
Chapter 2
Embryonic Stem Cells and Neurogenesis

Robin L. Wesselschmidt

Abstract The discovery that embryonic stem cells (ESCs) can be induced to
differentiate into pure populations of neural stem cells (NSC) with the capacity to
become neurons, astrocytes, and oligodendrocytes has given scientists and clinicians
access to a previously unavailable pool of cells that are key to our understanding of
neurogenesis. Since the early 1980s, when mouse ESCs were first derived, there
has been a steadily increasing interest in developing methods that permit directed
differentiation of ESCs in to specific desired cell types. The derivation of human
ESCs and experiments showing functional recovery in animal models has greatly
increased interest in applying hESC technology to the field of regenerative medicine.
As methods improve and processes are developed that permit the production of
high purity populations of desired differentiated cell types, the promise of ESC
technology is likely to be realized through their use to treat injury and diseases such
as Parkinson’s disease, stroke, and spinal cord injury. This chapter will review
developments in ESC technologies as they relate to neurogenesis.

Introduction

The derivation of human embryonic stem cells and the discovery that they can be
directed to differentiate into specified functional cell types has greatly accelerated
research efforts aimed at developing robust scalable methods that can be used
to derive medically relevant cell types and launched the field of regenerative
medicine [1]. Basic biological studies aimed at understanding the molecular and
cellular processes that drive differentiation have been underway for decades.
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Human and mouse teratocarcinoma cell lines [4–6] and mouse ESC lines [7, 8] have
been crucial to early development efforts in this area. The derivation of hESC lines
and subsequent discovery that somatic cells can be induced to become pluripotent
stem cells (PSC) [9], cells that seem to be very similar to hESCs, has further fuelled
efforts aimed at defining the mechanisms that direct the differentiation of pluirpotent
stem cells toward specific desired differentiated cell populations. Since PSCs are
capable of extended self-renewal, unlike somatic stem cells, they provide an
excellent starting material for the development of cellular therapeutic agents and
well-characterized cells for use in toxicology and drug screens [10, 11].

Efforts aimed at the development of reproducible processes amenable to scale-
up production and banking of progenitor populations under current good manu-
facturing practice (cGMP) are underway for several diseases and injuries including
stroke, diabetes, macular degeneration, heart disease, and spinal cord injury. The
basic biological studies led by John McDonald in the late 1990’s that were [12, 13]
aimed at differentiating mouse ESCs into neural progenitors and their subsequent
transplantation into an adult rat model of spinal cord injury were key in the
subsequent development of human ESC-derived oligodendrocyte progenitors and
to the eventual use of these cells in a clinical trial to treat humans with spinal cord
injury [14]. The mESC studies of McDonald were refined and methods were
developed by Keirstead et al [15, 16] that directed the differentiation of human
ESC to homogeneous populations of oligodendrocyte progenitors.

When the first mouse ESC lines were isolated, the genomic tools that make it
possible to efficiently dissect the molecular pathways that sustain self-renewal or
drive differentiation were not available. Combining these genomic tools with
genetic and pharmacological manipulation of the in vitro ESC culture system,
researchers now have the tools to identify therapeutically relevant pathways and
apply this knowledge to the development of improved differentiation methods that
permit the production of highly purified progenitor populations using defined
culture conditions that may eventually lead to the development of drugs or
treatment regimes that permit the specific activation of endogenous stem cell pools
or precise intervention with the required mixture of cells at the appropriate
developmental stage required to repair damaged and aging tissues or organs.

This chapter will focus on studies of ESC neurogenesis published since the last
review published in this series in 2005 [17]. The primary focus will be on the
developments in the field of human ESCs and neurogenesis.

Modeling Differentiation In Vitro with Embryonic Stem Cells

Background

ESCs are derived from the inner cell mass of blastocyst stage embryos. ESCs were
first derived from mice in 1981 [18, 19], non-human primates in 1995 [20], and
from human blastocysts in 1998 [1]. The earliest reports of in vitro differentiation
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of mESC were made by Wobus [7] and Doetschman [8]. They showed that mouse
ESCs could spontaneously differentiate into cell types derived from all three germ
layers upon lifting from the feeder cells, on in which they were and in many cases
are still grown, to growth in suspension in medium containing fetal bovine serum
(FBS). Upon culture in suspension as spherical cell clusters called embryoid
bodies (EBs), ESCs spontaneously differentiate into mixed populations of pro-
genitor cells of three germ layers. EB differentiation has been shown to proceed in
a relatively ordered and predictable fashion that recapitulates very early
embryogenesis, with initial establishment of extra-embryonic endoderm and
primitive ectoderm followed by differentiation into populations of cells that rep-
resent all three germ layers of the early embryo [21].

The early differentiation protocols described by Wobus and Doetschman are
dependent on unknown factors present in fetal bovine serum. The percentage and
type of cells produced by the EB induction method varies with the batch of serum,
concentration of ESCs, and density of EBs in the culture dish. By the early 1990s
mESC culture medium was supplemented with leukemia inhibitory factor (LIF),
which was found to promote mESC self-renewal and limit differentiation in FBS
containing medium [22]. Original protocols for derivation and cultivation of hESCs
called for media containing FBS, LIF, and co-culture with mouse embryonic fibro-
blast feeder cells, the system that had been so successful for maintaining mouse ESCs
in a pluripotent state. However, it was difficult to maintain hESCs in an undiffer-
entiated state under mESC culture conditions. Amit et al. developed a culture
medium containing serum replacer instead of FBS and basic fibroblast growth factor
(bFGF) instead of LIF, which quickly became the standard for maintaining hESCs
[23]. Cultivation of hESCs is much more labor intensive than mESC culture, due
primarily to the difficulty in subculture and passaging them. hESCs do not subculture
well in the standard medium of the day and are often subcultured by manual micro-
dissection of colonies, and not using methods that will permit single cell dissociation.
The size of the cell clusters used to initiate EB formation has been shown to play a
role in the number and type of differentiated cells obtained [24] and can lead to
variable results when initiating differentiation. Efforts to avoid the use of EB to
induce differentiation are part of many development programs. Efforts to develop
methods that permit single cell passaging and subculture hESCs continue. The
identification of Rho-associated kinase (ROCK) inhibitor [25] has greatly improved
the survival of hESCs when passaged using enzymatic cell dissociation methods.
When ESCs are induced to differentiate via an EB intermediate, the dominate cell
types, which relies solely on the EB microenvironment and FBS, are mesenteric in
origin such as skeletal myocytes [26], vascular endothelia [27, 28], cells of the
hematopoietic cell lineage [29], and cardiomyocytes [30, 31]. Importantly, when
hESC lines are induced to differentiate via the same EB induction method (sus-
pension culture in the presence of FBS without bFGF), the same recognizable
cardiomyocytes and blood islands are produced [32].

The basic finding that ESCs can differentiate in vitro into cellular derivatives of
all of the three embryonic germ layers has led to the development of protocols
aimed at the differentiation toward desired cell types. At this time, most of these
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protocols do not produce highly pure populations of terminally differentiated
cell types. A high-level process map for neurogenesis from ESCs would include
(1) undifferentiated ESC culture and scale up, (2) neural induction, (3) specifi-
cation or enrichment for the desired cell type, and (4) analysis of the desired cell
type [33, 34]. Efforts to scale these processes using cGMP-compliant methodol-
ogy, including those for cryopreservation of a stable functional final cell product
suitable for use in a clinical setting are underway and if successful may allow us to
realize the therapeutic potential of hESCs.

Undifferentiated Embryonic Stem Cell Culture

Mouse ESCs are commonly maintained in co-culture with a MEF cell layer in
medium containing FBS supplemented with LIF, which promotes self-renewal and
limits spontaneous differentiation [21, 22]. This combination of MEF/FBS/LIF was
used to derive the first hESC lines [1, 2], but quickly abandoned for a somewhat
more defined system that replaces FBS with Knockout Serum ReplacerTM (KSR,
Invitrogen Inc.) and uses FGF-2 instead of LIF to maintain pluripotency and prevent
differentiation [23]. The feeder cell/KSR/bFGF culture system is recognized as the
standard method for the propagation of undifferentiated hESCs at this time. It is
proven to permit the maintenance hESCs in a diploid pluripotent state for over a
year of continuous culture [35]. Efforts to eliminate feeder cells from the culture
system has led to the development of a number of newer culture systems. The first
feeder-free, serum-free culture system for undifferentiated hESCs shown to stably
support long-term hESC growth uses MEF-conditioned medium (MEF-CM) and
MatrigelTM, an extracellular matrix isolated from mouse sarcoma cell line [36]. The
elimination of feeder cells was a major step forward in simplifying hESC culture,
but the medium and substrata in this system remains undefined and comprised
animal-derived components. As the demand for the development of cells suitable for
therapeutic applications increases so has the number of defined and nearly defined
culture systems. A concerted effort by the International Stem Cell Initiative (ISCI), a
leading international group of hESC scientists, was the systematic evaluation of a
number of defined and semi-defined culture systems [37]. Of all the culture systems
evaluated at the time, two commercially available systems, proved most reliable
across all the teams at the time [38, 39]. These systems mTeSRTM (Stem Cell
Technologies, Inc.) and StemProTM (Life Technologies, Inc.) have been adopted by
many laboratories and have been used in the scale-up of undifferentiated hESCs for
the production of cell banks numbering several hundred vials containing 1–4 million
cells per vial. New methods for propagation of undifferentiated human PSC lines, a
key and often under appreciated step in the scale up production of differentiated
cells, continue to be developed. Variably in the starting cell population can lead to
mixed populations and variable and unpredictable results during scale up differ-
entiation that complicates manufacturing continue to be developed. A method being
employed to eliminate one of the variables in the culture is suspension, thereby
eliminating the need for substrate all together [40–42].
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Another consideration for scale up is the transition of it is worth considering
when moving cells from one culture system to another and the affect these changes
may have on the cells, the long-term stability under newer or modified culture
conditions, and what genetic and epigenetic changes may occur as cells are
adapted to different culture conditions. The method of undifferentiated culture may
affect how efficiently hESCs differentiate toward specific lineages and may need to
be tested empirically to find the best undifferentiated scale up methodology to
prepare or condition the cells for differentiation. The growth surface matrix, basal
media, growth factors, and inhibitors, and oxygen tension, that comprise the
undifferentiated growth conditions may affect the efficiency of differentiation
towards specific lineages [43]. The methods used to propagate undifferentiated
hESCs, the medium, ECM, method for subculture, how many times, and how
many systems the cells have been exposed as well as the number of population
doublings (passage number) may lead to epigenetic and cytogenetic instability or
may prevent efficient differentiation until adapted to the differentiation culture
system that primes them to develop into the desired differentiated cell population.
The difficulty in replicating published results, especially the efficiency of differ-
entiation, may be due in part to the inadvertent conditioning of the undifferentiated
cells.

Neural Induction

ESCs can be induced to differentiate into the three principal neural cell types:
neurons, oligodendrocytes, and astrocytes through neural stem cell (NSC) inter-
mediate (see Tables 2.1 and 2.2). Efforts to define the process of neurogenesis
have led to the identification of cellular predecessors to NSCs that define distinct
cell types on the path to the NSC. Primitive NSC (pNSC) [44] give rise to rosette
NSC (R-NSC) [45] giving rise to neuroepithelial progenitor cells (NEP), which
can be patterned by exposure to small molecules or growth factors to differentiate
into specified predictable neural cell types [46, 47]. Challenges remain with regard
to stable expansion of the neural progenitor populations capable of retaining a
normal karyotype and remaining responsive to patterning cues with prolonged
culture and expansion at the progenitor stage. The use of expression profiling and
small molecule screens have helped identify pathways that permit more efficient
production of specific cell types. Futhermore, the development of defined culture
conditions and the use of small molecules are leading to more predictable methods
that are amenable to scale-up under cGMP. ESC neurogenesis can be viewed as a
step-wise process with identifiable stem/progenitor populations. This is nicely
illustrated by the work of Swistowski and colleagues who have developed a four-
step process for the production of dopaminergic neurons under xeno-free condi-
tions [48] positioning this work for translation to cGMP manufacturing center in
anticipation of clinical application of these cells for the treatment of Parkinson’s
disease. It is important to note that differentiation down the neural lineage does not
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occur in the absence of the development of other cell types, there are other cell
types in the cultures that must be eliminated in order to obtain pure neural pop-
ulations. Increasing the efficiency of production of the desired population is a
major effort and much attention is paid to this issue especially when considering
scaling the process. Currently, it is common to achieve a 1- to 2-fold increase in
cell number at the end of a differentiation process. So, depending on how many
cells one is looking to produce an equal number of undifferentiated cells may be
required at the initiation of differentiation.

ESCs have been shown to produce neurons of multiple phenotypes including
GABAergic, glutamatergic, glycinergic, noradrenergic, and cholinergic neurons.
Physiologic studies indicate that ESC-derived neurons develop functional synapses,
exhibit spontaneous activity, and possess electrophysiologic properties remarkably
similar to those of neurons in primary culture systems. ESC-derived neurons express
proteins or gene products characteristic of primary neurons: those responsible for
general neuronal functions such as b-III tubulin and neurofilament subunits: neu-
ronal cell adhesion molecule (NCAM); transmitter synthesizing enzymes: glutamic
acid decarboxylase (GAD), tyrosine hydroxylase (TH), choline acetyltransferase
(ChAT); transmitter receptor subunits: glutamate receptor (GluR) c-aminobutyric
acid (GABA-R): and neurotransmitters: glutamate, GABA. Furthermore, ESC-
derived neurons possess electrophysiological response to glutamate, GABA, and
intracellular calcium flux, similar to primary cells (see Tables 2.1 and 2.2).

Many of the basic methods and fundamental observations regarding ESCs and
neurogenesis were developed using mESCs key discoveries and are listed in
Table 2.1. The availability of hESCs and the relative ease with which human
iPSCs can be generated have greatly expanded efforts aimed at in vitro differen-
tiation and the drive to further refine and develop culture methods amenable to
scale-up manufacturing (see Table 2.2).

Neural Induction via Embryoid Body Formation

ESCs can be reliably induced to differentiate by lifting them from adherent culture
and allowing them to grow as small free-floating cellular aggregates, called
embryoid bodies (EB), in the absence of inhibitors of differentiation, such as LIF
or FGF-2. Early studies with mESC and teratocarcinoma cell lines showed that
these spontaneously differentiating EBs contained cellular derivatives of all three
germ layers [7, 8]. ESCs within the EBs spontaneously differentiate, based on
intrinsic pathways and extrinsic signals from the culture medium and microenvi-
ronment that any particular cell may find itself within the EB. The EB method of
inducing differentiation is effective for both mouse and human ESCs. However,
the size and density of the starting EBs have been shown to influence the outcome
of the differentiated cell population [24], leading to increased variability. EB
formation is influenced by the homogeneity of the starting culture, generally a
reduced number of EBs are obtained when the starting culture is contaminated
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with differentiated cells. While working at the laboratory scale it is relatively easy
to maintain highly homogeneous cultures of undifferentiated ESCs, this becomes
more challenging when scaling up cultures.

Neural Induction in Adherent Culture

Adherent neural induction methods have been developed that allow efficient
production of NEP without an EB intermediary. These monolayer cultures permit
better monitoring of the process of neurogenesis and allow individual cells and
colonies to be monitored if desired. Ying et al. developed an effective method for
inducing neural differentiation using a transgenic mESC (Sox1-GFP) line [49, 50],
to population of NEP that could withstand long-term culture while retaining their
ability to differentiate into neurons and glia. Adherent neural induction of human
ESCs has been described as well [34, 51–53], where NEP cells are propagated as a
homogeneous monolayer culture expressing nestin, Sox1, Sox2, Sox3, NCAM,
and Musashi-1 and Pax6.

Retinoic Acid

ESCs do not readily differentiate into neurons and glia in the absence of molecules
or growth factors capable of inhibiting other lineages or promoting differentiation
of the neural lineage. One of the most commonly used molecules for inducing
neural differentiation of ESCs is retinoic acid (RA), a metabolite of vitamin A,
which was shown to repress mesoderm differentiation and promote neurogenesis
[54–56]. It has been used to modulate embryonal carcinoma cell (ECC) and ESC
differentiation for decades and continues to play an important role as an inducer of
neurogenesis in hESC and iPSC lines (see Table 2.2). In 1995, Bain et al. pub-
lished an in vitro differentiation method that significantly increases the number of
neural precursors produced by mESCs. Their method, the 4-/4+ method simply
and reliably produces high numbers of neural progenitors in EBs, which when
dissociated and plated further differentiate into neurons and glia [57]. Briefly,
mESCs are cultured in suspension as EBs for 4 days, then RA is added to the
culture medium and the EBs are cultured for an additional 4 days in the presence
of RA. The ‘‘4-/4+’’ culture method has been used to neuralize differentiating
mESCs and guided the development of methods used to produce enriched neuronal
populations derived from hESCs [58, 59]. Under these culture conditions it is
possible to derive all of the major neural lineages: neuroepithelial precursors
(NEPs), glial-restricted precursors (GRPs), neurons, astrocytes, and oligodendro-
cytes from ESCs.

2 Embryonic Stem Cells and Neurogenesis 45
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Noggin

Model organisms have provided the necessary foundation to identify pathways and
modulating factors that drive differentiation during development and have been
crucial to the development of the current in vitro differentiation protocols [60–65].
As knowledge of the stem cell niche and the growth factors that promote and
inhibit differentiation are identified they are being applied to the development of
protocols aimed at modulating the specific pathways that guide differentiation
toward specified lineages [3]. Noggin is one such growth factor. Noggin has been
shown to inhibit bone morphogenic proteins (BMP) and when added to ESC
culture promotes neural differentiation by inhibiting mesoderm formation [66–68].
NSC progenitors derived from noggin treated hESCs have been transplanted into a
rat model of Parkinson ’s disease with functional improvement [69].

Enrichment and Characterization

Current methods to differentiate ESCs do not yield pure or homogeneous popu-
lations of differentiated target cells, with the possible exception of neuroepithelial
cells [47]. Since nearly all current methods produce a heterogeneous population of
differentiated cells, most methods include an enrichment step of one type or
another to eliminate the undesired cells from the final cell product. These strategies
often depend on the use of surface molecules that allow subpopulations to be
eliminated based on differential expression of these surface proteins—some cells
express the marker and others do not permitting the use of the marker to isolate the
desired population. In some cases researchers have identified small molecules or
proteins that have with differential sensitivity to cell types allowing elimination of
unwanted cells via exposure to these compounds—drugs that are toxic to the
unwanted population permit selection of the desired cell type.

Enrichment of specific cell types can be achieved through the use of fluores-
cence activated cell sorting (FACS) and immunopanning, which rely on differ-
ential expression of cell surface antigens. The identification of novel surface
markers that specifically target subsets of mixed populations of neural cells has
been described [70]. In this study a panel of 190 antibodies was used to immu-
nophenotype and isolate specific populations of NSCs, neurons, and glial cells.
NSCs follow the expression pattern CD184+/CD271-/CD44-/CD24+. Using the
same panel of 190 antibodies and appropriate functional assays they identified a
unique pattern for neurons and glial cells. Neurons were identified as CD184-/
CD44-/CD15 low/CD44+ and gave rise to mature and subtype neurons that fired
action potentials. A CD184+/CD44+ glial population gave rise to GFAP-
expressing astrocytes.

Small molecule screens have been used to identify molecules that can be added
to the culture medium and affect one type of cell but not others in the culture dish
[71, 72]. Han and colleagues undertook a small molecule screen and identified a
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small molecule that selectively eliminates NSCs, but not dopaminergic neurons
from their cultures [73].

Transgenic and gene targeting technologies have been very useful in the
development of protocols that drive differentiation toward specific lineages as well
as permit the tracking cells in vivo following transplantation into animal models.
Gene modified cell lines have been used to identify modulators of specific cell
types and to determine the timing and dose of growth factors or small molecules
during differentiation process development [74–80].

Genome-wide expression analysis is being used to define phenotypic classes of
stem cells [81–83] and focused expression arrays have been developed to reveal
pathways of neurogenesis [84]. Epigenetic analysis of hESCs and their differen-
tiated progeny are starting to reveal unique epigenetic signatures of each class[85]
and the proteome is being examined as well [86], new technologies allow ever
more sensitive analysis that increases our understanding of these cells and permits
the development of more refined methods for in vitro ESC neurogenesis.

The ESC System: Advantages, Limitations, and Potential

While the in vitro ESC system offers great promise in terms of scientific discovery
and therapeutic potential, there are many hurdles to overcome before this potential
is fully realized. Even as the first hESC-derived products have been approved for
use in humans, many questions remain to be answered, many of which can only be
answered upon careful monitoring of the transplant recipients [87–90].

Reliable and scalable xenogeneic-free culture media and methods are being
developed [38, 39, 91] and the derivation of clinical-grade hESC lines [92] and
iPSC lines [93] have been described. However, issues remain to be solved with
long-term propagation and long-term preservation of hESC-derived cellular
products. Genetic and epigenetic stability of both the undifferentiated cells and
their and differentiated progeny needs to be determined. The percentage and type
of cells in the ad-mixture that comprises the final cell product need to be deter-
mined during scale-up and production of the cell product. The reproducibility with
which the ad-mixture is obtained during the process is also of interest and can only
be addressed by conducting repetitive production runs at scale, a costly under-
taking, but the only way to qualify the process and determine the overall robust-
ness of the differentiation and manufacturing methodology. The identification and
determination of the remaining undifferentiated hPSCs, if any, in the final cell
product is a critical issue in the field, as is the determination of the minimal
number of undifferentiated cells, that will induce a tumor in the diseased tissue or
organ.

The methods originally developed to differentiate mouse ESCs have been
optimized for and improved upon in the hESC system. When these in vitro dif-
ferentiation methods are coupled with patient-derived iPSCs, an entirely new
method to model human disease is created [94]. Proof of principle of this new
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paradigm has been used in the mouse to correct sickle cell disease [95] and applied
to an animal model of Parkinson’s disease [96]. iPSCs, which can be produced
relatively easily, but may have variable efficiency and propensity to become dif-
ferentiated cell types [97] have greatly increased the genetic diversity of human
PSC lines available for basic discovery and drug screening programs. iPSC
research is in very early stages. Evaluating the long-term stability and determining
their ultimate usefulness in the treatment of disease is ongoing. They offer a unique
opportunity to apply both gene and cellular therapy to the regenerative medicine
paradigm.

Whether the starting material is ESC or iPSC, the development of reliable and
reproducible methods to direct their differentiation to a pure population of a
specific cell type remains a major challenge in the field. Further, the development
of effective enrichment methods that eliminate unwanted cells, especially undif-
ferentiated PSCs, the development of qualified assays designed to assess the
identity, purity, and potency of the final cell product remain a major challenge in
the field if the goal is to apply these cells to the treatment of human injury and
disease.

The in vitro ESC system combined with high-throughput screening and gen-
ome-wide analysis provides scientists with the means to identify the molecular
mechanisms guiding mammalian development, the pathogenesis of disease, and to
develop efficient methods that will allow the therapeutic application of these cells
to regeneration and repair or perhaps allow us to gain sufficient understanding of
human development that one day we might correct deficits and activate specific
endogenous repair pathways without the need for cellular transplantation.
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