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Abstract

Availability of human embryonic stem cells (hRESC) has enhanced human neural differentiation
research. The derivation of neural progenitor (NP) cells from hESC facilitates the integration of
human embryonic development through the generation of neuronal subtypes and supporting glial
cells. These cells will likely lead to new and novel drug screening and cell therapy uses. This
review will discuss the current status of derivation, maintenance and further differentiation of NP
cells with special emphasis on the cellular signaling involved in these processes. The derivation
process affects the yield and homogeneity of the NP cells. Then when exposed to the correct
environmental signaling cues, NP cells can follow a unique and robust temporal cell
differentiation process forming numerous phenotypes.
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INTRODUCTION

Human embryonic stem cells (hESC) are pluripotent self-renewable cells derived from early
blastocyst embryos [Thomson et al., 1998]. Being pluripotent, hESC can generate neural
cells including functional neurons, glial cells and oligodendrocytes under appropriate culture
conditions [Carpenter et al., 2001; Hong et al., 2008; Keirstead et al., 2005; Shin et al.,
2006] and has been the topic of recent reviews [Cai and Grabel, 2007; Robertson et al.,
2008; Wilson and Stice, 2006; Zhang, 2004]. While differentiation is directed towards the
neural lineage, lack of an optimal protocol implies generation of other lineage cells as
contaminants. Thus, one major challenge in the field is to generate a homogeneous and
renewable, easy to culture, neural progenitor (NP) cell population committed to the neural
lineage, capable of serving as an unlimited lineage-restricted cell source for replacement
therapy and/or for other studies. Producing NP cell populations from hESC, specific to
different regions of nervous system still remains elusive. Therefore, it is critical to optimally
differentiate hESC to NP cells, their maintenance as a self-renewing population, and further
to generate highly pure population of regionally specified cell types in culture. Cell
signaling plays an important role in each process. Recent advances covering these issues of
hESC biology for generation of NP cells are the focus of this review.

PRINCIPLE OF NEURAL INDUCTION IN hESC

Maintenance of pluripotent state allows hESC to multiply continually in culture while
preventing differentiation to other lineage cells. Any disruption of the pluripotency
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supporting system (for example, by withdrawing key factor(s) from the medium or forcing
the hESC to grow in suspension etc) promotes spontaneous differentiation to several
lineages. Due to the stochastic nature of spontaneously differentiating hESC, many other
cell types are also generated; therefore, spontaneous differentiation is not an efficient
method for generating neural cells. Thus, it is imperative to make use of certain factors that
direct hESC differentiation specifically to neural lineage. Addition of instructive factors and
removal of preventive factors form the basis of directed differentiation resulting in an
improved NP cell yield. Once the hESC differentiate into NP cells, the newly formed NP
cells maintain expression of SOX2 and begin expressing other neuroepithelial markers, such
as Nestin, SOX1, SOX3, PSA-NCAM, and MUSASHI-1 (Figure 1). Formation of “neural
rosettes” is another morphologic marker of hESC differentiation to neural cells. Here,
neuroectodermal columnar cells also express markers found in neuroepithelial cells of neural
plate and they arrange radially to form a rosette like structure reminiscent of the in vivo
structural formation of developing neural tube [O'Rahilly and Muller, 1994]. Cells in neural
rosettes are capable of multiplying by symmetrical division over extended period in culture.
These features provide researchers the opportunity to manipulate and expand the derived
cells.

DIRECTED NEURAL DIFFERENTIATION OF hESC

a) Embryoid body (EB) model versus adherent culture

As was pointed out before, spontaneous differentiation is inefficient, making differentiation
under conditions favoring pro-neural selection is imperative. This calls for a culture system
that will allow differentiation of hESC, and support selective growth and proliferation of
neural cells. Conventionally, two types of culture systems are employed for this purpose:
adherent and suspension culture. In suspension culture hESC are allowed to grow as a mass
of cells, “embryoid bodies” for different lengths of time. With longer duration of
differentiation, an embryoid body (EB) is capable of forming a multilayered structure that
contains a mixed population of cells including neural cells. In a prolonged culture, these EBs
show formation of cavities filled with cystic fluid [Schuldiner et al., 2001]. To increase pro-
neural differentiation and improve survival of desired cell types, growth factors or
morphogens have been commonly used in culture. However there are several disadvantages
associated with EB culture: 1) variability of the EB size (due to different initial cell numbers
or duration of differentiation) which affects the yield of NP cells, 2) higher concentration of
morphogens in culture required to enable the morphogens to reach the innermost layers of
the EBs forming a concentration gradient that leads to the generation of differentiated cells
at different developmental stages belonging to tissues of different germ layer origin, 3) in
addition being an aggregate of many cells EBs also present difficulties in monitoring cell
morphology during differentiation using microscopy. These issues can be overcome when
hESC are differentiated in an adherent culture system wherein cells are differentiated as a
monolayer culture and exposed uniformly to morphogens [Shin et al., 2006] (Figure 1).

b) Role of media and factors in neural differentiation

Different factors or signaling molecules, supplements/additives and conditioned media have
been used to differentiate hESC into NP cells [Carpenter et al., 2001; Dhara et al., 2008;
Reubinoff et al., 2001; Shin et al., 2006; Zhang et al., 2001]. Selection of these factors in the
context of hESC differentiation is based in part on mouse ES cell neural differentiation.
Specific roles for many of the components (like media additives) in promoting
differentiation are unknown. Based on information available, we and others have derived NP
cells using few-stepwise procedures [Carpenter et al., 2001; Dhara et al., 2008; Reubinoff et
al., 2001; Shin et al., 2006; Zhang et al., 2001]. In these steps, FGF2, RA and media
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supplements like N2 and B27 were used. The following is a brief discussion of the possible
roles of different factors/signaling related to neural differentiation.

Stromal-derived inducing activity (SDIA)—Stromal cells are loose connective tissue
cells found in number of organs, such as gonads and bone marrow. They provide matrix-
support for other cells in the organ to function. To promote neural differentiation, hESC
have been co-cultured in the presence of stromal cells [Perrier et al., 2004; Vazin et al.,
2008]. These support cells successfully generated terminally differentiated neuronal cells,
like dopaminergic neurons in culture [Perrier et al., 2004]. Here, in vitro neural
differentiation occurs because of the existence of SDIA produced by the stromal cells. This
concept was based on the fact that mesodermal signaling is required for neural induction as
demonstrated in both mouse and primate ES cell differentiation [Kawasaki et al., 2000;
Kawasaki et al., 2002]. Numerous stromal cell lines (like PA6, MS5, S2) were used for this
purpose in different laboratories [Mizuseki et al., 2003; Perrier et al., 2004]. In a recent
SDIA study it was shown that cell surface activity of rodent stromal cells line PAG6 is
required for neural differentiation of hESC [Vazin et al., 2008]. SDIA-mediated
differentiation provides an efficient way for neural tissue generation, but this co-culture
technique can introduce unknown stromal factors of non-human origin in culture and may
obscure the exact mechanisms involved during neural differentiation.

Retinoic acid (RA) signaling—Retinoic acid plays important roles in many aspects of
neural development and activity. These include axon regeneration in the adult, neuronal
differentiation and patterning of the neural plate and neural tube in the early embryos
[Maden, 2007]. In a developing embryo, higher concentrations of RA are found in the
posterior hindbrain and spinal cord and the concentration decreases towards the anterior
region. This pattern forms an increasing gradient of RA in antero-posterior axis in the neural
plate. Additionally, in the absence of RA signaling, the posterior hindbrain is not formed
[Maden, 2007] and development of the anterior spinal cord is affected. Thus, RA is
implicated in specifically organizing the posterior hindbrain and anterior spinal cord.
Similarly, in the dorso-ventral axis of the neural tube RA works synergistically with other
molecules such as sonic hedgehog (SHH), FGF and bone morphogenetic protein (BMP), to
determine the fates of sensory neurons, inter neurons and motor neurons. RA-mediated
neuronal and glial differentiation occurs by activation of different genes that include
transcription factors (BRN2, NFkB, SOX1, SOX®6 etc), cell signaling molecules or
associated cell structures (ceramide, PSEN1, MAP2 etc), and extracellular molecules (WNT
signaling members). Activation of these diverse molecules indicates that complex molecular
pathways regulate neuronal differentiation. Adopting the protocol from mouse ES cells to
hESC neural differentiation, RA was used by every research group with a concentration
between 1-10 uM in the medium [Baharvand et al., 2007; Carpenter et al., 2001; Erceg et al.,
2008; Levenberg et al., 2003; Park et al., 2004; Reubinoff et al., 2001; Schuldiner et al.,
2001; Zhang et al., 2001]. As RA is a morphogen, varying concentration may have been
responsible for generating NP cell populations with different differentiation potentials
obtained by these groups.

Bone Morphogenetic Protein (BMP) signaling—Bone morphogenetic proteins are
members of TGFp (transforming growth factor) superfamily and they play multiple roles in
the development of central and peripheral nervous system. In vertebrates, loss of BMP
signaling is implicated in neural induction from ectoderm at or before gastrulation [Harland,
2000]. After neural tube closure, BMP signaling from dorsal epidermal ectoderm generates
neural crest cells and dorsal inter neurons but limits ventral interneuron differentiation.
Expression of BMP-antagonists like noggin, chordin, follistatin secreted from notochord and
floorplate attenuate the effect BMP and are suggested to be involved in dorso-ventral
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patterning of the spinal cord [Graham et al., 1994; Shimamura and Rubenstein, 1997]. Also,
over-expression of BMPs by bead implantation resulted in loss of ventral forebrain markers.
However, this over-expression maintained the expression of dorsal forebrain markers
[Furuta et al., 1997]. With the aid of SHH signaling, BMPs generates ventral regions of the
forebrain, whereas, SHH alone specifies ventral regions of the hindbrain [Dale et al., 1997].
Later in development, BMP signaling promotes generation of neuronal and astro-glial cells
but prevents oligo-glial differentiation. Thus, BMPs mainly specify forebrain cells and
inhibiting BMPs before or during gastrulation causes neural induction.

To induce neural differentiation, BMP-antagonist noggin was used in hESC culture grown
adherently on laminin or matrigel [Baharvand et al., 2007; Gerrard et al., 2005; Pera et al.,
2004] or grown in suspension as EBs [Itsykson et al., 2005]. Treatment with noggin up-
regulated the expression of neural transcription factors Pax6 and Sox2 and other neural
marker such as nestin [Pera et al., 2004]. hESC treated with noggin, that potentially binds to
BMP-2,4 and 7, generated neural progenitors and also prevented formation of extra-
embryonic endoderm (AFP, GATAG6 down-regulation). Noggin has also been shown to up-
regulate the expression of phosphorylated Smad1[Pera et al., 2004] and down regulate the
BMP-2 target proteins 1d2 and 1d3. Thus, noggin is likely to directly increase neurogenesis
using Smad1-mediated signaling. It can also acts indirectly preventing BMP target proteins
(1d2, 1d3) that repress the promoter activation induced by neurogenic bHLH factors
[Miyazono and Miyazawa, 2002]. However, another BMP-inhibitor follistatin, that has
higher binding affinity for activin, did not generate neuroectoderm, though it prevented
formation of extra-embryonic-ectoderm cells and differentiated cells had fibroblast like
morphology [Gerrard et al., 2005].

Fibroblast Growth Factor (FGF) signaling—Members of the FGF family act through
FGF receptors (FGFRs) that activate cascades of kinase signaling including Raf, MEK
(mitogen-activated and extracellular signal-regulated kinase), and MAPK (mitogen activated
protein kinase) [Nutt et al., 2001]. FGF signaling works in association with other pathways
such as TGFB, WNT, Hedgehog, and Notch [Gerhart, 1999]. FGF signaling have been
implicated in the induction and patterning of mesoderm and neural tissues in vertebrate
embryos (for a review, see [Doniach, 1995]; [Streit et al., 2000]).

In neural specification during early embryonic development, FGF molecules might play two
different roles: 1) they may induce a “pro” neural state at an early stage, and 2) while acting
as antagonist to BMP signaling, they may stabilize neural identity [Zhang, 2004]. In view of
information on patterning cues, FGF signaling may enrich survival and proliferation of the
early forebrain neural precursor cell types. Based on this, basic FGF (or FGF2) was used to
selectively promote the proliferation of neural population [Okabe et al., 1996]. We and
others routinely use FGF2 to isolate and maintain NP cells [Carpenter et al., 2001; Dhara et
al., 2008; Elkabetz et al., 2008; Shin et al., 2006]. See [Mason, 2007] for more on the role of
FGF signaling in neural development.

Media supplements and conditioned-media—Often NP cells are derived and
maintained in Neurobasal medium (from Gibco) which is a modified form of Dulbecco's
Modified Eagle's minimal essential medium- Ham's F12 (DMEM/F12), in which the
osmolality and the concentration of several amino acids have been reduced and ferrous
sulfate eliminated [Price and Brewer, 2001]. For culturing NP cells, B27 (Gibco) is added to
this medium. B27 contains RA (all trans-retinol and retinyl acetate, 0.1 mg/lit each) and this
supplement when used as suggested in the published protocol [Shin et al., 2006] yields a NP
cell proliferation medium containing over 12 uM RA. This concentration may affect neural
specification since 1-10 uM RA was used for hESC differentiation to produce the caudal-
specific cells. Also, we showed that B27-supplemented medium-derived NP cells generated
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motoneurons as characterized by expression of HB9 (a motor neuron specific marker),
choline acetyltransferase (ChAT, motoneuronphenotype marker) and TuJ1 (neuronal beta I11
tubulin) in induction medium with FGF2, Sonic hedgehog and additional RA [Shin et al.,
2005].

The other popularly used medium-supplement added to Neurobasal or DMEM/F12 media is
N2 (Gibco). N2 has a subset of B27 components that include insulin which may act through
insulin-like growth factor receptors to promote differentiation of hESC and proliferation of
differentiated cells. We found that NP cell proliferation and survival is superior in B27-
supplemented medium than in medium with N2. To obtain improved survival with N2
supplemented medium, higher density seeding was required. N2 supplements are chemically
defined, and therefore, it is possible to study the effect of unknown factors without the
confounding effects found in serum or serum components, such as serum albumin [Price and
Brewer, 2001]. In addition to the factors discussed above, HepG2-conditioned Medll
medium was also used to generate neural cells from hESC in adherent [Shin et al., 2006] or
suspension [Schulz et al., 2003] culture. However, the mechanism of such differentiation is
not clear.

c) Temporal events during neural differentiation

The developing nervous system is controlled by complex signaling events, in part,
neuroepithelial cells are specified in the ectoderm under specific FGF and WNT signaling,
which also prevents mesoderm differentiation. This neuroectoderm forms the neural plate
which folds to generate the neural tube. In the neural tube, rostral or forebrain features are
acquired first after which gradually caudalization occurs. In the rostro-caudal patterning
process, WNT, BMP, FGF and RA play major roles. This patterning results in the formation
of the major segments of central nervous system: forebrain, midbrain, hindbrain and spinal
cord. Once rostro-caudal patterning is over, features of dorso-ventral patterning appear in
the neural tube, controlled by two opposing signals, dorsally BMP from the roof plate and
ventrally SHH from the notochord (Figure 2). Cells located in the unique positions along
rostro-caudal and dorso-ventral axial grids respond to specific morphogens and generate
specific subtypes of neurons and glial cells [Zhang, 2006].

During in vivo development, the neural plate forms and then eventually the neural tube when
the human embryo is approximately 3 weeks old [O'Rahilly and Muller, 1994]. hESC are
cells derived from inner cell mass of 5-6 days old blastocysts and propagated in tissue
culture. In vitro differentiation of hESC to neural lineage is characterized by formation of
neural rosette, reminiscent of transverse-section of a neural tube. Even though neural
rosettes start appearing approximately by day 10 of hESC differentiation, the majority are
observed at about day 18-21 of differentiation [Dhara et al., 2008]. Therefore, it can be
argued that in vivo developmental events in terms of spatial and temporal changes are
grossly recapitulated during the in vitro formation of neural rosettes.

PROLIFERATION AND RENEWAL OF NEURAL CELLS IN CULTURE

Understanding the active cell signaling in NP cells will help us determine the important
factors needed to maintain uniform undifferentiated NP cells in tissue culture. Several
studies indicate that many signaling pathways like, EGF, WNT, Hedgehog, TGFp, leukemia
inhibiting factor (LIF) and FGF are important for maintenance of NP cell proliferation. In
addition to these pathways, two other aspects need attention for adaptation of any culture
method for proper growth and self-renewal of NP cells: 1) to mimic the in vivo niche the
system needs to provide an appropriate stem cell micro-environment with proper
extracellular matrix (ECM), and 2) to supply nutrients and mitotic factors in the medium.
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These provisions are aimed at promoting symmetric divisions of undifferentiated NP cells in
the culture [Huttner and Kosodo, 2005].

Ventricular zone (VZ) in the developing embryonic CNS (central nervous system) serves as
the reservoir of proliferating neural progenitors and/or stem cells. It has been shown that
laminin, a heterotrimeric family of ECM molecules is expressed in many different stem cell
microenvironments including murine embryonic VZ [Campos et al., 2004]. Laminins are
known to interact with 1 integrins receptors expressed on neural stem cell surface. The
interaction between the beta integrins and laminin activates MAPK signaling that helps in
maintenance of neural stem cells in CNS [Campos et al., 2004]. For this reason, laminin is
widely used as substrate to coat tissue culture dishes for growing many types of stem cells
including NP cells [Shin et al., 2006]. In addition to this, another ECM molecule,
fibronectin, that acts also through B1 integrins are implicated for neural cell migration
[Prestoz et al., 2001]. Thus, fibronectin has been used either in coating tissue culture dishes
or added to medium to grow the NP cells [Carpenter et al., 2001; Elkabetz et al., 2008].
Collagen IV has been used as a neural cell culture substrate [Erceg et al., 2008]. Matrigel, a
proprietary material from BD Bioscience, contains laminin, collagen and several growth
factors, was used by several groups to differentiate hESC into neural cells in adherent
culture and as well as in cells in scaffold [Baharvand et al., 2007; Levenberg et al., 2003].

To support NP cell proliferation we have supplemented neurobasal medium with L-
glutamine, LIF (10 ng/ml), FGF2 (20 ng/ml) and B27 [Dhara et al., 2008; Shin et al., 2006].
Essentially, this is a serum-free formulation that supports prolonged growth and self-renewal
of NP cells in culture. In addition, epidermal growth factors (EGF) had been detected in a
wide area of rodent forebrain and mid brain [Fallon et al., 1984] and this growth factor plays
an important role in the regulation of cell growth, proliferation, and differentiation, and
other studies have described the use of EGF in the medium for culturing NP cells [Carpenter
et al., 2001; Elkabetz et al., 2008].

REGIONAL SPECIFICATION OF NEURAL CELLS

As described before, nervous system consists of different regions. As with mouse ES cell
[Barberi et al., 2003], derivation of region-specific NP cells from hESC will be of great
interest for several reasons. Cells that carry their positional identity upon further
differentiation, will express regional specific activity/ phenotype. Presumably being more
responsive to environmental cues for a specific site, these progenitors are considered to be
better suited for transplantation. In addition, they would potentially produce homogeneous
cell types/ tissue and be useful to study the fundamental and applied neurobiology in vitro. It
will be useful if these cells can be maintained for an extended period in culture, without
altering their region-specific differentiation potentials. Here, region specific differentiation
can be influenced by temporal factors and the morphogen concentration added to the culture.

Endogenous forebrain-specific NP cells appear first and characteristically express
homeodomain transcription factors such as OTX1, OTX2 and BF1. Recently, Studer and his
associates have derived and described rosette specific neural stem (R-NSC) cells that
express anterior CNS specific marker Forse 1 [Elkabetz et al., 2008]. These cells propagated
in the presence of mitogen FGF2 and retained Forse 1 expression, even though FGF2 was
considered to caudalize the cell fate as found by another group [Zhang, 2006]. Zhang and
colleagues also generated OTX2 and BF1 expressing NP cells from hESC [Li et al., 2005].
Forebrain specific NP cells have been derived from mouse ESC by inhibiting Wnt signaling
[Watanabe et al., 2005] and by removing LIF from the culture medium [Ying et al., 2003].
Additional studies are required to determine if WNT and LIF signaling will affect regional
specificity in hESC-derived NP cells as they did in mouse ESC studies.
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Midbrain specific cells, dopamine neurons are of great interest for therapeutic use in
Parkinson's disease. Midbrain specific cells express TH, RAX, NURR1, PTX3 and LMX1a/
b, PAX2 and EN-1(also expressed in hindbrain cells). Even though FGF8 signaling
enhances midbrain differentiation [Perrier et al., 2004], recently Stojkovic and colleagues
demonstrated that FGF2 alone can generate matured dopamine neurons [Erceg et al., 2008].
Therefore, it seems that FGF2 has some role in generating neural cells of all regions along
the antero-posterior axis.

Along the antero-posterior axis, hindbrain specific cells are specified by the expression of
HOX genes under the influence of FGF2, SHH and RA. RA does not seem to initiate neural
induction, rather it caudalizes the existing neuroepithelial cells. Whereas, along the dorso-
ventral regions, BMPs are thought to specify cells of the dorsal region and SHH imparts
ventral characteristics to the cells. Considering this interplay, protocols have been
successfully used for generating region-specific cell types from hESC [Li et al., 2005; Li et
al., 2008; Shin et al., 2005]. Along the same line, neural crest cells, peripheral neurons [Lee
etal., 2007; Pomp et al., 2005] and oligodendrocyte progenitors [Keirstead et al., 2005] have
been generated from hESC. Major factors used in regional subtype cell differentiation have
been presented in Table 1. There is still a need for more homogenous types of differentiated
cells in order to demonstrate that every cell type found in the human nervous system can be
derived from hESC.

OUR EXPERIENCE WITH NEURAL DIFFERENTIATION

We have derived NP cells from hESC using different methods. In one method we grew
hESC on mouse embryonic fibroblast (MEF) in hESC medium for the first 7 days and then
in derivation medium for the next 7 days and finally propagated the rosette like cells in
proliferation medium (Figurel). This procedure allowed us to generate a morphologically
stable population of NP cells which grow in culture over 100 passages. Entire derivation and
culture was performed in an adherent culture system [Shin et al., 2006]. We also derived NP
cells from hESC without an initial propagation on MEF. This was aimed to minimize non-
human components during the NP cell derivation. This differentiation technique produced a
high percent of Nestin+ NP cells and this method further allowed us to evaluate the roles of
some of the commonly used medium components. We found that the N2-supplement
influenced the derivation of NP cells as indicated by up-regulation of NP cell specific
marker in culture. Even though FGF2 has been shown to be involved in neural specification
and further neural patterning [Lillien and Raphael, 2000], surprisingly we found FGF2 had
negligible contribution to improving the derivation of NP cells. However it is an important
mitogen in NP cell cultures and when FGF2 was withdrawn from medium, these cells
became neurons expressing TuJ1, GABA, and TH [Dhara et al., 2008]. Using RA, FGF2
and SHH, they could be terminally differentiated into HB9 expressing cells with motor
neuron phenotype marked by ChAT expression [Shin et al., 2005]. Further these NP cells
were capable of producing astrocytes and oligodendrocytes under either basal conditions or
with medium supplemented with ciliary neurotrophic factor or platelet-derived growth factor
[Dhara et al., 2008;Shin et al., 2006].

In the future, NP cells could be used as a new primary cell source for cell-based assays of
new drugs for neurodegenerative diseases like spinal muscular atrophy [Wilson et al., 2007].
Intuitively, better lead compounds for treating neural diseases such as spinal muscular
atrophy will be found if they are screened in the cell type that the disease affects. As
previously stated, NP cells can form a motor neuron phenotype in culture and should be
used to study this devastating disease. We transfected NP cells with SMN1 and SMN2 gene
expression and splice variants mini reporter genes [Wilson et al., 2007]. Potentially motor
neurons differentiated from these modified NP cells would provide a more representative
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cell based assay to screen chemical libraries for compounds that could move spinal muscular
atrophy drug candidates into animal testing. This is just one of many potential drug
screening applications. Since NP cells express many receptors including G-protein coupled
receptors (unpublished), ion channels and other drug targets NP cells and their derivatives
will potentially serve as physiologically normal cell types for different diseases and drug
evaluation.

CONCLUDING REMARKS

In the CNS, antero-posterior and dorso-ventral axes form unique grid like regions that
generate specific subpopulation of neuronal and astro-glial cells. As discussed, the
generation of glial and neuronal subtypes is dependent on specific morphogen concentration,
time and duration of its exposure. It will be a challenge to generate and maintain such
regionally committed but self renewing populations for therapeutic and research use.
Although encouraging progress toward these goals continues to be made [Elkabetz et al.,
2008; Erceg et al., 2008; Keirstead et al., 2005], but there is still more needs to be done in
this area. Several approaches might expedite the process. For example, genetic manipulation
should be further explored as a means of isolating regionally committed cell populations.
One might express drug resistance genes under region-specific gene promoter which would
eliminate undesired cell types and allow selective expansion of desired NP subpopulations.

Signaling pathways in the context of hESC differentiation to neural cells will be helpful to
better culture the NP cells in vitro as well as to further differentiate them into pure
populations of neurons/glial cells. One such example would be to explore the effect of 3-
catenin signaling since it was demonstrated earlier that B-catenin signaling was sufficient to
induce and promote neurogenesis in mouse ES cultures even in the absence of RA [Otero et
al., 2004].

In addition, a profile of cell surface receptors expressed by NP cells would not only help in
finding the better ECM for supporting NP cell growth in culture, but also would be useful in
better characterizing the NP subpopulation as well as identifying the potential drug targets.
Further, moving to a completely defined medium for growth and differentiation of NP cells
would be a great step-forward in the field.
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Figure 1. Directed differentiation of human embryonic stem cells (hESC) by adherent or
suspension (embryoid body, EB) culture models

A. In each model cells are differentiated in three steps for a varying time period ranging
between 18-21 days.

Panel (a): hESC differentiation on adherent culture. This is done with/or without feeder
cells. Usually, factors that promote neural differentiation are added to the medium.
Commonly, retinoic acid (RA), BMP-inhibitors (such as, noggin) and other supplements
(like N2, B27, ITS) are used in the culture. In a feeder-free system, hESC are plated on a
variety of matrices such as laminin, fibronectin, collagen or Matrigel. If feeder cells are
present in the culture, they are removed at around 10 days of differentiation. By this time,
cells are committed to neural fates showing neural rosettes in culture. In the next step, cells
are cultured with neural permissive medium and neural rosettes are passaged with the same
medium that contains high amount of basic FGF (FGF2) and sometimes, EGF.

Panel (b): hESc differentiation in suspension culture. cells are grown in suspension to allow
EB formation with or without FGF2 for a period varying between 1-2 weeks. During this
time, cells randomly differentiate and the process stochastically generates many cell types.
During EB formation, neural induction factors are also used. After this, differentiated cells
are plated on adherent culture to selectively permit the growth of neural cells, and neural
rosettes are manually passaged in neural permissive medium.

B. Neural progenitors generated by either of these methods can be maintained in culture for
an unlimited time in the presence of high FGF2 and EGF. In culture they maintain
characteristic morphology (bright field image, left panel) and show expression of NP-
markers such as SOX2 (red in middle panel) and Nestin (in green, right). DAPI staining in
blue indicates nuclei. These images are taken with neural progenitor line EnStem-A
(Millipore) derived from WAQ9 hESC and maintained in neurobasal medium supplemented
with FGF2 and B27.
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Figure 2. Embryonic neural development and major signaling events in mammals

In early blastocyst, of three germ layers (ectoderm, endoderm and mesoderm), ectoderm
gives rise to neural tissues. Initial mesodermal signals induce ectodermal cells to become
neuroepithelial cells that rapidly multiply to form neural plate.

Neural induction is controlled by an instructive signal from fibroblast growth factor (FGF).
FGF can also inhibit BMP (bone morphogenetic protein) that in the presence of WNT
molecules converts ectodermal cells into epidermis. In this induction step, some roles of
NOTCH signaling are also known [Lowell S et al. (2006) Notch promotes neural lineage
entry by pluripotent embryonic stem cells, PLoS Biol. 4: €121 and for a review, Louvi, A
and Artavanis-Tsakonas, S. (2006) Notch signalling in vertebrate neural development, Nat
Rev Neurosci 7:93-102].

The neural tube forms from the neural plate. WNT, FGFs and Retinoic acid (RA) (forming a
gradient shown here in green shade) impart hindbrain character to the neural tube. Signaling
molecules (such as Nodal-related proteins that inhibit both WNT and BMP members, and
WNT-inhibitors like Cerbeus and Dickkopf) secreted from extra-embryonic tissue prevent
the caudalization of the neural tube and thereby promote forebrain formation. FGF8 plays an
important role in determining midbrain identity in the neural tube. These signaling
molecules (WNT, FGF, RA) are involved in antero-posterior development. Dorso-ventral
patterning of the neural tube occurs under two main opposing signals. Dorsal features are
determined by BMP and sonic hedgehog (SHH) ventralizes the brain and spinal cord. Both
these signals form gradients (BMP in orange and SHH in purple) in opposite direction. In
the hindbrain and spinal cord RA generates inter-neurons.

BMPl
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Morphogens used for differentiation of ESC-derived neural progenitors to regional subtype cells

Table 1

Target population

Morphogens/ Factors used

Reference

To continue as neural
progenitors

FGF2, + EGF

[Elkabetz et al., 2008; Shin et al., 2006]

Neural crest cells;
peripheral neurons

SDIA co-culture

[Lee et al., 2007; Pomp et al., 2005]

GABA neurons

Neurotrophin-4

*[Barberi et al., 2003]

Dopamine neurons

FGF8/Shh followed by
ascorbic acid and BDNF

[Perrier et al., 2004]

Serotonin neurons

Same condition as for
Dopamine neurons except
FGF4 instead of FGF8

*[Barberi etal., 2003]

Motoneurons

FGF2, RA, SHH

[Li et al., 2005; Shin et al., 2005]

Astrocytes

CNTF

*[Barberi etal., 2003]

Oligodendrocytes

Triiodothyronine/ NT-3
CNTF/ PDGF

[Dhara et al., 2008;
Keirstead et al., 2005; Shin et al., 2006]
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*
Neural progenitors (NP) are maintained in neurobasal medium supplemented with high level of mitogen FGF2. Removal of FGF2 from the
medium differentiates them into many types of neurons and astro-glial cells. Here is a list of some factors that have directed differentiation of NP

cells to different subtype neural cells (in mouse ES cells)
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