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munity as well as ethical debates. hESC lines provide an 
unlimited source of human cells that can be differenti-
ated to all cell types and at all stages of development. This 
is ideal for developing cell replacement therapies to treat 
degenerative diseases. However, this pluripotent charac-
teristic of hESCs is a ‘double-edged sword’ and one of the 
major challenges in hESC research lies in determining 
how to direct hESCs to a specific progenitor cell type. For 
this, we need to thoroughly understand the signalling 
pathways involved in hESC differentiation. This review 
will focus on three main stages of hESC neural differen-
tiation: neural induction, maintenance and expansion of 
neural progenitors, and their differentiation and specifi-
cation to neurons. The signals involved in each of these 
stages are yet to be fully identified in hESCs and much of 
what is known has been based on studies of early neural 
development and mouse ESCs. Unravelling these path-
ways will help establish optimal protocols to direct hESC 
fate and thus provide pure populations of cell types that 
can be used for further research.

  Signals Involved in Neural Induction 

 To date, there are three major methods of promoting 
hESC neural induction. The earliest method of generat-
ing neural stem cells (NSCs) was by keeping hESC cul-
tures beyond a week without passage to allow their spon-
taneous differentiation to early progenitors of germ lin-
eages  [2] . Cells that had differentiated to neuroectoderm 
could be morphologically identified by their aggregation 
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 Abstract 

 Neural differentiation from embryonic stem cells involves 
progressive stages of neural induction, expansion and main-
tenance of neural stem/progenitor cells, and differentiation 
to neurons and glia. Our understanding of the signals in-
volved in each of these processes is primarily based on our 
knowledge of neural development during embryogenesis. 
This review will focus on the signalling pathways that have 
been identified to play a role in neural differentiation of hu-
man embryonic stem cells (hESCs), including their induction 
to neuroectoderm, maintenance and expansion of hESC-
 derived neurospheres, differentiation to neurons and speci-
fication to specific neuronal lineages. Understanding the 
signals involved in each of these stages is important for 
 optimising methods to derive specific cell types for trans-
plantation therapies, as well as for providing insight into the 
mechanisms of human neurogenesis. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 When human embryonic stem cell (hESC) lines were 
first derived in 1998 by Thomson et al.  [1] , there was 
much excitement within the scientific and public com-
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into rosette-like structures, resembling neuroepithelial 
cells of the embryonic neural tube. A variation to this ap-
proach is to culture hESCs in suspension such that they 
form aggregates of differentiated cells, known as embry-
oid bodies  [3–6] . The media used in spontaneously dif-
ferentiating cultures may also be suited for maintenance 
of NSCs, thus allowing a biased survival of neural pro-
genitors in particular. Although the media may be de-
fined in these differentiation systems, the critical factors 
and signalling pathways that influence neural induction 
in hESCs are not known. These methods may rely on the 
notion that hESC neurogenesis is occurring by a default 
endogenous pathway and the culture conditions are op-
timized to specifically sustain the growth and mainte-
nance of neural cells. The second most common approach 
to promote hESC neural induction is to co-culture hESCs 
on a feeder layer of stromal cells, such as PA6 or MS5 cell 
lines  [7, 8] . Such stromal cell lines appear to secrete, or at 
least express, factors that promote hESC neural rosette 
formation. In these feeder layer formats it would be dif-
ficult to completely define the factors responsible for 
hESC neural induction.

  To date, the only approach that has been shown to in-
duce hESC neural differentiation in a defined manner is 
by directly inhibiting the BMP and/or SMAD signalling 
pathways  [9] . If hESCs are left to spontaneously differen-
tiate in vitro, one of the first lineages to arise is primitive 
endodermal cells. It was found that this differentiation 
was mediated by a positive feedback loop whereby BMP2 
secreted by hESCs activated the Smad1 pathway, thereby 
generating their differentiation  [10] . In order to inhibit 
this pathway and perhaps retain hESCs undifferentiated, 
Pera et al.  [10]  tested the effects of treating hESCs with 
different BMP antagonists including follistatin, cerberus 
and noggin. Only noggin treatment was shown to have 
any obvious effects on hESCs, although not by preventing 
their differentiation. Treatment of hESCs with noggin 
generated a homogenous, morphologically distinct pop-
ulation of cells and that expressed neuroectodermal 
markers, including Pax6 and Sox2, and no detection of 
mesoderm or endoderm lineage markers. Interestingly, 
noggin-treated hESC colonies do not show the character-
istic rosette-like structures as observed in spontaneously 
differentiated cultures ( fig. 1 ). However, classic neural ro-
settes are observed in neurospheres derived from noggin-
treated hESC colonies ( fig. 1 d, e)  [10, 11] . It may be that 
the noggin-treated hESCs are at an earlier stage of neu-
rogenesis, perhaps representing a population of early 
neuroectodermal cells, as compared to neurospheres that 
may be more representative of neuroepithelial cells of the 

neural tube. These experiments were performed in cul-
ture conditions that required feeder layers of mouse em-
bryonic fibroblasts and in the presence of serum media, 
suggesting that perhaps noggin is synergising with other 
undefined factors to mediate hESC neural induction  [10, 
12] . Another study showed that chemically defined me-
dia supplemented with noggin resulted in Pax6+/Sox1– 
neural rosettes, and additional supplementation of fibro-
blast growth factor (FGF) induced Pax6+/Sox1+ neural 
rosettes that could differentiate into neurons  [13] . This 
was supported by similar studies showing formation of 
neurospheres when hESCs were cultured in suspension 
in neurosphere maintenance media supplemented with 
noggin  [14] . Thus, noggin alone appears to at least initiate 
hESC differentiation towards neural.

  BMPs form part of the transforming growth factor  �  
(TGF � ) superfamily of growth factors that signal through 
specific heteromeric complexes of type I and type II re-
ceptors  [15, 16] . Activation of type I and type II receptors 
results in phosphorylation of receptor-regulated Smad 
proteins. The BMP pathway mediates its signal via phos-
phorylation of Smad1, Smad5 and Smad8. Other TGF �  
members, activin and TGF � , mediate their signal via 
Smad2 and Smad3. Phosphorylated Smad proteins form 
a complex with Smad4 to then regulate transcription of 
downstream target genes. As explained above, noggin 
treatment in hESCs blocks the BMP/Smad1-signalling 
pathway. A recent study showed that hESC neural induc-
tion occurred with higher efficiency by combined treat-
ment of noggin and the small molecule, SB431542  [9] . 
SB431542 inhibits phosphorylation of activin and TGF �  
receptors, ALK4, ALK5 and ALK7, thereby blocking the 
downstream Smad2/3-signalling pathway. Thus, the 
combined inhibition of BMP-mediated and activin/
TGF � -mediated Smad-signalling pathway augments 
hESC neural induction. The next step is to determine 
which pathways are active to mediate transcription of 
early neural genes in hESCs and what other factors may 
be needed to induce these signalling pathways.

  A commonly used method for neural induction of 
mouse ESCs is to treat embryoid bodies with retinoic acid 
(RA)  [17–19] . However for hESCs, RA treatment appears 
to be involved in directing neural progenitor fate towards 
spinal cord progenitors rather than in neural induction 
itself  [20]  (see below). Thus, there may be some funda-
mental differences in neural induction signals between 
hESCs and mouse ESCs. This is consistent with the dif-
ference between hESCs and mouse ESCs in requiring LIF 
signalling to maintain ESCs pluripotent  [21] . Saying this, 
other methods used for hESC neural induction are also 
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applicable for mouse ESCs, including PA6 stromal co-
culture systems and noggin signalling  [22–24] . Thus, al-
though many signals and mechanisms involved in neural 
induction and differentiation may be highly conserved 
processes across species, one cannot presume that they 
are necessarily consistent. For this reason, studies in 
hESC neural differentiation need to be thoroughly char-
acterized, similar to what has been previously done for 
mouse ESC neural differentiation.

  Signals Involved in Neural Expansion and 

Maintenance 

 Once hESCs have undergone neural induction, the 
next stage is to maintain and expand the neural stem/
progenitor cells in culture. Following neural induction, 
cells are usually transferred to suspension culture condi-
tions that promote formation of neurospheres, as adapted 
from the mouse neurosphere assay  [25, 26] . The media 
used for neurosphere formation and maintenance are 
commonly supplemented with mitogenic factors, bFGF 
and epidermal growth factor (EGF)  [12] .

  hESC colonies that are treated with noggin for 14 days 
for neural induction are then mechanically isolated and 
cultured in suspension to form neurosphere aggregates 
 [10, 12] . Expression analyses of neurospheres derived 
from noggin-treated hESCs show different transcription-
al profiles compared to noggin-treated hESC colonies. At 
the neurospheres stage, there is an upregulation of the 
dorsal neural markers, Pax3 and Pax7, and these Pax3+/
Pax7+ cells appear to be mutually exclusive to Pax6+ cells 
 [11] . Thus, neurospheres consist of a heterogeneous pop-
ulation of early neural progenitors. It was also found that 
at the neurosphere stage of hESC neural differentiation, 
there is endogenous production of canonical and non-ca-
nonical Wnt proteins as well as upregulation of Wnt re-
ceptors, suggesting a requirement of Wnt signalling for 
maintenance of hESC-derived neural progenitors  [11] . 
In support of this hypothesis, exogenous treatment of 
Wnt3a to hESC-derived neurospheres resulted in in-
creased efficiency of neurosphere formation and neuro-
sphere size  [11] . Likewise, inhibition of canonical Wnt 
signalling in neurospheres by Dkk treatment resulted in 
poor neurosphere formation. Activation of Wnt signal-
ling was correlated with an increase in proliferation and 
survival of neural progenitors  [11] . These findings sug-
gest an autocrine mechanism of Wnt signalling by hESC-
derived neural progenitors to enhance their survival and 
proliferation. Since neurospheres consist of heteroge-

neous neural progenitor subtypes and are also intrinsi-
cally differentiating within the neurospheres over time, 
it remains to be determined if Wnt signalling is occurring 
in a subset of progenitors and/or at a specific stage of the 
neural differentiation pathway.

  Studies by Elkabetz et al.  [27]  demonstrated that the 
rosette-forming NSCs (R-NSCs) that express anterior 
markers of the nervous system, such as Forse1, have the 
broadest differentiation potential. R-NSCs were able to 
differentiate to cell types of both anterior-posterior, cen-
tral and peripheral nervous system. Interestingly, R-NSCs 
that expressed caudal markers of the nervous system 
were more restricted in their potential to differentiate to 
neural cell types. Consistent results were observed with 
R-NSCs derived from using neural induction methods of 
either stromal co-cultures or by embryoid body forma-
tion  [27] . The authors demonstrated that R-NSCs could 
be maintained long-term by stimulating the sonic hedge-
hog (Shh) and notch pathways; however, this mainte-
nance was only observed in high-density cultures. Inter-
estingly, bFGF and EGF promoted differentiation of R-
NSCs. This may explain why hESC-derived neurospheres 
maintained in media supplemented with bFGF and EGF, 
as described above, may consist of heterogeneous cell 
types. Thus, to elucidate key signalling pathways involved 
in maintaining hESC-derived neural stem/progenitor 
cells, it is desirable to first establish markers to identify 
progenitor subtypes in culture, and second to optimize 
the culture conditions such that pure populations of pro-
genitor subtypes can be maintained. As the technology 
advances for hESC research, there will be more refined 
assay and culture systems available to address these 
needs.

  Fig. 1.   a  Bright-field image of a hESC colony cultured on mouse 
fibroblasts and treated with noggin for 14 days for neural induc-
tion. At this stage, although neural rosettes are not observed with-
in the colony, many of the cells within the colony express Pax6 ( b ). 
 c  Dapi image of  b .  d  Neurosphere derived from noggin-treated 
hESC, stained with the nuclear marker Dapi, showing rosettes 
(arrows).  e  Bright field showing hESC-derived neurosphere plat-
ed on fibronectin substrate. Rosettes are observed within the cen-
tral regions (arrow).  a ,  e  Scale bar = 500  � m;  c ,  d  scale bar = 200 
 � m. 
  Fig. 2.  Summary outlining the various stages of hESC neural dif-
ferentiation, from neural induction of pluripotent stem cells to 
expansion and early specification of neural progenitors and fi-
nally their differentiation to specific neuronal lineages. 
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  Signals Involved in Neural Differentiation 

 The third stage of hESC neurogenesis is differentiation 
of neural progenitors to neurons and glia. One of the most 
challenging aspects of stem cell therapies is that in vivo 
differentiation of NSCs tends to be biased towards glial 
lineages, particularly during degeneration/injury when 
there is extensive and ongoing inflammation. Thus, iden-
tifying the signals that can regulate neuronal differentia-
tion may be very useful therapeutically for developing 
stem cell therapies to treat neurodegenerative disorders.

  In vitro differentiation of hESC-derived neural pro-
genitors usually involves plating neurospheres onto lam-
inin and fibronectin substrates that bias their differentia-
tion towards neural and glia, respectively  [12] . Removal 
of mitogenic factors, bFGF and EGF, also promotes dif-
ferentiation of progenitors to  � -tubulin-positive neurons. 
Whereas for glial differentiation, neural basal media con-
tinue to be supplemented with bFGF and EGF, as well as 
platelet-derived growth factor-AB (PDGF-AB)  [12] . The 
presence or absence of mitogenic factors for glial or neu-
ral differentiation, respectively, suggest that pathways in-
volved in lineage specification may also be associated 
with pathways that regulate cell cycle.

  Factors that are released in neuroinflammation may 
very likely influence the differentiation fate of NSCs. This 
was found to be the case with lysophospholipids. Lyso-
phosphatidic acid (LPA) is a bioactive lipid that is released 
by activated platelets and is a significant factor contribut-
ing to an inflammatory response during neurotrauma 
 [28] . Previous studies investigating the effects of lyso-
phospholipids in hESC neural differentiation identified 
that LPA was able to inhibit differentiation of hESC-de-
rived neural progenitors to neurons  [29] . Interestingly, 
differentiation to astrocytes was not affected by LPA 
treatment. It was found that LPA-induced inhibition of 
neuronal differentiation was mediated by combined ac-
tivation of the Rho/ROCK and P13K/Akt pathways, 
and these two pathways acted independently  [29] . Thus, 
blocking these pathways may be a useful mechanism for 
inducing neuronal differentiation in hESC-derived pro-
genitors and may be a strategy to consider in stem cell 
transplantation studies.

  Signals Involved in Neural Specification 

 If stem cells are to be used in cell replacement thera-
pies, it would be preferable to transplant a specific cell 
type that would functionally replace degenerated endog-

enous cells. For this reason it is important to know how 
to direct hESC neural differentiation towards a specific 
lineage of the nervous system. hESC neuronal differen-
tiation can be biased towards specific neuronal lineages 
by mimicking precise patterning signals during embry-
onic development. Patterning signals may act as agonists 
or antagonists to drive or block cell fate, respectively. 
Similar to patterning within the embryonic neural tube, 
neuronal specification is dependent on the concentration 
of the morphogen. Finally, the precise timing of exoge-
nous signalling is critical for neuronal specification. All 
of these aspects need to be taken into consideration, and 
carefully tested, when developing a system to derive spe-
cific neuronal populations from hESCs.

  Dopamine Neurons 
 Derivation of dopamine neurons from hESCs has been 

one of the primary cell types pursed as a target for devel-
oping stem cell therapies to treat Parkinson’s disease  [30] . 
Parkinson’s disease is a neurodegenerative disorder that 
involves specific degeneration of dopamine neurons 
within the substantia nigra regions of the brain. During 
embryogenesis, dopamine neurons of the substantia 
nigra arise from the developing ventral midbrain, also 
known as the ventral mesencephalon, and can be identi-
fied by the combination of transcription factors some of 
which are: Pitx3, Lmx1a, Nurr1, En1, Foxa2  [31–36] . Do-
pamine neurons also arise in the developing forebrain 
regions; however, these neurons show a different tran-
scription expression profile during development  [37] . It is 
not yet established whether forebrain dopamine neurons 
are suitable for replacing function of degenerate mid-
brain dopamine neurons. Nevertheless, the strategy used 
to derive dopamine neurons from embryonic and/or 
NSCs is focused on generating ventral midbrain neural 
progenitors with the intention of enriching midbrain do-
pamine neurons.

  Shh and FGF8 are regarded as the two key ligands in-
volved in the generation of ventral midbrain neuronal 
cell types in vitro and in vivo  [38–41] . One of the major 
functions of Shh in the developing nervous system is to 
specify ventral cell types of the neural tube  [38, 42] . FGF8 
is involved in the patterning of the isthmus, a region that 
divides the midbrain and hindbrain regions during brain 
development  [43] . Together, these molecules specify cell 
types arising within the ventral midbrain regions of the 
embryo and thus are used in vitro to specify neural stem/
progenitor cells to midbrain dopaminergic neurons. The 
timing of Shh and FGF8 exposure during neural differ-
entiation may be important. Most protocols add Shh and 
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FGF8 to culture media during the expansion period of 
neural progenitors, and/or in the early stages of neuronal 
differentiation  [39–41] . One study showed that if hESC-
derived neural progenitors are initially exposed to FGF2 
treatment and then later followed by FGF8 and Shh, this 
gave rise to forebrain-like dopaminergic neurons ( fig. 2 ). 
Whereas early exposure of progenitors to FGF8 rather 
than FGF2, followed by FGF8 and Shh, generated mid-
brain dopaminergic neurons  [39] . As mentioned above, 
Elkabetz et al.  [27]  described how Shh and Notch signal-
ling helped maintain R-NSCs undifferentiated. In this 
study, they found that long-term addition of FGF8 to R-
NSC cultures promoted their differentiation. Thus, the 
functional outcome of Shh and FGF8 signalling may be 
dependent upon the stage of neural differentiation. Over-
all, the proportion of dopaminergic neurons obtained 
may vary between different protocols and is probably de-
pendent upon the hESC line, hESC culture conditions 
and their system of neural induction. Nevertheless, these 
signalling factors that are shown to enhance specification 
of midbrain dopamine neurons during embryogenesis 
also seem to influence neuronal fate during hESC neural 
differentiation.

  One issue relating to using exogenous factors as a 
strategy to generate midbrain dopamine neurons is that 
these factors also are involved in the generation of other 
neuronal populations such as serotonin neurons  [44] . 
Thus, the other approach for generating specific cell types 
is to use intrinsic factors in addition to, or perhaps alter-
natively, extrinsic factors. As outlined above, during de-
velopment progenitors of midbrain dopamine neurons 
are identified by their expression of Pitx3, Lmx1a, Nurr1, 
En1, and Foxa2 transcription factors during different 
stages of differentiation. Recent studies found that forced 
Lmx1a expression in hESC-derived neural progenitors 
all gave rise to midbrain dopamine neurons  [45] . This is 
useful as a ‘proof of concept’ approach to generate speci-
fied neural progenitors in vitro to determine whether 
they give rise to midbrain dopamine neurons in vivo. In-
deed, this was observed using mouse ESC-derived neural 
progenitors that had forced expression of Lmx1a  [45] . 
Identification of cell surface markers that are specific to 
committed neural progenitor cell types, such as midbrain 
dopamine progenitor, will be useful for isolating specific 
cell populations without genetic manipulation.

  Spinal Cord Motor Neurons 
 hESC neural induction by noggin treatment, stromal 

co-cultures or embryoid bodies results in neural progen-
itors characteristic of forebrain/midbrain and dorsal 

neural tube cell types  [11, 20, 27] . Therefore, generation 
of spinal cord motor neurons requires signals to direct 
the fate of neural progenitors to more caudal and ventral 
cell types  [8, 20] . A study by Li et al.  [20]  described when 
commitment of progenitor fate occurs following neural 
induction. During neural induction using a chemically 
defined media adherent culture system, initially rosettes 
are Pax6+/Sox1– and then later in culture become Pax6+/
Sox1+. Early rosettes also possess a rostral orientation 
and can be identified by the expression of Otx2, a fore-
brain/midbrain marker, and are negative for the mid-
brain marker Engrailed1 and HoxC8, a homeodomain 
protein produced in the spinal cord  [20] . Further differ-
entiation of neural cultures also reveals the upregulation 
of Pax7, a dorsally expressed transcription factor. This 
study showed that early rosettes can be caudalized when 
exposed to RA ( fig. 2 )  [20] . The exposure of Sox1+ late 
rosettes to RA does not influence their rostral-caudal ori-
entation and suggests that Sox1-expressing rosettes are 
already regionally specified. Shh was added during the 
later stages of neural differentiation to induce specifica-
tion of ventral cell types, in particular motor neurons. 
Another study published later showed that the small mol-
ecule, purmorphamine, functions as a Shh agonist and 
could be exchanged for Shh in the culture system to gen-
erate motor neurons  [46] .

  It is interesting that, in both systems for generating 
midbrain dopamine neurons and spinal cord motor neu-
rons, the signals responsible for specifying the rostral-
caudal fate of progenitors, FGF8 and RA, respectively, 
need to be added at early stages during neural induction 
 [20, 39] . Whereas the signal required for ventralizing pro-
genitor fate, Shh, was added at slightly later stages of neu-
ral differentiation  [20, 39] . Indeed, dorsal markers such 
as Pax7 are observed to be expressed at later stages during 
stages of neural progenitor expansion  [11] . Thus, rostral-
caudal and dorsal-ventral patterning signals may also re-
quire appropriate timing and co-ordination of exposure 
for their function in driving progenitor cell fate to be ef-
fective.

  Conclusions 

 Although different protocols have been employed to 
direct hESC neural differentiation, there are common 
signals and stages observed across all culture systems. 
hESC neural differentiation can be crudely divided into 
three main stages of neural induction, neural stem/pro-
genitor expansion, and neuronal and glial differentia-
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tion. However, as each of these stages is more carefully 
characterized, it is evident that each stage can be further 
subdivided into multiple events to progress a stem cell 
through its different progenitor stages. Identifying the 
signals and mechanisms involved at each of these stages 

is important for learning how to ultimately manipulate 
stem cells, whether it be from an endogenous or exog-
enous source of cells, to restore and repair neural cir-
cuitry.
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