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5 REFERENCE TO RELATED APPLICATIONS This application claims priority to
U.S. Utility Patent Applications 09/888,309, filed June 21, 2001;  and
101157,288, filed May 28, 2002. For purposes of prosecution in the U.S.
and other jurisdictions  where allowed, the two priority applications are
hereby incorporated herein by reference in their entirety,  10 along with
international Patent Publications WO 01/51616 and WO 01/88104. BACKGROUND
New research into the derivation and expansion of cell lines suitable for
human administration  5 promises to usher in a brave new world medical
care. Devastating and previously intractable disease conditions may yield
to the promise of regenerative medicine, providing that science continues
to benefit  from important new discoveries in the cell biology of neurons
and neural precursor cells. Amongst the disease Conditions in need of a
clinical advance are those relating to neurological  dysfunction. Near
the top of the list is Parkinson's disease, an idiopathic, slowly
progressive,  20 degenerative disorder of the central nervous system,
characterized by slow and decreased movement, muscular rigidity, resting
tremor, and postural instability. The symptoms ensue from progressive
deterioration of pigmented neurons in the substantia nigra, locus
caeruleus, and other brain stem  dopaminergic cells; causing a depletion
of the neurotransmitter dopamine. Parkinson's disease is the  fourth most
common neurodegenerative disease of the elderly, affecting 0.4% of those
over 40, and 1% 25 of those over 65. Regardless of the age of
presentation, the disease often has devastating  consequences for those
afflicted. What makes afflictions of the nervous system so difficult to
manage is the irreversibility of the  damage often sustained. A central
hope for these conditions is to develop cell populations that can
reconstitute the neural network, and bring the functions of the nervous
system back in line. Anecdotal '0 evidence shows that transplantation of
fetal dopaminergic neurons may reverse the chemical abnormality  in
Parkinson's disease, But there is a severe shortage of suitable tissue.
For this reason, there is a great deal of evolving interest in neural
progenitor cells. Various types  of lineage-restricted precursor cells
renew themselves and reside in selected sites of the central nervous
system (Kalyani at al., Biochem. Cell Biol. 6:1051, 1998). Putative
neural restricted precursors (Mayer 35 Proschel at al., Neuron 19:773,
1997) cells express a polysialylated isoform of the neural cell adhesion
molecule (PS-NCAM). They reportedly have the capacity to generate various
types of neurons, but not  glial cells- On the other hand, putative glial
restricted precursors (Rao at al., Dev. Biol. 188: 48, 1997)  apparently
have the capacity to form glial cells but not neurons. Putative neural
precursors from fetal or  adult tissue are further illustrated in U.S.
Patents 5,852,832; 5,654,183; 5,849,553; and 5,968,829; and  40 WO
09/50526 and WO 99101159. 2 0 DEC 2005 WO 03/000568 PCT/US02119477
Unfortunately, it has not been shown that progenitors isolated from
neural tissue have sufficient  



replicative capacity to produce the number of cells necessary for human
clinical therapy. An alternative source is pluripotent cells isolated
from early embryonic tissue. Embryonic stem  (ES) cells were first
isolated from mouse embryos over 25 years ago (G.R. Martin, Proc. Natl.
Acad. Sci.  5 U.S.A. 78:7634, 1981). ES cells are believed to be capable
of giving rise to progeny of virtually any tissue type of the same
species. Li, Smith et al. (Cur. Biol. 8:971, 1998) report generation of
neuronal  precursors from mouse ES cells by lineage selection. Bjorklund
et al. reported the production of  functional dopaminergic neurons from
mouse ES cells (Proc. Nati. Acad. Sci. USA 19:2344, 2002). Human ES cells
were isolated much more recently (Thomson et al., Science 282:114, 1998).
10 Human ES cells require very different conditions to keep them in an
undifferentiated state, or direct them  along particular differentiation
pathways (U.S. Patents 6,090,622 & 6,200,806; Australian Patent  AU
729377, and PCT publication WO 01151616). For this reason, much less is
known about how to  prepare relatively homogeneous cell populations from
human ES cells. PCT publication WO 01/88104 (Carpenter, Geron
Corporation) describes neural progenitor cell  15 populations obtained by
differentiating human ES cells. Populations have been obtained that are
over  90% NCAM positive, .35% P-tubulin positive, and 75% A2B5 positive.
Zhang et al. (Nature Biotech.  19:1129, 2001) subsequently reported
differentiation of neural precursors from human ES cells. There is a
pressing need for technology to generate populations of neural cells
further optimized  for use in the treatment of certain clinical
conditions. 20 SUMMARY This invention provides a system for efficient
production of primate cells that have differentiated  from pluripotent,
cells into cells of the neural lineage. The precursor and terminally
differentiated cells of 25 this invention can be used in a number of
important applications, including drug testing and the  production of
medicaments to restore nervous system function. One aspect of the
invention is a population of cells comprising a high proportion of cells
having  features characteristic of the neural lineage, such as neuronal
cells, and their precursors. The cells can  be identified based on
phenotypic markers, such as A2B5, NCAM, MAP-2, Nestin, P-tubulin III, and
30 others listed later in this disclosure, and by characteristic
morphological and functional criteria. Another aspect of the invention is
a method of making populations comprising neural cells from  pluripotent
cells, such as embryonic stem cells, embryonic germ cells, primary
embryonic tissue, or stem  cells from fetal or adult tissue that have the
capacity of differentiating (or being reprogrammed) into cells  with a
neural phenotype. The method involves culturing the cells with a
combination of soluble factors 35 and environmental conditions that are
conducive to outgrowth of neural cells with certain desired  properties.
The invention includes a strategy for optimizing differentiation
protocols for differentiating  pluripotent stem cells into neural cells,
in which candidate factors are grouped according to function, and  the
stem cells or their progeny are cultured with factor groups in various
combinations. The groups  important for producing the desired cell type
are identified, and then the individual components of each  40 group are
removed one by one to determine the minimal composition required. 2 2 0
DEC 2005 WO 03/000868 PCTIUS02/19477 



By way of illustration, pluripotent stem cells can be produced by direct
differentiation on a solid  surface in the presence of one or more added
TGF i superfamily antagonists, such as noggin and  follistatin.
Alternatively, pluripotent stem cells can be cultured as clusters or
embryoid bodies.  Enrichment for neural cells of varying degrees of
maturity comprises culturing In a medium containing 5 added mitogens or
growth factors (such as EGF and FGF), concurrently or followed by added
neurotrophins (such as NT-3 or BDNF) and other factors (such as EPO) in
various optimized  combinations. Lists of differentiation factors useful
in certain circumstances are listed in the general  description and
illustrative examples that follow. Optionally, the practitioner may also
employ a physical  separation technique or manipulation technique that
further facilitates enrichment of the cells. 10 Mature neurons and their
precursors prepared according to this invention can be characterized  as
being progeny of the cell population or an established cell line from
which they were derived. This can  be demonstrated by showing the genome
of the neural cells is essentially the same as that of the parent
population, by some suitable technique such as standard DNA
fingerprinting. Alternatively, the  relationship can be established by
review of records kept during derivation of the neural cells. The 15
characteristic that the neural cells are derived from the parent cell
population is important in several  respects. In particular; the
undifferentiated cell population can be used for producing additional
cells with  a shared genome - either a further batch of neural cells, or
another cell type that may be useful in  therapy . such as a' population
that can pretolerize the patient to the histocompatibility type of the
neural  allograft. 20 In one embodiment of the invention, neural cells
are made from human pluripotent cells  differentiated as described Into
neuronal precursor cells, and then passaged in culture. Using embryonic
stem cells as the originating cell type facilitates generation of a
rapidly expanding population that  nonetheless maintains full capacity to
undergo terminal differentiation into functioning neurons - either  when
cultured with neurotrophins in the absence of mitogens, or when
administered to a suitable subject. 25 Certain precursor cell populations
have the capacity to undergo at least -10, 20, or 40 population
doublings in culture without losing their ability to form highly enriched
populations of neurons upon further  differentiation. Depending on' the
conditions used, precursor populations can be generated that have the
capacity to differentiate into a high proportion of tyrosine hydroxylase
positive cells. This phenotype is  consistent with dopaminergic neurons,
desirable for treatment of Parkinson's disease. 30 The cells of this
invention can be used for screening a compound for neural cell toxicity,
the  ability to modulate the functions of neuronal cells, or the ability
to assist the derivation and proliferation of  neurons. The cells of this
invention can also be used for reconstituting or supplementing the
function of  the nervous system in an individual, in which the individual
is administered with an isolated cell or cell  35 population of this
invention. For this purpose, the isolated cells and cell populations are
formulated as a  medicament for use in treating conditions that affect
the nervous system. These and other embodiments of the invention will be
apparent from the description that follows. 3 2 0 DEC 2005 WO 03/000868
PCT/US02119477 DRAWINGS 



Figure 1 is a fluorescence micrograph showing neuronal cells obtained by
direct differentiation  of ES cells on a solid substrate using a mixture
of differentiation factors. The three fields shown were all 5 taken from
treatments that comprised neurotrophins and the TNF-R superfamily
antagonists noggin and  follistatin. A number of cells are seen that have
neuronal processes and stain for the neuronal marker  p-tubulin-III. The
proportion of MAP-2 positive cells that were also positive for tyrosine
hydroxylase (a  marker for dopaminergic neurons) was as high as -.15%.
Figure 2 shows aspects of making neurons from hES cells by direct
differentiation. Yield of  10 p-tubulin positive neurons is high when
undifferentiated cells are plated on laminin and cultured with the  TGF-p
superfamily antagonists noggin (N) and follistatin (F) (Panel A). Yield
was further enhanced in the  presence of stem cell factors but not
mitogens (Treatment F, Panel B). Retinoic acid increased the  number of
neurons produced (Panel C), but reduced the proportion of neurons
staining positively for  tyrosine hydroxylase (TH) (Panel D). 15 Figure 3
shows aspects of making neurons in which differentiation was initiated by
culturing hES  to form embryoid bodies. The cells were then cultured in
mitogens, subject to differential trypsinization,  and then put through
multiple passages in a medium containing a cocktail of mitogens or
neurotrophic  factors. When both mitogens and neurotrophins were used,
the cells could be passaged through about  40 doublings (Panel A),
retaining proliferative capacity and the ability to differentiate into
mature neurons  20 (Panel B). Figure 4 shows that passaging the cells in
a mixture of epidermal growth factor (EGF), basic  fibroblast growth
factor (FGF-2), brain-derived neurotrophic factor (BDNF) and neurotrophin
3 (NT-3)  generated populations of neural precursors which upon
differentiation produced cell populations that  comprised -7% TH-positive
cells, as a percentage of total cells in the population (Panel A): The
cocktail 25 used for terminal differentiation of the precursor cells can
also improve the production of TH-positive cells  (Panel B). DETAILED
DESCRIPTION '10 It has been discovered that when pluripotent stem cells
are cultured in the presence of selected  differentiating agents, a
population of cells is derived that has a remarkably high proportion of
cells with  phenotypic characteristics of mature neural cells or their
precursors. These cells are suitable for use in  drug screening and the
therapy of conditions related to abnormalities of the nervous system. The
system encompassed by this invention is illustrated by cell populations
obtained from an  35 established line of human embryonic stem (hES)
cells. Differentiation can be initiated by several  techniques described
below, such as forming embryoid bodies, or by culturing the hES cells on
a suitable  substrate in the presence of one or more TGF-p superfamily
antagonists. Precursor cells are obtained,  which are committed to the
neuronal lineage, and which can be further differentiated into mature
neurons. Neuronal precursors formed from hES cells can be passaged In
culture through about 40  40 doublings, as shown in Figure 3(A).
Remarkably, even after multiple passages, the cells retain full  capacity
to differentiate into mature neurons, as shown in Figure 3(B). This
powerful combination of 4 2 D 0 E C 2005 WO 03/000868 PCT/US02/19477 



proliferative capacity and differentiation capacity has not previously
been available for human neural cells  in culture. Mature neurons
obtained according to this invention have extended processes
characteristic of  this cell type, show staining for neuron-specific
markers like neurofilament and MAP-2, and show  5 evidence of synapse
formation, as detected by staining for synaptophysin. These cells respond
to a variety of neurotransmitter substances, and are capable of action
potentials as measured in a standard  patch-clamp system. In all these
respects, the cells are apparently capable of full neurological function.
Of particular interest is the capacity of this system to be adjusted to
optimize the proportion of precursors capable of generating neurons with
therapeutically important features. Figure 1 shows  10 neurons staining
positively for tyrosine hydroxylase, characteristic of dopaminergic
neurons. Cells of this  type are particularly desirable for the treatment
of Parkinson's disease, but no other source described  previously can
supply the right kind of cells with sufficient abundance. As shown in
Figure 4, passaging  precursor cells in a medium containing mitogens EGF
and FGF-2, and neurotrophins BDNF and NT-3  generates a proliferating
cell population capable of generating -7% TH-positive cells, as a
percentage of  15 total cells in the population. Since pluripotent stem
cells and some of the lineage-restricted precursors of this invention
proliferate extensively in culture, the system described in this
disclosure provides an unbounded supply of  neuronal cells. Expansion to
commercial scale can take place at the level of, the undifferentiated
pluripotent stem cell, or at the level of the committed neural precursor.
The cells of this invention have 20 important applications in research,
pharmaceutical development, and the therapeutic management of  CNS
abnormalities. Definitions  For the purposes of this disclosure, the
terms "neural progenitor cell" or "neural precursor cell" 25 mean a cell
that can generate progeny that are either neuronal cells (such as
neuronal precursors or  mature neurons) or glial cells (such as glial
precursors, mature astrocytes, or mature oligodendrocytes).  Typically,
they do not produce progeny of other embryonic germ layers when cultured
by themselves in  vitro, unless dedifferentiated or reprogrammed in some
fashion. A "neuronal progenitor cell" or "neuronal precursor cell" is a
cell that can generate progeny that  30 are mature neurons. These cells
may or may not also have the capability to generate glial cells. A "glial
progenitor cell"' or "glial precursor cell" is a cell that can generate
progeny that are mature astrocytes or  mature oligodendrocytes. These
cells may or may not also have the capability to generate neuronal cells.
A "differentiation agent", as used in this disclosure, refers to one of a
collection of compounds  that are used in culture systems of this
invention to produce differentiated cells of the neural lineage  35
(including precursor cells and terminally differentiated cells). No
limitation is intended as to the mode of action of the compound. For
example, the agent may assist the differentiation process by inducing or
assisting a change in phenotype, promoting growth of cells with a
particular phenotype or retarding the  growth of others, or acting in
concert with other agents through unknown mechanisms. Prototype "primate
Pluripotent Stem cells" (pPS cells) are pluripotent cells derived from
pre- 40 embryonic, embryonic, or fetal tissue at any time after
fertilization, and have the characteristic of being  capable under
appropriate conditions of producing progeny of several different cell
types that are 5 



2 0 DEC 2005 WO 03/000868 PCT/US02/19477 derivatives of all of the three
germinal layers (endoderm, mesoderm, and ectoderm), according to a
standard art-accepted lest, such as the ability to form a teratoma in
8-12 week old SCID mice. Included  in the definition of pPS cells are
embryonic cells of various types, exemplified by human embryonic stem
(hES) cells, and human embryonic germ (hEG) cells. The pPS cells are
preferably not derived from a  5 malignant source. It is desirable (but
not always necessary) that the cells be euploid. pPS cell cultures are
described as "undifferentiated" when a substantial proportion of stem
cells  and their derivatives in the population display morphological
characteristics of undifferentiated cells,  distinguishing them from
differentiated cells of embryo or adult origin. It is understood that
colonies of  undifferentiated calls within the population will often be
surrounded by neighboring cells that are  10 differentiated. "Feeder
cells" or "feeders" are terms used to describe cells of one type that are
co-cultured with  cells of another type, to provide an environment in
which the cells of the second type can grow. pPS cell  populations are
said to be "essentially free" of feeder cells if the cells have been
grown through at least  one round after splitting in which fresh feeder
cells are not added to support the growth of pPS cells. 15 The term
"embryoid bodies" refers to aggregates of differentiated and
undifferentiated cells that  appear when pPS cells overgrow in monolayer
cultures, or are maintained in suspension cultures.  Embryoid bodies are
a mixture of different cell types, typically from several germ layers,
distinguishable  by morphological criteria and cell markers detectable by
immunocytochemistry. A "growth environment" is an environment in which
cells of interest will proliferate, differentiate,  20 or mature in
vitro. Features of the environment include the medium in which the cells
are cultured, any  growth factors or differentiation-inducing factors
that may be present, and a supporting structure (such as  a substrate on
a solid surface) if present. A cell is said to be "genetically altered",
"transfected", or "genetically transformed" when a  polynucleotide has
been transferred into the cell by any suitable means of artificial
manipulation, or where  25 the cell is a progeny of the originally
altered cell that has inherited the polynucleotide. The polynucleotide
will often comprise a transcribable sequence encoding a protein of
interest, which enables the cell to  express the protein at an elevated
level. The genetic alteration is "inheritable" if progeny of the altered
cell have the same alteration. 30 General Techniques General methods in
molecular genetics and genetic engineering are described in the current
editions of Molecular Cloning: A Laboratory Manual, (Sambrook at al.,
Cold Spring Harbor); Gene  Transfer Vectors for Mammalian Cells (Miller &
Calos eds.); and Current Protocols in Molecular Biology  (F.M. Ausubel at
al. eds., Wiley & Sons). Cell biology, protein chemistry, and antibody
techniques can be 35 found in Current Protocols In Protein Science (J.E.
Colligan at al. eds., Wiley & Sons); Current Protocols  in Cell Biology
(J.S. Bonlfacino et al., Wiley & Sons) and Current protocols in
Immunology (J.E. Colligan  at al. eds., Wiley & Sons.). Cell culture
methods are described generally in the current edition of Culture of
Animal Cells: A  Manual of Basic Technique (R.I. Freshney ed., Wiley &
Sons); General Techniques of Cell Culture (M.A.  40 Harrison & I.F. Rae,
Cambridge Univ. Press), and Embryonic Stem Cells: Methods and Protocols
(K.  



Turksen ed., Humana Press). 6 2 0 DEC 2005 WO 03/000868 PCT/US02/19477
For elaboration of nervous system abnormalities, and the characterization
of various types of  nerve cells, markers, and related soluble factors,
the reader is referred to CNS Regeneration: Basic  Science and Clinical
Advances, M.H. Tuszynski & J.H. Kordower, eds., Academic Press, 1999.
Care and  feeding of neural cells is described in The Neuron: Cell and
Molecular Biology, 3d Edition, I.S. Levitan & 5 L.K. Kaczmarek, Oxford U.
Press, 2001; and The Neuron in Tissue Culture, L. W. Haynes Ed., John
Wiley & Son Ltd. 1999. Sources of Stem Cells This invention can be
practiced using stem cells of various types. Particularly suitable for
use in  10 this Invention are primate pluripotent stem (pPS) cells
derived from tissue formed after gestation, such as  a blastocyst, or
fetal or embryonic tissue taken any time during gestation. Non-limiting
examples are  primary cultures or established lines of embryonic stem
cells or embryonic germ cells, as described  below. The techniques of
this invention can also be Implemented directly with primary embryonic or
fetal  tissue, deriving neural cells directly from primary embryonic
cells without first establishing an  15 undifferentiated cell line.
Embryonic stem cells can be isolated from blastocysts of members of the
primate species (U.S.  Patent 5,843,780;-Thomson at at., Proc. Natl.
Acad. Sci. USA 92:7844, 1995). Human embryonic stem  (hES) cells can. be
prepared from human blaslocyst cells using the techniques described by
Thomson et  al. (U.S. Patent 6,200,806; Science 282:1145, 1998; Curr.
Top. Dev. Biol. 38:133 if., 1998) and Reubinoff 20 at al, Nature Biotech.
18:399,2000. Equivalent cell types to hES cells include their pluripotent
derivatives,  such as primitive ectoderm-like (EPL) cells, as outlined in
WO 01/51610 (Bresagen). Human Embryonic Germ (hEG) cells can be prepared
from primordial germ cells present in  human fetal material taken about
8-11 weeks after the last menstrual period. Suitable preparation  methods
are described in Shamblott at al., Proc. Natl. Acad. Sci. USA 95:13726,
1998 and U.S. Patent  25 6,090,622. . pPS cells can be propagated
continuously in culture, using culture conditions that promote
proliferation without promoting differentiation. Exemplary
serum-containing ES medium is made with 8036  DMEM (such as Knockout
DMEM, Gibco), 20% of either defined fetal bovine serum (FBS, Hyclone) or
serum replacement (WO 98/30679), 1% non-essential amino acids, 1 mM
L-glutamine, and 0.1 mM 30 0-mercaptoethanol. Just before use, human bFGF
is added to 4 ng/mL (WO 99/20741, Geron Corp.).  Traditionally, ES cells
are cultured on a layer of feeder cells, typically a mixed cell
population  derived from embryonic or fetal tissue (U.S. Patent
6,200,806). Scientists at Geron have discovered that  pPS cells can be
maintained in an undifferentiated state even without feeder cells. Feeder
free cultures  can be supported on an extracellular matrix (such as
Matrigel(r) or laminin), and cultured in a nutrient 35 medium containing
factors that support proliferation of the cells without differentiation.
Exemplary is  conditioned medium obtained by preculturing with cells
secreting such factors, such as irradiated primary  mouse embryonic
fibroblasts (or fibroblast-like cells derived from human embryonic stem
cells),  supplemented with 8 ng/mL basic FGF both before and after
conditioning. Under the microscope, ES  



cells appear with high nuclear/cytoplasmic ratios, prominent nucleoli,
and compact colony formation, 40 typically expressing characteristic
phenotypic markers such as SSEA 3 and 4. Further elaboration of the 7 2 0
DEC 2005 WO 031000868 PCTIUS02/19477 care and feeding of embryonic stem
cells is provided in International Patent Publications WO 99/20741  and
WO 01/51616. Some of the techniques described In this invention can also
be used to maintain or advance the  differentiation of neural cells or
neural precursors obtained from fetal or adult tissue (U.S. Patents 5
5,852.832; 5,654,183; 5,849,553; and 5,968,829; and WO 09/50526 and WO
99/01159). Except where  otherwise specified, the invention can be
practiced using cells of any vertebrate species, Including  humans,
non-human primates, domestic animals, and other non-human mammals.
Materials and procedures for preparing neural precursors and terminally
differentiated cells 10 The neural progenitors and mature neurons of this
invention can be made by differentiating stem  cells using a suitable
differentiation paradigm. Typically, differentiation protocols are
conducted in a culture environment comprising a suitable  substrate, and
a nutrient medium to which the differentiation agents are added. Suitable
substrates  include solid surfaces coated with a positive. charge,
exemplified by poly-L lysine and polyornithine. 15 Substrates can be
coated with extracellular matrix components, exemplified by fibronectin
and larninin.  Other permissive extracellular matrixes include
Matrigel(r) (extracellular matrix from Engelbreth-Holm- Swarm tumor
cells). Also. suitable are combination substrates, such as poly-L-lysine
combined with  fibronectin, laminin, or both. Neural lineage cells of
this invention are cultured in a medium that supports the proliferation
or  20 survival of the desired cell type. It is often desirable to use a
defined medium that supplies nutrients as  free amino acids rather than
serum. It is also beneficial to supplement the medium with, additives
developed for sustained cultures of neural cells. Exemplary are N2 and
B27 additives, available  commercially from Gibco. Advancing cells along
the neural differentiation pathway is promoted by including in the
culture  25 medium a cocktail of differentiation agents that enhances
outgrowth of the desired cell type. This may  involve directing the
cells.or their progeny to adopt phenotypic features of the differentiated
cell type,  promoting the growth of cells with the desired phenotype, or
inhibiting growth of other cell types. It is  usually not necessary to
understand the mode of action of the agents in order to practice the
invention. Suitable differentiation agents include growth factors of
various kinds, such as epidermal growth  30 factor (EGF), transforming
growth factor a (TGF-a), any type of fibroblast growth factor
(exemplified by  FGF-4, FGF-8, and basic fibroblast growth factor =
bFGF), platelet-derived growth factor (PDGF), insulin- like growth factor
(IGF-1 and others), high concentrations of insulin, sonic hedgehog,
members of the  neurotrophin family (such as nerve growth factor = NGF,
neurotrophin 3 = NT-3, brain-derived  neurotrophic factor = BDNF), bone
morphogenic proteins (especially BMP-2 & BMP-4), retinoic acid (RA) 35
and ligands to receptors that complex with gp130 (such as LIF, CNTF, and
IL-6). Also suitable are  alternative ligands and antibodies that bind to
the respective cell-surface receptors for the  aforementioned factors.
Typically, a plurality of differentiation agents is used, which may
comprise 2, 3,  



4, or more of the agents listed above or in the examples below. In one
differentiation method, pPS cells are plated directly onto a suitable
substrate, such as an  40 adherent glass or plastic surface, such as
coverslips coated with poly-lysine, with or without a neuron- friendly
matrix protein such as fibronectin or laminin. The cells are then
cultured in a suitable nutrient 8 2 0 DEC 2005 WO 03/000868
PCT/US02/19477 medium that is adapted to promote differentiation towards
neural cells. This is referred to as the "direct  differentiation method,
which is further illustrated in International Patent Publication WO
01/51616, and  priority U.S. patent application 09/888,309. TGF-P
superfamily antagonists such as noggin and follistatin  are especially
useful in directing neural differentiation and enhancing the proportion
of cells bearing  5 phenotypic features of neural cells obtained by
direct differentiation (Example 4). In another differentiation method,
pPS cells are first pre-differentiated into a heterogeneous cell
population by forming cell clusters. In an exemplary variation, embryold
bodies are formed from the pPS  cells by culturing them In suspension.
Optionally, one or more of the differentiation agents listed earlier
(such as retinoic acid) can be Included in the medium to promote
differentiation within the embryoid body. 10 After the embryoid bodies
have reached sufficient size or maturity (typically 3-4 days), they are
plated  onto the substrate of the differentiation culture. The embryoid
bodies can be plated directly onto the  substrate without dispersing the
cells. This allows neural cell precursors to migrate out of the embryoid
bodies and on to the extracellular matrix. In some procedures, the cells
are first cultured in a mitogen  cocktail, such as EGF, bFGF, PDGF, and
IGF-1, and then passaged in a combination of mitogens and  15
neurotrophins to select out neural progenitor cells. 'This, invention
Includes a strategy for Identifying factor combinations effective for
generating.  particular' neural- phenotypes. Various factors known or
suspected to., enhance neural differentiation or  growth-are categorized
into various functional classes, based on known effects on neural cells
from other  tissues or species, known receptor binding activities,
structural homology: with - other, factors of - known 20 function, or
other appropriate criteria. Factors within each class are pooled at a
suitable working  -concentration. Cells are then cultured with each of
the factor classes together, in various combinations,  and the factors
are assessed on the ability to promote growth of precursor cells or
mature neurons of the  desired type. Essential factor :classes are
identified when their absence causes the, mixture to lose its  ability to
promote the desired-phenotype. Once essential classes are identified and
others are eliminated, 25 then 'each of the classes is dissected by
removing single components until -the minimal, cocktail Is  identified.
The implementation of this strategy is illustrated in Example 4. If
desired, the differentiated cells can be sorted to enrich for certain
populations. For example, - the cells can be contacted with an antibody
or ligand that binds to a marker characteristic of neural cells  (such as
NCAM), followed by separation of the specifically recognized cells using
a suitable 30 immunological technique, such as solid phase adsorption or
fluorescence-activated cell sorting. Also  suitable are differential
plating or harvesting techniques, in which adherence or releasability of
the  desired cell type is used to separate it from other cells In a
heterogeneous population. It has been discovered that neural precursor
phenotype can be passaged in proliferating culture  using a combination
of mitogens (such as bFGF and EGF), plus one or more neurotrophins (such
as  



35 BDNF, NT-3, or both). This is illustrated in Examples 2, 4, and 5. The
cells can be passaged for up to 40 doublings according to this method
(Figure 3), while retaining both an ability to proliferate and an ability
to  make mature neurons. It is hypothesized that committed progenitor
cells will have particular value in human therapy,  because they are more
resilient to manipulation, and will retain a greater ability to migrate
to the target  40 tissue and integrate in a functionally compatible
fashion. Progenitor cells can be grown either on a solid surface as
illustrated in Example 5, or in suspension culture, where they tend to
form clusters or spherical 9 2 0 DEC 2005 WO 03/000868 PCT/US02/19477
structures. By way of illustration, neural progenitors are harvested
using trypsin when nearly confluent  They are then seeded at about half
density in nonadherent wells, and cultured in supplemented medium
containing 10 ng/mL of BDNF, NT-3, EGF, and bFGF, changed about 3 times
per week. Judicious selection of other components of the culture medium
during derivation or maintenance  5 of the neural progenitor cells can
influence the range and character of mature cells that they can
generate. As illustrated in Example 4, including retinoic acid in the
medium during direct differentiation of  neural progenitors increases the
proportion of MAP-2 cells produced upon terminal differentiation - but
decreases the proportion of cells positive for tyrosine hydroxylase (TH),
which correlates with  doparninergic neurons. On the other hand, it has
been discovered that including erythropoietin (EPO) or 10 agents that
increase cyclic AMP levels in the culture medium during neural progenitor
formation  enhances the capacity for forming TH positive neurons. As. an
alternative, cells can be cultured with  certain antibodies or agonists
that activate the EPO pathway, or the cells can be cultured under mildly
hypoxic conditions (low 02 levels, say 3-6%). Use of EPO to enhance
formation of the dopaminergic  phenotype is illustrated in Example 3. 15
Neural precursor cells prepared according to any of these procedures can
be further  differentiated to :mature neurons. Fully differentiated cells
are desirable. for various applications of this  invention; such as the
in vitro. assessment and screening of various compounds, for their effect
on neural  tissue. s It is also --useful :to,make fully differentiated
cells to. characterize the functional capabilities of  neural progenitors
from which they came. 20 Mature neurons can be formed by culturing neural
precursor cells with a maturation factor, such  as forskolin (or other
compound that elevates intracellular cAMP levels such as cholera toxin,
isobutylmethylxanthine., dibutyladenosine cyclic monophosphate), c-kit
ligand, retinoic acid, or any factor  or combination of factors from the
family of neurotrophins. Particularly effective are neurotrophin-3
(NT-3) in combinations with :brain-derived neurotrophic factor (BDNF).
Other, candidates. are . GDNF, 25 BMP-2, and BMP4. Alternatively or in
addition, maturation can be enhanced by withdrawing some or all  of the
factors that promote neural precursor proliferation, such as EGF, FGF, or
other mitogens previously  used to maintain the culture. Possible further
adaptations 30 Many of the neural cell precursor populations of this
invention have a substantial proliferation  capacity. If desired, the
replication capacity can be further enhanced by increasing the level of
telomerase reverse transcriptase (TERT) in the cell, either by increasing
transcription from the  



endogenous gene, or by introducing a transgene. Particularly suitable is
the catalytic component of  human telomerase (hTERT), provided in
International Patent Application WO 98/14592. Transfection and 35
expression of telomerase in human cells is described in Bodnar et al.,
Science 279:349, 1998 and Jiang  et al., Nat. Genet. 21:111, 1999_
Genetically altered cells can be assessed for hTERT expression by RT-
PCR, telomerase activity (TRAP assay), immunocytochemical staining for
hTERT, or replicative capacity,  according to standard methods. For use
in therapeutic and other applications, it is often desirable that
populations of precursor or  40 mature neurological cells be
substantially free of undifferentiated pPS cells. One way of depleting
undifferentiated stem cells from the population is to translect them with
a vector in which an effector gene 10 20 DEC 2005 WO 031000868
PCT/US02/19477 under control of a promoter that causes preferential
expression in undifferentiated cells. Suitable  promoters include the
TERT promoter and the OCT-4 promoter. The effector gene may be directly
lytic to  the cell (encoding, for example, a toxin or a mediator of
apoptosis). Alternatively, the effector gene may  render the cell
susceptible to toxic effects of an external agent, such as an antibody or
a prodrug. 5 Exemplary is a herpes simplex thymidine kinase (tk) gene,
which causes cells In which it is expressed to  be susceptible to
ganciclovir. Suitable pTERT-tk constructs are provided in International
Patent  Publication WO 98/14593 (Morin et al.). Characteristics of neural
precursors and terminally differentiated cells 10 Cells can be
characterized according to a number of phenotypic criteria, such as
morphological  features, detection or quantitation of expressed cell
markers, enzymatic activity, or neurotransmitters and  their receptors,
and electrophysiological function. Certain cells embodied in this
invention have morphological features characteristic of neuronal  cells
or glial cells. The features are readily appreciated by those skilled in
evaluating the presence of  15 such cells. For example, characteristic of
neurons are small cell. bodies, and multiple processes reminiscent of
axons and. dendrites. Cells of this invention can also be characterized
according to  whether: they express phenotypic markers characteristic of
neural cells of various. kinds., Markers of interest include but are not
limited to 0-tubulin III, microtubule-associated protein 2  (MAP-2), or
neurofilament, characteristic of neurons; glial tibrillary acidic protein
(GFAP), present in  20 astrocytes; galactocerebroside (GaIC) or myelin
basic protein (MBP), characteristic of oligodendrocytes; Oct-4,
characteristic of undifferentiated hES cells; and Nestin, characteristic
of neural precursors and  other cells. Both A285 (a glycolipid) and
polysialylated Neural Call-Adhesion Molecule (abbreviated  NCAM) have
already been described. While A285 and.NCAM.are instructive markers when
studying  neural -lineage- cells, it should be appreciated that these
markers can sometimes be displayed on other 25 cell types,- such as liver
or muscle cells. R-Tubulin III was previously thought to be specific for
neural  cells, but it has been discovered that a subpopulation of hES
cells is also 13-tubulin III positive. MAP-2 is  a more stringent marker
for fully differentiated neurons of various types. Certain cell
populations  prepared according to this invention comprise at least 30%,
50%, 75%, 90% or more that test positive for  these markers, either alone
or In various combinations. 30 Tissue-specific markers listed in this
disclosure and known in the art can be detected using any  



suitable immunological technique - such as flow immunocytochemistry for
cell-surface markers,  immunohistochemistry (for example, of fixed cells
or tissue sections) for intracellular or cell-surface  markers, Western
blot analysis of cellular extracts, and enzyme-linked immunoassay, for
cellular extracts  or products secreted into the medium. Expression of an
antigen by a cell is said to be "antibody 35 detectable" if a
significantly detectable amount of antibody will bind to the antigen in a
standard  immunocytochemistry or flow cytometry assay, optionally after
fixation of the cells, and optionally using a  labeled secondary antibody
or other conjugate (such as a biotin-avidin conjugate) to amplify
labeling. The expression of tissue-specific gene products can also be
detected at the mRNA level by  Northern blot analysis, dot-blot
hybridization analysis, or by reverse transcriptase initiated polymerase
40 chain reaction (RT-PCR) using sequence-specific primers in standard
amplification methods. See U.S. Patent No. 5,843,780 for further details.
Sequence data for the particular markers listed in this disclosure 11 2 0
DEC 2005 WO 03/000868 PCT/US02/19477 can be obtained from public
databases such as GenBank (URL www.ncbi.nlm.nih.gov:80/entrez).
Expression at the mRNA level is said to be "detectable" according to one
of the assays described in this  disclosure if the performance of the
assay on cell samples according to standard procedures in a typical
controlled experiment results in clearly discernable hybridization or
amplification product. Expression of 5 tissue-specific markers as
detected at the protein or mRNA level Is considered positive if the level
is at  least 2-fold, and preferably more than 10- or 50-fold above that
of a control cell, such as an  undifferentiated pPS cell, a fibroblast,
or other unrelated cell type. Also characteristic of neural cells,
particularly terminally differentiated cells, are receptors and  enzymes
involved in the biosynthesis, release, and reuptake of neurotransmitters,
and ion channels  10 Involved in the depolarization and repolarization
events that relate to synaptic transmission. Evidence of synapse
formation can be obtained by staining for synaptophysin. Evidence for
receptivity to certain  neurotransmitters can be obtained by detecting
receptors for y-amino butyric acid (GABA), glutamate,  dopamine,
3,4-dihydroxyphenylalanne (DOPA), noradrenaline, acetylcholine, and
serotonin. Differentiation of particular neural precursor cell
populations of this invention (for example, using  15 NT-3 and BDNF) can
generate cell populations that are at least 20%, 30%, or 40% MAP-2
positive. A  substantial proportion, say 5%, 10%, 25%, or more of the
NCAM or MAP-2 positive cells (on a cell count  basis) will be capable of
synthesizing a neurotransmitter, such as acetylcholine, glycine,
glutamate,  norepinephrine, serotonin, or GABA. Certain populations of
the invention contain NCAM or MAP-2  positive cells that have 1%, 5%, 10%
or more that are positive for tyrosine hydroxylase (TH), measured 20 by
immunocytochemistry or mRNA expression - either as a percentage of NCAM
or MAP-2 positive  cells; or all cells present in the population. TH is
generally considered in the art to be a marker for  dopamine synthesizing
cells. To elucidate further mature neurons present in a differentiated
population, the cells can be tested  according to functional criteria.
For example, calcium flux can be measured by any standard technique,  25
in response to a neurotransmitter, or other. environmental condition
known to affect neurons in vivo. First, neuron-like cells in the
population are identified by morphological criteria, or by a marker such
as NCAM_  The neurotransmitter or condition is then applied to the cell,
and the response is monitored. The cells  



can also be subjected to standard patch-clamp techniques, to determine
whether there is evidence for an  action potential, and what the lag time
is between applied potential and response. 30 Where derived from an
established line of pPS cells, the cell populations and isolated cells of
this invention can be characterized as having the same genome as the line
from which they are derived.  This means that the chromosomal DNA will be
over 90% identical between the pPS cells and the neural  cells, which can
be inferred if the neural cells are obtained from the undifferentiated
line through the  course of normal mitotic division. Neural cells that
have been treated by recombinant methods to 35 introduce a transgene
(such as TERT) or knock out an endogenous gene are still considered to
have the  same genome as the line from which they are derived, since all
non-manipulated genetic elements are  preserved. 12 2 0 DEC 2005 WO
03/000868 PCT/US02119477 Use of neural precursors and terminally
differentiated cells This invention provides a method to produce large
numbers of neural precursor cells and mature  neuronal and glial cells.
These cell populations can be used for important research, development,
and  commercial purposes. 5 The cells of this invention can be used to
prepare a cDNA library relatively uncontaminated with  cDNA
preferentially expressed in cells from other lineages. For example,
multipotent neural progenitor  cells are collected by centrifugation at
1000 rpm for 5 min, and then mRNA Is prepared, reverse  transcribed, and
optionally subtracted with cDNA from mature neurons, astrocytes, or
oligodendrocytes,  or undifferentiated astrocytes. Expression patterns of
neurons can be compared with other cell types by 10 microarray analysis,
reviewed generally by Fritz et al Science 288:316, 2000; Microarray
Biochip  Technology, L Shi, www.Gene-Chips.com. The differentiated cells
of this invention can also be used to prepare antibodies that are
specific  for markers of multipotent neural progenitors, cells committed
to the neuronal or glial cell lineage, and  mature neurons, astrocytes,
and oligodendrocytes. Polyclonal antibodies can be prepared by injecting
a 15 vertebrate animal with cells of this invention in an immunogenic
form. Production of monoclonal  antibodies is described in -such'
standard references as Harrow & Lane (1988), U.S. Patent Nos.  4;491,632,
4,472,500 and 4,444,887, and Methods in Enzymology 7313:3 -(1981). ,
Applications of commercial Interest include the use of cells to screen
small molecule drugs, and  the preparation of pharmaceutical compositions
comprising neurons for clinical therapy. 20 Drug screening Neural
precursor cells of this invention can be used to screen for factors (such
as solvents, small  molecule drugs, peptides, polynucleotides) or
environmental conditions (such as culture' conditions or  manipulation)
that affect the Characteristics of neural precursor cells and their
various progeny. 25 In some applications, pPS calls (undifferentiated or
differentiated) are used to screen factors that  promote maturation into
neural cells, or promote proliferation and maintenance of such cells in
long-term  culture. For example, candidate maturation factors or growth
factors are tested by adding them to cells In different wells, and then
determining any phenotypic change that results, according to desirable
criteria  



for further culture and use of the cells. Other screening applications of
this Invention relate to the testing of pharmaceutical compounds  for
their effect on neural tissue or nerve transmission. Screening may be
done either because the  compound is designed to have a pharmacological
effect on neural cells, or because a compound  designed to have effects
elsewhere may have unintended side effects on the nervous system. The
screening can be conducted using any of the neural precursor cells or
terminally differentiated cells of the 35 invention, such as
dopaminergic, serotonergic, cholinergic, sensory, and motor neurons,
oligodendrocytes, and astrocytes. The reader is referred generally to the
standard textbook In vitro Methods in Pharmaceutical  Research, Academic
Press, 1997, and U.S. Patent 5,030,015. Assessment of the activity of
candidate  pharmaceutical compounds generally involves combining the
differentiated cells of this invention with the 40 candidate compound,
either alone or in combination with other drugs. The investigator
determines any  change in the morphology, marker phenotype, or functional
activity of the cells that is attributable to the 13 2 0 DEC 2005 WO
03/000868 PCTIUS02/19477 compound (compared with untreated cells or cells
treated with an inert compound), and then correlates  the effect of the
compound with the observed change. Cytotoxicity can be determined in the
first instance by the effect on cell viability, survival,  morphology,
and the expression of certain markers and receptors. Effects of a drug on
chromosomal  5 DNA can be determined by measuring DNA synthesis or
repair. [3H]-thymidine or BrdU incorporation, especially at unscheduled
times in the cell cycle, or above the level required for cell
replication, is  consistent with a drug effect. Unwanted effects can also
include unusual rates of sister chromatid  exchange, determined by
metaphase spread. The reader is referred to A. Vickers (pp 375-410 of In
vitro  Methods in Pharmaceutical Research, Academic Press 1997) for
further elaboration. 10 Effect of cell function can be assessed using any
standard assay to observe phenotype or  activity of neural cells, such as
receptor binding, neurotransmitter synthesis, release or uptake,
electrophysiology, and the growing of neuronal processes or myelin
sheaths - either in cell culture or in  an appropriate model. For
example, the ability of drugs to alter synaptic contact and plasticity
can be  measured in culture by immunocytochemical staining for synapsin
or synaptophysin. Electrophysiology 15 can be assessed by measuring.
measure IPSPs and EPSPs (inhibitory and excitatory postsynaptic
potentials). Alternatively; using a two electrode system, one cell is
stimulated, and the response of a  second cell in the system is
evaluated. The behavior of the system In the presence of the candidate
drug  is compared with the behavior in the absence of the drug, and
correlated with,an -ability of the drug to  affect synaptic contact or
cell plasticity. 20 Therapeutic use This invention also provides for the
use of neural precursor cells to restore a degree of central  -nervous
system (CNS) function to a subject. needing such therapy, perhaps due to
an inborn error in  function, the effect of a disease condition, or the
result of an injury. 25 To determine the, suitability of neural precursor
cells for therapeutic administration, the cells can  



first be tested in a suitable animal model. At one level, cells are
assessed for their ability to survive and  maintain their phenotype in
vivo. Neural precursor cells are administered to immunodeficient animals
(such as nude mice, or animals rendered immunodeficient chemically or by
irradiation) at an observable  site, such as in the cerebral cavity or in
the spinal cord. Tissues are harvested after a period of a few  30 days
to several weeks or more, and assessed as to whether pPS derived cells
are still present. This can be performed by administering cells that
express a detectable label (such as green  fluorescent protein, or
j3-galactosidase); that have been prelabeled (for example, with BrdU or
[3H]thymidine), or by subsequent detection of a constitutive cell marker
(for example, using human- specific antibody). Where neural precursor
cells are being tested in a rodent model, the presence and 35 phenotype
of the administered cells can be assessed by immunohistochemistry or
ELISA using human- specific antibody, or by RT-PCR analysis using primers
and hybridization conditions that cause  amplification to be specific for
human polynucleotide sequences. Suitable markers for assessing gene
expression at the mRNA or protein level are provided elsewhere in this
disclosure. Various animal models for testing restoration of nervous
system function are described in CNS  40 Regeneration: Basic Science and
Clinical Advances, M.H. Tuszynski & J.H. Kordower, eds., Academic  Press,
1999. Parkinson's disease can be modeled in rats by surgically inducing
nigrostriatal lesions, 14 2D DEC2005 WO 03/000868 PCTIUS02/19477 thereby
obstructing a major dopamine pathway in the brain. Another standard
animal model is chemical  lesioning of dopaminergic neurons in the
substantia nigra of mice or non-human primates with MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine). Illustrations are provided
in Furns at al., Proc. Natl. Acad.  Sci. USA 80:4546, 1983; Freed at al.,
Appl. Neurophysiol. 47:16. 1984; and Bjorklund at al., Proc. Natl.  5
Acad. Sci. USA 19:2344.2002. Differentiated cells of this invention can
also be used for tissue reconstitution or regeneration in a  human
patient in need thereof. The cells are administered in a manner that
permits them to graft or  migrate to the Intended tissue site and
reconstitute or regenerate the functionally deficient area. By way  of
illustration, neural stem cells are transplanted directly into
parenchymal or intrathecal sites of the 10 central nervous system,
according to the disease being treated. Grafts are done using single cell
suspension or small aggregates at a density of 25,000-500.000 cells per
pL. (U.S. Patent 5,968,829).  Certain neural progenitor cells embodied in
this invention are designed for treatment of acute or chronic  damage to
the nervous system: For example, excitotoxicity has been implicated in a
variety of conditions  including epilepsy, stroke, lschemia, and
Alzheimer's disease. Dopaminergic neurons may be formulated 15 for
treating. Parkinson's disease, GABAergic neurons for Huntington's
disease; and motor neurons for  spinal cord injury or amyotrophic lateral
sclerosis (ALS). The neural progenitor cells:and terminally
differentiated. cells according to this invention can be  supplied ih the
form of-a pharmaceutical composition, comprising an isotonic exciplent
prepared under  sufficiently sterile conditions for human administration.
For general principles in medicinal formulation, 20 the reader is
referred to Cell Therapy: Stem Cell Transplantation, Gene Therapy, and
Cellular  Immunotherapy, by G. Morstyn & W. Sheridan eds, Cambridge
University Press, 1996; and  Hematopoletic Stem Cell Therapy, E.D. Ball,
J. Lister & P. Law, Churchill Livingstone., 2000. 



The composition may optionally be packaged in a suitable container with
written instructions for a  desired purpose, such as the reconstitution
of CNS function to improve some neurological abnormality. 25 The
following examples are provided as further non-limiting illustrations of
particular embodiments of the invention. EXAMPLES 30 Example 1:
DIfferentiation of embryonic stem cells to mature neurons Human embryonic
stem (hES) cells were obtained from feeder-free cultures, as described
previously (AU 729377; WO 01/51616). Embryold bodies were produced as
follows. Confluent  monolayer cultures of hES cells were harvested by
incubating in 1 mg/mL collagenase for 5-20 min, 35 following which the
cells are scraped from the plate. The cells were then dissociated into
clusters and  plated in non-adherent cell culture plates (Costar) in a
medium composed of 80% KO ("knockout") DMEM  (Gibco) and 20%
non-heat-inactivated FBS (Hyclone), supplemented with I% non-essential
amino acids,  1 mM glutamine, 0.1 mM 0-mercaptoethanol. The cells are
seeded at a 1:1 or 1:2 ratio in 2 mL medium  per well (6 well plate). 40
After 4 days in suspension, embryoid bodies were plated onto
fibronectin-coated plates in  defined medium supplemented with 10 nglmL
human EGF, 10 ng/mL human bFGF, 1 ng/mL human 1 5 2 0 OEC 2005 WO
03/000868 PCT/US02/19477 PDGF-AA, and 1 ng/mL human IGF-1. The embryoid
bodies adhered to the plates, and cells began to  migrate onto the
plastic, forming a monolayer. After 3 days, many cells with neuronal
morphology were observed. The neural precursors were  identified as cells
positive for BrdU incorporation, nestin staining, and the absence of
lineage specific  5 differentiation markers. Putative neuronal and glial
progenitor cells were identified as positive for polysialylated NCAM and
A2B5. Forty one to sixty percent of the cells expressed NCAM, and 20-66%
expressed A2B5, as measured by flow cytometry. A subpopulation of the
NCAM-positive cells was found  to express P-tubulin III and MAP-2. There
was no co-localization with glial markers such as GFAP or  GaIC. The A2B5
positive cells appeared to generate both neurons and glia. A
subpopulation of the 10 A2B5 cells expressed 13-tubulin Ill or MAP-2, and
a separate subpopulation expressed GFAP. Some of  the cells with neuronal
morphology double-stained for both A2B5 and NCAM. Both the NCAM positive
and A2B5 positive populations contained far more neurons than glia. The
cell populations were further differentiated by replating the cells in a
medium. containing  none of the mitogens, but containing 10 ngfmL
Neurotrophin-3 (NT 3) and 10 ng/mL brain-derived  15 neurotrophic factor
(BDNF). Neurons with extensive processes were seen after about 7 days..
Cultures derived from embryoid bodies maintained in retinoic acid (RA)
showed more MAP-2 positive cells (-26%)  than those maintained without
RA' (-5%). GFAP -positive cells were, seen in patches: GaIC positive
cells  were identified, but the cells were large and flat rather than
having complex processes.  The' presence of neurotransmitter synthesis
was assessed. GABA-immunoreactive. Cells were  20 identified that
co-expressed f-tubulin III or MAP2, and had morphology characteristic of
neuronal cells.  



Occasional GABA-positive cells were identified that did not co-express
neuronal markers, but had an  astrocyte-like morphology. Neuronal .cells
were identified that expressed both tyrosine hydroxylase (TH)  and MAP-2
Synapse formation was identified by staining with synaptophysin antibody.
fH staining was observed in cultures differentiated from the H9 line of
human ES cells.  25 Embryoid bodies were maintained in 10 pM retinoic
acid for 4 days, then plated onto fibronectin coated  plates in EGF,
basic FGF, PDGF and IGF for 3 days. They were next passaged onto laminin
in.N2  medium supplemented with 10 ng/mL NT-3 and 10 ng/mL BDNF, and
allowed to differentiate further for  14 days. The differentiated cells
were fixed with 4% paraformaldehyde for 20 min at room temperature,  and
then developed using antibody to TH, a marker for dopaminergic cells. 30
Example 2: Enriched populations of dopaminergic cells Embryoid bodies
were cultured in suspension with 10 IM retinoic acid for 4 days, then
plated into  defined medium supplemented with EGF, bFGF, PDGF, and IGF-1
for 3-4 days. Cells were then  separated by magnetic bead sorting or
immunopanning into A2135-positive or NCAM-positive enriched  35
populations. The immuno-selected cells were maintained in defined medium
supplemented with 10 ng/mL  NT-3 and 10 ng/mL BDNF. After 14 days, 25 t
4% of the NCAM-sorted cells were MAP-2 positive -- of  which 1.9 t 0.8%
were GABA-positive, and 3 t 1 % were positive for tyrosine hydroxylase
(TH): the rate- limiting enzyme for dopamine synthesis, generally
considered to be representative of dopamine- 40 synthesizing cells. 16 2
0 DEC 2005 WO 03/000868 PCT/US02/19477 In the cell population sorted for
NCAM, the cells that were NCAM +ve did not express glial  markers, such
as GFAP or GaIC. These data indicate that a population comprising neuron
restricted  precursors can be isolated directly from hES cell cultures,
essentially uncontaminated with glial  precursors. 5 Cells sorted for
A285, on the other hand, have the capacity to generate both neurons and
astrocytes. After the enrichment, the cells were placed into defined
media supplemented with NT-3 and  BDNF and allowed to differentiate for
14 days. Within the first 1-2 days after plating, cells in the A2B5
enriched population began to extend processes. After two weeks, cells
took on the morphology of mature  neurons, and 32 t 3 % of the cells were
MAP-2 positive. Importantly, 3 t 1 % of the MAP-2 cells were TH 10
positive, while only 0.6 t 0.3% were GABA immunoreactive. These data
indicate that a population of  cells can be obtained from hES cells that
comprise progenitors for both astrocytes and neurons, including  those
that synthesize dopamine. Further elaboration of conditions for obtaining
TH-expressing neurons was conducted as follows.  Embryold bodies were
generated from confluent hES cells of the H7 line at passage 32 by
incubating in  15 1 mg/mL collagenase (37C, 5-20 min), scraping the dish,
and placing the cells into non-adherent culture plates (Costar1l). The.
resulting EBs. were cultured in suspension in medium containing FBS and
10 pM  all-trans retinoic acid.:: After four days, the aggregates were
collected and allowed to settle in a centrifuge,  ;tube.,; The
supernatant was then aspirated,.and the aggregates were,. plated. onto
poly L-lysine and  



fibronectin. coated. plates in proliferation medium (DMEMIF12 1:1
supplemented with N2,r half-strength 20 B27, 10 ng/mL EGF (R & D
Systems), 10 ng/mL bFGF (Gibco), 1 nglmL PDGF-AA (R & D Systems), and  1
ng/rnL IGF-1 (R & D Systems). The EBs were allowed to attach and:
proliferate for three days; then collected by trypsinizing  -1. min
(Sigma), and plated at 1.5 x 105 cells/well onto poly l-lysine and
laminin coated 4-well chamber  slides in proliferation medium for one
day. The medium was then changed to Neural Basal medium  25 supplemented
with B27, and one of the following growth cocktails:  10 ng/mL bFGF
(Gibco), 10 ng/mL BDNF, and 10 ng/mL NT-3  10 ng/mL bFGF, 5000 ng/mL
sonic hedgehog, and 100 ng/mL FGF8b   10 ng/mL bFGF alone The cells were
maintained in these conditions for 6 days, with feeding every other day.
On day 7, the  30 medium was changed to Neural Basal medium with B27,
supplemented with one of the following  cocktails:  10 ng/mL BDNF, 10
ng/mL NT-3  1 pM cAMP, 200 pM ascorbic acid  1 pM cAMP, 200 pM ascorbic
acid, 10 ng/mL BDNF, 10 ng/mL NT-3 35 The cultures were fed every other
day until day 12 when they were fixed and labeled with anti-TH or  MAP-2
for immunocytochemistry. Expression of the markers was quantified by
counting four fields in  each of three wells using a 40X objective lens.
Results are shown in Table 1. Initial culturing in bFGF, BDNF and NT-3
yielded the highest  proportion of TH positive cells. 40 17 2 0 DEC 2005
WO 03/000868 TABLE 1: Conditions for Producing Dopaminergic Neurons
PCT/US02/19477 % of cells % MAP-2 cells Culture conditionsr th th t t a a
a are e days 1-6days 6-12MAP-2 positiveTH positive BDNF, NT-3, bFGFBDNF,
NT-326%5.5 % 



BDNF, NT-3, bFGFcAMP, AA (ascorbic acid)35 %4.0 % BDNF, NT-3,
bFGFcAMP,AA,BDNF,NT325%8.7% bFGF, FGF8, SHHBDNF, NT-337%3.7 % bFGF, FGF8,
SHHcAMP, AA34%3.9% bFGF. FGF8, SHHcAMP, AA, BDNF, NT-321 %5.8 % bFGFBDNF,
NT-328%3.5% bFGFCAMP, AA26%4.1% bFGFCAMP, AA, BDNF, NT -322%5.7 %
'Example 3 Increasina the prooortion of dooaminer is cells by culturino
with ervthroooietih In a subsequent experiment, embryoid bodies were
plated onto poly-lysine fitronectin coated  5 wells, and cultured with 10
ng/mL EGF, 1 ng/mL PDGF-AA, 10 ng/mL bFGF, and I ng/mL IGF-1. On the
fourth day, ,the mixture was supplemented with 5 U/mL EPO, 700 pM CAMP,
or both. The cells were  replated and treated for 7'days with 10 ng/mL
BDNF, 10 ng/mL NT 3, and optionally EPO, cAMP, and  200 pM ascorbic acid.
Results are shown in Table 2. The proportion of total cells in the
culture that were  MAP-2 positive was abnormally low in this experiment.
10 TABLE 2: Conditions for Producing Dopaminergic Neurons % MAP-2 cells
Culture Conditionsth t a days 1-3days 4-5days 6-12are TH positive (SD)
EGF, bFGF, PDGF, IGF-1EGF, bFGF, PDOF, IGF-iBDNF, NT-320 %(13%)
(same)(same)BDNF, NT-3, EPO, cAMP, AA24%(3%) (same)same plus EPOBDNF,
NT-3, EPO, CAMP, AA31 %(13%) (same)same plus cAMPBDNF, NT-3, EPO, CAMP,
AA47%(2%) (same)same plus EPO & cAMPBDNF. NT-3, EPO, CAMP, AA57 %(7%)
These data provide the first demonstration that adding cAMP and EPO
during derivation of the  15 neural precursor cells increases the
percentage of neurons ultimately obtained that expressed tyrosine
hydroxylase. Studer et al. reported that proliferation and
differentiation of mesencephalic precursors in 18 2 0 DEC 2005 WO
03/000868 PCT/US02/19477 the presence of EPO or low partial pressures of
02 result in higher numbers of dopaminergic neurons (J.  Neurosci.
20:7377, 2000). EPO is thought to have a neuroprotective effect in
hypoxic conditions, driving  multipolent progenitors towards the neuronal
pathway (Shingo at al., J. Neurosci. 21:9733, 2001). The  effect may be a
result of cross-talk between Janus kinase-2 and nuclear factor k?LppaB
(NF-KB), 5 upregulation of Bcl-x(L) expression, or activation of AP-1
(Jun/Fos) pathway. Regulating these pathways  in pPS derived neural cells
by other means may mimic the effects of EPO. Example 4: Direct
differentiation of hES cells to dopamineraic neurons 



This study evaluated various paradigms for differentiating human ES cells
into neurons without  10 the formation of embryold bodies. A strategy was
developed in which the test factors were placed into groups based on
homology  and/or functional redundancy (Table 3). Grouping factors
increases the likelihood that an activity  associated within that group
will be elicited on the ES cell population. The hypothesis is that
certain  factors within the mixture will initiate a differentiation
cascade. As differentiation proceeds, and the 15 receptor expression
profile of the cells change, they will become responsive to other factors
in the  mixture. Providing a complex mixture of factors continuously over
the treatment period avoids the need to  define exactly how and when the
responsiveness of the cells changes. When a mixture is identified that
elicits the desired differentiation process, it can be systematically
simplified to achieve a, minimal optimal 20 mixture. After further
testing, minimal treatment may ultimately comprise one, two, three, or
more of the  factors listed, used either simultaneously or in sequence
according to the empirically determined protocol. TABLE 3: Test Factor
Groups Group 1Group 2Group 3 NeurotrophinsMitogensStem Cell Factors 30
ng/mL NGF30 ng/mL EGF8 ng/mL LIF 30 ng/mL NT -330 ng/mL FGF-2 (basic
FGF)3 ng/mL IL-6 30 ng/mL NT-437 ng/mL FGF-8b3 ng/mL IL-11 30 ng/mL
BDNF30 ng/mL IGF-I3 ng/mL SCF 30 ng/mL PDGF-AA30 ng/mL CNTF Group 4Group
5Group B Differentiation FactorsTGF-/3
SuperfamilyAntagonistsDifferentiation Factor TGFI3 Superfamily 150 ng/mL
Noggin37 ng/mL SHH 30 ng/mL BMP-230 ng/rnL Follistatin 37 ng/mL GDF-5 3
ng/mL GDNF 30 ng/mL Neurturin 13 2 0 DEC 2005 WO 03/000868PCT/1jS02119477
Group 7Group 8Group 9 Neurotrophic FactorDifferentiation FactorSurvival
Factor/Antioxidant 37 ng/mL Midkine17 pM Retinoic Acid166 pM Ascorbic
Acid Group 10Group 11 Differentiation Factor/Survival Factor
Neurotransmitter 100 pM Dibutyryl cAMP 10 pM Dopamine The experiment was
conducted as follows. Monolayer cultures of a human ES cell line were  



harvested by incubating in Collagenase IV for 5-10 min, and then scraping
the cells from the plate. The 5 cells were dissociated by trituration and
plated at subconfluence onto 96 well tissue culture plates  pretreated
with growth factor-reduced Matrigel(r) in Knockout DMEM medium (Gibco
BRL) with Knockout  Serum Replacement (Gibco BRL) conditioned 24 h by
mouse embryonic feeder cells One day after  plating, the medium was
replaced with Neurobasal (NB) Medium (Gibco BRL) supplemented with 0.5 mM
glutamine, B27, supplement (Gibco BRL) and groups of test factors as
described below. The cells were  10 fed daily with fresh Neurobasal
Medium containing glutamine, B27, and test factors for 11 days. After 11
days, the cells were harvested by incubation In trypsin for 5-10 min,
replated at a 1:6  dilution onto 96 well tissue culture plates pretreated
with laminin, and fed daily with fresh Neurobasal  Medium containing
glutamine, B27 and test factors for an additional 5 days. Cells were
fixed for 20 min  in 4% paraformaldehyde, and stained with antibodies to
the early neuronal marker, 0-Tubulin-III, the late 15 neuronal: marker,
MAP-2, and tyrosine hydroxylase, an enzyme associated with dopaminergic
neurons.  Cell nuclei were labeled with DAPI, and quantified by visual
Inspection. Results are shown in Table 4. TABLE 4: Direct Differentiation
of hES Cells to Neurons Test Compound Groups  Included in Cell Culture
Treatment  A: Treatment  8: Tubulin-III MAP-2 Tyrosine  positive positive
Hydroxylase positive Cells I % Total Cells / Well Cells I  Well Well %
Total Control 102 - 2 1  1,2,3,4,6,7,8,9.10,11 0 0 0 0 ---
1,2,3,5,6,7,8,9,10,11 362 6% 132 14 0.2% Treatment 1, 2, 4, 6, 7, 8, 9,
10, 11  C: 20 2 0 DEC 2005 WO 03/000868 PCTIUS02/19477 Treatment  D:
Treatment  E: Treatment  F: Treatment  G: 



112,5,6,7,8.9, 10, 11 378 11% 162 16 0.5%  1,3,4,6,7,8,9,10,11 6 - 2 4 -
1, 3, 5, 6, 7, 8, 9, 10, 1 1 282 12% 92 4 0.2%  1,4,6,7,8,9,10,11 17 - 0
2 -- - = not determined In another experiment, cells were cultured in
Neurobasal Medium supplemented with glutamine, 827 and  groups of test
factors as before, harvested with trypsin at 8 days, and replated for 5
days. Results are  5 shown in Table 5. TABLE 5: Direct Differentiation of
hES Cells to Neurons Test Compound Groups Tubulin-III MAP-2 Tyrosine
Percent of  Included in Cell Culture positive positive Hydroxylase MAP-2
positive positive cells also  Cells / Well Cells / Well Cells / Well
positive for TH Control 4 4 0  Treatment A: 1,2,3,4,6,7,8,9,10,11 12 8 3
Treatment B: 1,2,3,5,6, 7, 8, 9, 10, 11 268 12 4  Treatment C: 1.2,416,7.
8, 9, 10, 11 12 0 0 Treatment D: 1, 2, 5,6,7, 8, 9, 10, 11 372 48 7 15%
Treatment E: 1,3,4,6,7, 8, 9, 10, 11 0 0 0 Treatment F: 1, 3, 5, 6, 7, 8,
9, 10, 11 196 56 0 Treatment G: 1, 4, 6, 7, 8, 9, 10, 11 16 0 9 21 2 0
DEC 2005 WO 031000868 PCTIUS02119477 Several treatment paradigms induced
the direct differentiation of neurons. Treatments that  included Group 5
factors (noggin and follistatin) were the most effective. Figure 1 shows
exemplary fields of differentiated cells obtained using Treatment B.
Treatment D,  and Treatment F, and stained for P-tubuiin-III. About 5-12%
of the cells are neurons, based on  5 morphology and P-tubulin-Ill
staining. About 1/3 of these are mature neurons, based on MAP-2 staining.
About 2-5% of total neurons (5-15% of MAP-2 positive neurons) also
stained for tyrosine hydroxylase,  which is consistent with a
doparninergic phenotype. Subsequent experiments have been conducted to
further elucidate the effect of certain factor  cocktails and the
kinetics of differentiation. 10 Figure 2(A) shows the results of an
experiment in which the TGF-P superfamily antagonists  noggin and
follistatin were used for varying time periods. Subconfiuent hES cells of
the H7 line were  treated for 15 days with Treatment D, except that cAMP
concentration was 700 pg, The results indicate  that noggin and
follistatin both contribute to neuron differentiation, and work
synergistically. Noggin is  apparently important at about the 1 week
point (days 5 to 8), while follistatin is important at around the 2  15
week point (days 13 to 15), maximizing production of mature neurons
rather than small neurites. 



Figure 2(B) shows the time course of neuronal induction using the
treatment mixtures in Table 4  containing TGF-,1 superfamily antagonists.
Figure 2(C) further illustrates the effects of noggin and  follistatin in
direct differentiation. hES cells represented by the first bar were
treated with the factors of  Groups 1j 4; 6, 7, 9, 10, and 11 (Table 3),
with 700 pM cAMP, 5 U/mL EPO, plus 30 ng/mL FGF-8 (Group 20 2). Virtually
no 13-tubuiin positive neurons were formed in the absence of noggin or
follistatin. However,  noggin and follistatin alone or in combination
with retinoic acid directly induced hES cells through the first  steps of
neuronal differentiation. It is hypothesized that initial
noggin/follistatin induction generates a  neural, progenitor cell, which
subsequently can be induced to form neurons by the addition of other
factors. 25 Figure 2(D) shows the benefit of omitting retinoic acid (RA)
from the mixture where doparrinergic  neurons are desired. Cells were
differentiated according to treatment F as previously (left 2 bars) or
omitting retinoic acid (right 2 bars). Including retinoic acid increased
the total percentage of P-tubuiin  positive neurons somewhat, but
decreased the proportion of those neurons staining positively for
tyrosine  hydroxylase. 90 Example 5: Proliferative regeneration of neural
precursors by serial passaging The neural progenitors of this invention
can be passaged and expanded in culture,  demonstrating some of their
unique and beneficial properties. In an exemplary experiment, human
embryonic stem cells were harvested and placed into  35 suspension
culture to form embryoid bodies in knockout DMEM containing 2096 FBS plus
10 VM retinoic  acid. After 4 days, the embryoid bodies were plated onto
poly-L-lysine/fibronectin-coated plates in  OMEMIF12 medium supplemented
with N2 supplement, B27 supplement at half the usual amount,  10 ng/mL
human EGF, 10 ng/mL human bFGF, 1 ng/mL human PDGF-AA, and 1 ng/mL human
IGF-1. The cells were cultured for 3 days, and harvested by brief
trypsinization as follows. Half a mL  40 0.5% Trypsin in 0.53 mM EDTA
(Gibco # 25300-054) was layered into each well of a 6-well plate, then
immediately removed from the plate. After waiting 15 seconds (room
temperature), neurobasal medium 22 2 0 DEC 2005 WO 03/000868
PCT/US02/19477 plus B27 supplement was placed in the wells, and then
removed and centrifuged to recover the released  cells (between 1 and 10%
of the cells). Six-well plates were coated with 1 mUwell of 15 pglmL
poly-L-lysine (Sigma #P1274), followed  by 1 mLfwell of 20 ig/mL human
placental laminin (Gibco # 23017-015) overnight. The cell pellet from  5
the differential trypsinization was resuspended in neurobasal medium
containing B27 supplement, 10 ng/mL NT-3, and 10 ng/mL BDNF, and plated
onto the coated wells at 500,000 to 750,000 cells per  well. After 5
days, the cells were recovered by complete trypsinization, counted, and
replated at  100,000 to 150,000 cells per well in new poly-lysine/laminin
coated wells in the presence of various factor 10 cocktails.
Concentrations used were as follows: 10 ng/mL NT-3, 10 ng/mL BDNF, 10
ng/mL human  EGF, 10 ng/mL human bFGF, or 10 ng/mL LIF, in various
combinations. The cells were fed with a half  exchange of medium three
times per week. Every 7 days, the cells were trypsinized, counted, and,  



passaged again in fresh medium containing the same factors. Figure 3(A)
shows the growth curves from this experiment. Cells passaged in BDNF and
NT-3  15 alone stop growing after -1 week, predominantly differentiating
into neurons. However, adding EGF and  bFGF to the medium allowed the
cells to continue proliferating in the precursor form. The marker profile
of these cells is shown in Table 5. TABLE 5: Phenotype of Neural
Progenitors Markers CocktailPassageNestinPS-NCAM A255 fl-Wbulin ill
GFAPMAP2Tyrosine Hydroxylase NT-3, BDNF, p4 +++ +++ ++ +  EGF, bFGF,
LIFp8++++++ + + + NT-3. BDNF, p4 +++ +++ + + +  EGF, bFGFp8++++++ _ + +
EGF, bFGF, LIFp4 ++ ++ + + +  p8++++ + EGF, bFGFp4 ++ ++  p8++ 20 Thus,
cells passaged in a combination of BDNF, NT-3, EGF, and bFGF abundantly
expressed the neural  progenitor markers Nestin and NCAM. Figure 3(B)
shows results obtained when these cells were induced to terminally
differentiate in  BDNF and NT-3 alone. The ceps passaged in a combination
of BDNF, NT-3, EGF and bFGF produced 23 2 0 DEC 2005 WO 03/000868
PCTIUS02/19477 more neurons upon terminal differentiation, consistent
with the higher proportion of neural precursors  before differentiation. 



Figure 4(A) shows the proportion of cells staining positively for
tyrosine hydroxylase. Again, the  combination of BDNF, NT-3, EGF and bFGF
provided optimal yield amongst the combinations tested. 5 Figure 4(B)
shows that even more TH-positive neurons can be generated by inducing
terminal  differentiation not by BDNF and NT-3 alone, but also including
additional factors such as NT 4, nerve  growth factor, ascorbic acid,
cAMP and dopamine (at the concentrations shown in Table 3). Up to 5% of
the total cell number in the population displayed the phenotype of
dopaminergic markers. Neural progenitors from the H7 hES cell line were
frozen down at passage 10 in neural basal  10 medium containing B27
supplement, 30% serum replacement, and 10% DM8O (5 x 105 cells per
freezing  vial). The cells were thawed about 6.5 months later. The thawed
cells had many of the same  characteristics that they did before
freezing: 60-80% P-tubulin and MAP-2 positive, -5% positive for  tyrosine
hydroxylase. In a related experiment, cells were grown and passaged as
clusters rather than on a culture  15 substrate. Neural progenitors were
harvested using trypsin from a 6 well plate when nearly confluent(--3  or
4 x 165 cells per well). They were then seeded at -2.5 x 105 cells per
well innonadherent wells, and  cultured in 2 ml- neural basal medium
containing B27 supplement, 10 ng/mL SDNF, 10 ng/mL NT-3,  10 ng/mL EGF,
and 10 ng/mL bFGF. The cells were fed the following day by exchanging
half the  medium, and cultured for a following 4 days, They were then
differentiated in medium containing  20 10 ng/mL BDNF and 10 ng/mL NT-3
but no mitogens. Adaptations of the invention described in this
disclosure are a matter of routine optimization,  and cart be done
without departing from the spirit of the invention, or the scope of the
claims below. 25 24 2 0 DEC 2005 CLAIMS 1. A cell population cultured in
vitro, in which the MAP-2 positive cells comprise 30% that express
tyrosine hydroxylase or release dopamine upon activation, wherein the
cell population has been differentiated from primate plunpotent stem
(PPS) cells. 2. A cell population cultured in vitro, comprising 5% that
express tyrosine hydroxylase or release  dopamine upon activation,
wherein the cell population has been differentiated from pPS cells 3. An
established line of pPS cells, and a population of neural cells
differentiated therefrom, in  which the MAP-2 positive cells comprise 30%
that express tyrosine hydroxylase or release  dopamine upon activation.
4. An established line of . pPS cells, and a population of neural cells
differentiated. therefrom. comprising 5%1hat express tyrosine hydroxylase
or release dopamine upon activation.  5. A method of differentiating
pPS`cells into a population of neural cells, comprising: a) culturing
progeny of the pPS cells In a medium containing one or more added TGF-(3
superfamily antagonists, and b) harvesting from the culture a population
of neural cells. 



6.. The method of claim 5, wherein the cell population is produced by
plating the pPS cells onto a  solid surface without forming embryoid
bodies or cell aggregates. 7. The method of. claim 5 or 6, wherein the
one or more added TGF-s superfamily antagonists are  selected from noggin
and follistatin. B. The method of claims 5-7, wherein the medium contains
both noggin and follistatin. 9. The method of claims 5-8, wherein the
medium further contains one or more neurotrophins. 10. The method of
claim 9, wherein the neurotrophin(s) are selected from nerve growth
factor (NGF),  neurotrophin 3 (NT-3), neurotrophin 4 (NT-4), and
brain-derived neurotrophic factor (BDNF). 11. The method of claim 10,
wherein the neurotrophin(s) include NT-3 and BDNF. 12. The method of
claims 5-9, wherein the medium further contains one or more mitogens. A.
25 2 0 DEC 2005 13. The method of claim 12, wherein the mitogen(s) are
selected from epidermal growth factor  (EGF), basic fibroblast growth
factor (bFGF), platelet-derived growth factor (PDGF), and insulin- like
growth factor 1 (IGF-1). 14. The method of clams 5-13, wherein the added
mitogen(s) include erythropoietin (EPO). 15. The method of claims 5-14,
comprising passaging the cells at least 6 times in a medium  comprising
an added neurotrophin and an added mitogen. 16. The method of claims
5-15, wherein the harvested cell population is a population of neuronal
precursor cells 17. The method of c claim 16, wherein the neuronal
precursor cells after 20 doublings maintain an  ability to form
differentiated cell populations in which at least -30% of MAP-2 positive
cells  express tyrosine hydroxylase upon culturing with NT-3, BDNF, NT-4
and NGF, but no added  mitogens.  18. 'Themethod of claim 16, or 17,
wherein the neuronal precursor cells after 20 doublings maintain ari
'ability to #orm differentiated cell populations in which at least -5% of
all the cells in the population express tyrosinehydroxylase upon
culturing with NT-3, BDNF, NT-4 and NGF, but no added mitogens. 19 ' T-
he rriethod of claims 16-18, further comprising culturing the,neuronal
precursor cells with added neurotrophins- but no added mitogens, thereby
generating a population of differentiated cells  according to claim 1 or
claim 2. 20. A culture for producing a cell population from a line of pPS
cells, wherein at least -5% of all the  cells in the population express
tyrosine hydroxylase; wherein the culture comprises pPS cells or their
progeny cultured in a medium containing  one or more added TGF-S
superfamily antagonists. 21. The culture of claim 20, wherein the one or
more added TGF-P superfamily antagonists are  selected from noggin and
foliistatin. 22. The culture claims 20-21, wherein the medium further
contains one or more neurotrophins. 23. The culture of claim 22, wherein
the neurotrophin(s) are selected from NGF, NT-3, NT-4, and  



BDNF. 24. The culture of claims 20-23, wherein the medium further
contains one or more mitogens. 26 2 0 DEC 2005 25. The culture of claim
24, wherein the mitogen(s) are selected from EGF, bFGF, PDGF, IGF-1, and
EPO. 26. A method for producing differentiated cells, comprising
culturing neuronal precursor cells made  according to the method of
claims 5-19 in a medium containing one or more factors selected  from
neurotrophins, cAMP, and ascorbic acid in the absence of added mitogens_
27. A method for identifying factors suitable for derivation,
maintenance, or differentiation of neuronal  precursor cells made
according to the method of any of claims 5-19, comprising culturing the
cells with a combination of factors grouped according to function,
culturing the cells with a  smaller combination in which some functional
groups have been removed, and then identifying  which factors are
required for derivation, maintenance, or differentiation of the cells 28.
A method of screening a compound for its effect on neural cells or a
neural cell activity, comprising:  a) combining the compound with the
differentiated cell population of claims 1-4, or a cell population
produced according to the method of claims 5-19; -b) .determining any
change; to phenotype or activity of cells in the population that results
,  from being combined with the compound; and ~c) correlating the change
with an effect of the compound on neural cells or a neural cell
activity. 29' The screening method of claim 28, comprising one or more-
of the following:   detennining whether the compound is toxic to the
cells; . 'determining whether the compound affects ability of the cells
to be maintained in culture;  determining whether the compound changes
neurotransmitter synthesis, release, or  uptake by the cells; or
determining whether the compound changes electrophysiology of the cells.
30.. A medicament comprising the neural cell population of claims 1-4, or
a cell population produced  according to the method of claims 7-19, for
treatment of the human or animal body. 31. Use of the neural cell
population of claims 1-4, or a cell population produced according to the
method of claims 7-19, in the preparation of a medicament for
administration to the substantia  nigra in an individual. 32. Use of the
neural cell population of claims 1-4, or a cell population produced
according to the  method of claims 7-19, in the preparation of a
medicament for treatment of Parkinson's disease. 33. The cell
population(s), culture, or medicament of any of claims 1-4, 20-25, or 30,
wherein the  pPS cells have been isolated from a human blastocyst, or are
the progeny of such cells. I I. 27 



20 DEC 2005 34. The cell population(s), culture, or medicament of any of
claims 1-4, 20-25, or 30, wherein the  pPS cells are human embryonic stem
cells. 35. The method or use of any of claims 5-19, 26-29, or 31-32,
wherein the pPS cells have been  isolated from a human blastocyst, or are
the progeny of such cells. 36. The method or use of any of claims 5-19,
26-29, or 31-32, wherein the pPS cells are human  embryonic stem cells.
37. The call population(s),, culture, or medicament according to any of
claims 1-4, 20-25, 30, or  33-34, substantially as hereintofore described
with reference to any one of the Examples. 38. The method or use
according to-any of claims 5-19, 26-29, 31-32, or 35-36, substantially as
hereintofore described with reference to any one of the Examples. i i 28 


