or “expanded” refers to this process. The 
terms “proliferate,” “proliferation” or “proliferated” may be 
used interchangeably With the Words “expan ,” “expansion” 
or “expanded.” Typically, during an expansion phase, the 
cells do not differentiate to form mature cells. 

Extracellular matrix: A substrate suitable for cell groWth 
and/or attachment for in vitro cell culture, such as a tissue 
culture vessel (for example, a dish, plate, or multi-Well plate). 
In some examples, the substrate includes a three-dimensional 
scaffold or matrix that supports the cells. In some examples, 
the substrate includes molecules that promote cell attach 
ment, groWth, differentiation, or other desirable cell proper 
ties. In particular examples, the molecules are embedded in or 
are present on the surface of the tissue culture vessel. In one 
example, the extracellular matrix includes poly-L-omithine 
and/or laminin. 

Feeder layer: Non-proliferating cells (e.g. irradiated cells) 
that can be used to support proliferation of cells, including 
cells obtained from diverse sources including normal as Well 
as neoplastic tissues from humans and laboratory animals. 
Protocols for the production of feeder layers are knoWn in the 
art, and are available on the internet, such as at the National 
Stem Cell Resource Website, Which is maintained by the 
American Type Culture Collection (ATCC, Manassas, Va.). 

Fibroblast groWth factor or FGF: Any suitable ?broblast 
groWth factor, derived from any animal, and functional frag 
ments thereof. A variety of FGFs are knoWn and include, but 
are not limited to, FGF-1 (acidic ?broblast groWth factor), 
FGF-2 (basic ?broblast groWth factor, bFGF), FGF-3 (int-2), 
FGF-4 (hst/K-FGF), FGF-5, FGF-6, FGF-7, FGF-8, FGF-9 
and FGF-98. “FGF” refers to a ?broblast groWth factor pro 
tein such as FGF-1, FGF-2, FGF-3, FGF-4, FGF-5, FGF-6, 
FGF-7, FGF-8, FGF-9 or FGF-98, or a biologically active 
fragment or mutant thereof. The FGF can be from any animal 
species. In one embodiment, the FGF is mammalian FGF, 
including but not limited to, rodent, avian, canine, bovine, 
porcine, equine and human. The amino acid sequences and 
method for making many of the FGFs are Well knoWn in the 
art. 

FGF-2 (also knoWn as bFGF or bFGF-2), and other FGFs, 
can be made as described in US. Pat. No. 5,155,214. The 
recombinant bFGF-2, and other FGFs, can be puri?ed to 
pharmaceutical quality (98% or greater purity) using the tech 
niques described in detail in US. Pat. No. 4,956,455. It 
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should be noted that human and murine FGF-2, FGF-4, 
FGF-8 and a variety of other FGFs, are commercially avail 
able. 
An exemplary nucleic acid sequence for human FGF-2 can 

be found as GENBANK Accession No. NMi002006 (Nov. 
1, 2009) and an exemplary amino acid sequence can be found 
as GENBANK Accession No. NPi001997 (Nov. 1, 2009), 
both herein incorporated by reference. In one example, 
FGF-2 includes a full-length wild-type (or native) sequence, 
as well as FGF-2 allelic variants that retain FGF-2 activity. In 
certain examples, FGF-2 has at least 80% sequence identity, 
for example at least 85%, 90%, 95%, or 98% sequence iden 
tity to one of the FGF-2 GENBANK sequences referenced 
above. 

Growth factor: A substance that promotes cell growth, 
survival, and/or differentiation. Growth factors include mol 
ecules that function as growth stimulators (mitogens), mol 
ecules that function as growth inhibitors (e. g. negative growth 
factors), factors that stimulate cell migration, factors that 
function as chemotactic agents or inhibit cell migration or 
invasion of tumor cells, factors that modulate differentiated 
functions of cells, factors involved in apoptosis, or factors that 
promote survival of cells without in?uencing growth and 
differentiation. 

Growth medium or expansion medium: A synthetic set of 
culture conditions with the nutrients necessary to support the 
growth (cell division/expansion) of a speci?c population of 
cells. In one embodiment, the cells are stem cells (for 
example, ES cells or EC cells). In this embodiment, the 
growth media is a stem cell growth medium that allows stem 
cells to proliferate. In another embodiment, the cells are neu 
ronal precursor cells. In this embodiment, the expansion 
medium is a neuronal precursor cell expansion medium that 
allows neuronal precursors to proliferate. 

Growth media generally include a carbon source, a nitro 
gen source and a buffer to maintain pH. In one embodiment, 
stem cell growth medium contains a minimal essential media, 
such as DMEM, supplemented with various nutrients to 
enhance stem cell growth. Additionally, the minimal essential 
media may be supplemented with additives such as horse, calf 
or fetal bovine serum. 

Heparin: A glycosaminoglycan that is a polymer including 
variably sulfated disaccharide units. The most common dis 
accharide unit includes 2-O-sulfated iduronic acid and 6-O 
sulfated, N-sulfated glucosamine. Heparan-sulfate gly 
cosaminoglycans such as heparin are known to interact with 
several growth factors and modulate their biological activity. 
In some examples, EBs are cultured in the presence of heparin 
and at least one of SDF-l, PTN, IGF2, and EFNBl. 

Insulin-like Growth Factor-2 (IGF-2): A protein hormone 
that shares structural similarity to insulin. In humans, the 
IGF2 gene is located on chromosome 11p15.5. IGF2 exerts its 
effects by binding to the IGF1 receptor. IGF2 may also bind to 
the IGF2 receptor. The major role of IGF2 is as a growth 
promoting hormone during gestation. 

Exemplary nucleic acid sequences for human IGF2 can be 
found as GENBANK Accession Nos. NMi000612 (Oct. 12, 
2008), NMi001007139 (Nov. 1, 2009), and 
NMi001127598 (Nov. 1, 2009) and exemplary amino acid 
sequences for human IGF2 can be found as GENBANK 
Accession Nos. NPi000603 (Oct. 12, 2008), 
NPi001007140 (Nov. 1, 2009), and NPi001121070 (Nov. 
1, 2009); all of which are herein incorporated by reference. In 
one example, IGF2 includes a full-length wild-type (or 
native) sequence, as well as IGF2 variants that retain the 
ability to promote differentiation of stem cells to dopaminer 
gic neurons. In certain examples, IGF2 has at least 80% 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
sequence identity, for example at least 85%, 90%, 95%, or 
98% sequence identity to one of the IGF2 GENBANK 
sequences referenced above. 

Isolated: An “isolated” biological component (such as a 
nucleic acid, peptide or protein) has been substantially sepa 
rated, produced apart from, or puri?ed away from other bio 
logical components in the cell of the organism in which the 
component naturally occurs, for example, other chromo 
somal and extrachromosomal DNA and RNA, and proteins. 
Nucleic acids, peptides and proteins which have been “iso 
lated” thus include nucleic acids and proteins puri?ed by 
standard puri?cation methods. The term also embraces 
nucleic acids, peptides and proteins prepared by recombinant 
expression in a host cell as well as chemically synthesized 
nucleic acids. In some examples, an isolated cell includes a 
cell that has been substantially puri?ed from other cell types. 

Laminin: A major glycoprotein component of basement 
membranes. Laminin is a multidomain protein including 
three disul?de-linked polypeptides: A chain (MW 400 kDa), 
B1, and B2 chains (MW 180-200 kDa). It modulates cell 
attachment, spreading, growth, motility, and differentiation. 
Cell attachment to laminin is mediated by integrins, such as 
the a161, a261, a361, a661, a761, and 0664 integrins. In 
some examples, an extracellular matrix for cell culture 
includes laminin, for example, to improve cell adhesion to the 
surface or other characteristics. 

Neurological disorder: A disorder in the nervous system, 
including the central nervous system (CNS) and peripheral 
nervous system (PNS). Examples of neurological disorders 
include Parkinson’s disease, Huntington’s disease, Alzhe 
imer’s disease, severe seizure disorders including epilepsy, 
familial dysautonomia as well as injury or trauma to the 
nervous system, such as neurotoxic injury or disorders of 
mood and behavior such as addiction, schizophrenia and 
amyotrophic lateral sclerosis. Neuronal disorders also 
include Lewy body dementia, multiple sclerosis, epilepsy, 
cerebellar ataxia, progressive supranuclear palsy, amyo 
trophic lateral sclerosis, affective disorders, anxiety disor 
ders, obsessive compulsive disorders, personality disorders, 
attention de?cit disorder, attention de?cit hyperactivity dis 
order, Tourette Syndrome, Tay Sachs, Niemann Pick, and 
other lipid storage and genetic brain diseases and/or schizo 
phrenia 

Neurodegenerative disorder: An abnormality in the ner 
vous system of a subject, such as a mammal, in which neu 
ronal integrity is threatened. Without being bound by theory, 
neuronal integrity can be threatened when neuronal cells 
display decreased survival or when the neurons can no longer 
propagate a signal. Speci?c, non-limiting examples of a neu 
rodegenerative disorder are Alzheimer’s disease, pantothen 
ate kinase associated neurodegeneration (PKAN), Parkin 
son’s disease, Huntington’s disease (Dexter et al., Brain 114: 
1953-1975, 1991), HIV encephalopathy (Miszkziel et al., 
Magnetic Res. Imag. 15:1113-1119, 1997), and amyotrophic 
lateral sclerosis. 

Alzheimer’s disease manifests itself as pre-senile demen 
tia. The disease is characterized by confusion, memory fail 
ure, disorientation, restlessness, speech disturbances, and 
hallucination in mammals (Medical, Nursing, and Allied 
Health Dictionary, 4th Ed., 1994, Editors: Anderson, Ander 
son, Glanze, St. Louis, Mosby). 

Parkinson’s disease is a slowly progressive, degenerative, 
neurologic disorder characterized by resting tremor, loss of 
postural re?exes, and muscle rigidity and weakness (Medical, 
Nursing, and Allied Health Dictionary, 4th Ed., 1994, Edi 
tors: Anderson, Anderson, Glanze, St. Louis, Mosby). 














































