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Abstract
Basic research on pluripotent stem cells is designed to 
enhance understanding of embryogenesis, whereas 
applied research is designed to develop novel thera-
pies and prevent diseases. Attainment of these goals 
has been enhanced by the establishment of embryonic 
stem cell lines, the technological development of ge-
nomic reprogramming to generate induced-pluripotent 
stem cells, and improvements in in vitro  techniques 
to manipulate stem cells. This review summarizes the 
techniques required to generate neural cells from plu-
ripotent stem cells. In particular, this review describes 
current research applications of a simple neural dif-

ferentiation method, the neural stem sphere method, 
which we developed.
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Core tip: In vitro  techniques for manipulating stem 
cells can enhance the development of stem cell-based 
therapies and effective prevention against human dis-
eases. This review summarizes the techniques required 
to generate neural cells from pluripotent stem cells, as 
well as focusing on current research applications of a 
simple neuronal differentiation method, the neural stem 
sphere method.
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INTRODUCTION
All somatic cells forming an individual are derived from 
one fertilized egg, a totipotent stem cell, which differ-
entiates into preimplantation blastocysts that possess a 
pluripotent inner cell mass (ICM). Pluripotency is defined 
as the potential to differentiate into any somatic cell via 
three embryonic germinal layers: the endoderm, the 
mesoderm and the ectoderm. Mechanisms of  pluripo-
tency have been studied in embryonal carcinoma (EC) 
cells as in vitro models[1,2]. Although EC cells have some 
properties similar to pluripotent ICMs, EC cells isolated 
from teratocarcinomas frequently have abnormal chro-
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mosomes and their ability to differentiate is restricted[3,4]. 
Nevertheless, studies using EC cells have provided valu-
able information on culture conditions and characteriza-
tion criteria of  pluripotent stem cells.

The strategies used to create normal pluripotent stem 
cells were very simple. Most important was developing 
methods to isolate ICM from blastocysts and to main-
tain the isolated pluripotent stem cells in vitro. Mouse 
embryonic stem (ES) cells from ICM of  blastocysts were 
successfully maintained in a proliferative and undiffer-
entiated state in serum-containing medium on a mouse 
embryonic fibroblast (MEF) feeder cell layer[5,6]. In addi-
tion, leukemia inhibitory factor (LIF) was identified as a 
protein secreted by the feeder cells that was required to 
maintain mouse ES cells so that they did not differenti-
ate spontaneously[7,8]. Subsequently, monkey and human 
ES cells were established under appropriate culture 
conditions, which differed from those for mouse ES 
cells because of  no effect of  LIF on maintenance of  the 
undifferentiated state of  these primate cells[9-11]. Human 
ES cells are cultured in the presence of  basic fibroblast 
growth factor (FGF-2) instead of  LIF[12]. Human ES 
cells as normal pluripotent stem cells provide not only 
an effective tool to uncover novel biological knowledge 
related to processes of  cell differentiation, but may be 
stable sources of  donor cells for cell-based therapies. 
Despite these biological advantages of  human ES cells, 
they involve enormous ethical and legal issues due to the 
destruction of  human embryos with potential to develop 
into human beings. 

The establishment of  induced-pluripotent stem (iPS) 
cells has overcome the ethical problems involved in us-
ing human ES cells, as well as increasing the applications 
of  pluripotent stem cells. For example, iPS cells estab-
lished from a patient, who has already been affected by 
a disease, can be used to analyze the progression of  that 
disease[13-15]. Although iPS cells are associated with sev-
eral specific problems, including their reduced efficiency 
of  reprogramming, the integration of  exogenous DNA 
into the host genome and the carcinogenic effects of  
the DNA, these problems may be overcome by various 
technical improvements[16-20]. In future, pluripotent stem 
cells, including iPS cells and somatic cell nuclear transfer 
derived ES cells, will be characterized by comparison to 
ES cells as the gold standard and will be utilized in many 
aspects of  basic and clinical research, depending on their 
features[21,22]. 

NEURONAL DIFFERENTIATION OF 
PLURIPOTENT STEM CELLS
Stemness, an essential characteristic of  a stem cell, in-
volves properties of  self-renewal and the potential to dif-
ferentiate into functional somatic cells. Pluripotent stem 
cells, like ES and iPS cells, can proliferate infinitely in an 
undifferentiated state and have the potential to differenti-
ate into any somatic cell derived from the three embryon-
ic germ layers. In contrast, neural stem (NS) cells, defined 

as stem cells committed to the neural cell lineage, have 
lost pluripotency and acquired multipotency, or a limited 
ability to differentiate into several cell types. For example, 
NS cells can differentiate into neural cells, such as neu-
rons, astrocytes and oligodendrocytes. The pluripotency 
of  cells can be experimentally analyzed by two general 
methods, teratoma formation in vivo and embryoid body 
(EB) formation in vitro[23-25]. In the EB formation method, 
enzymatically digested mouse ES cells are grown in hang-
ing drop culture in serum-containing media without LIF. 
These dissociated ES cells immediately form unorganized 
aggregates, resulting in EBs after several days. These EBs 
consist of  endodermal, mesodermal and ectodermal 
cells, thus closely resembling early post-implantation em-
bryos[26]. Many attempts have been made to modify this 
method to improve the reproducibility and efficiency of  
EB formation[27-29]. Some modifications alter the direction 
of  differentiation via EBs, indicating that optimization of  
culture conditions to form EBs would efficiently bias the 
direction of  differentiation, enabling the preparation of  
large numbers of  desired specialized cells from pluripo-
tent stem cells.

The criteria used to assess differentiation methods 
include the simplicity of  the procedure, the efficiency of  
differentiation and versatility across animal species. Sev-
eral methods of  neural differentiation have been devel-
oped. EB formation is the method used most frequently 
to assess pluripotency, as described above. However, neu-
ral differentiation via EB formation is spatiotemporally 
unusual and not unidirectional, reducing the effective 
generation of  neural cells. To overcome these limitations, 
retinoic acid, a well-known morphogenic factor, is added 
to culture media to promote neural differentiation[30]. In 
addition, FGF-2 may be used to promote the selective 
proliferation of  NS cells from EBs, increasing the total 
number of  NS cells[31]. Unfortunately, even these opti-
mized protocols involve elaborate and time-consuming 
procedures to generate homogeneous populations of  
neural cells. 

The serum-free cell suspension method is based on 
EB formation using chemically defined media and secret-
ed factors, similar to those utilized for neurogenesis in 
embryos[32]. In brief, treatment with Wnt and Nodal an-
tagonists during the formation of  EBs promotes the se-
lective differentiation of  dissociated mouse ES cells into 
neural cells. This method, in combination with cell sort-
ing techniques, can efficiently generate central nervous 
system (CNS) cells, including telencephalic progenitors, 
retinal progenitors, photoreceptor cells and hypothalamic 
neurons[32-34]. Another method, dual-SMAD inhibition 
protocol, is based on monolayer culture with SMAD 
signaling inhibitors such as noggin and SB431542, gener-
ating not only CNS cells like primitive and definitive NS 
cells, but also neural crest cells from human ES cells with 
high efficiency[35-37]. In the case of  neurogenesis of  hu-
man ES cells, these methods require application of  Rho-
associated kinase (ROCK) inhibitor Y-27632 to improve 
the poor survival of  human ES cells after enzymatic 
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dissociation[32,35]. Recently, it has been reported that this 
ROCK inhibitor itself  promotes neuronal differentiation 
of  mouse ES cells, suggesting that ROCK inhibitor may 
promote both cell viability after dissociation and improve 
efficiency of  neuronal differentiation of  human ES 
cells[38]. In contrast, these methods based on chemically 
defined media depend on ready-to-use products, reduc-
ing efforts to introduce these experimental methods, For 
example, the compositions of  well-known supplements, 
including Knockout Serum Replacement and B-27 sup-
plement, have been kept confidential, blocking the ability 
to prepare and optimize them for use in individual labo-
ratories. In addition, these commercially available supple-
ments vary widely in their ability to support neurons in 
culture[39]. Lot-to-lot variations in these products should 
be monitored when using these products in neuroscience 
research. 

UNI-DIRECTIONAL NEURONAL 
DIFFERENTIATION OF ES CELLS BY THE 
NEURAL STEM SPHERE METHOD
The neural stem sphere (NSS) method is a simple neural 
differentiation method using only astrocyte-conditioned 
medium (ACM) prepared from serum-free medium un-
der free floating conditions[40-42]. In brief, ES cell colonies 
formed on MEF feeder layers at clonal density are me-
chanically picked. In the absence of  proteolytic digestion, 
these ES cell colonies maintain a compact shape, like 
ICM in blastocysts. These ES cell colonies are subse-
quently cultivated in ACM on bacteriological dishes for 
short periods of  time. Cultivation of  rodent and primate 
ES cell colonies for 4 and 12 d, respectively, results in the 
efficient development of  cell spheres, designated NSSs, 
which mainly contain NS cells and neurons. 

In addition to the ease of  performance of  this pro-
cedure and, its versatility across animal species, the NSS 
method has some characteristic properties. This method 
promotes the unidirectional neuronal differentiation of  
mouse ES cells through stepwise progression, charac-
terized as the synchronous conversion of  ES into NS 
cells through epiblasts as intermediates[43]. The temporal 
course of  this process is comparable to that of  neural 
tube organization from blastocysts during early em-
bryogenesis. Supplementation of  ACM with epidermal 
growth factor (EGF) and FGF-2 accelerates both the 
proliferation of  NS cells and the suppression of  neuro-
nal differentiation, resulting in the generation of  NSSs 
composed of  a population rich in NS cells, even during 
the same culture period. Furthermore, adhesion culture 
of  these NS cell-rich NSSs with mitogens, EGF and/or 
FGF-2 on matrigel-coated tissue culture dishes provides 
large numbers of  homogenous NS cells. These NS cells 
can be maintained on monolayer cultures with mitogens, 
can be preserved by freezing, and can differentiate into 
neurons and glia[44]. Altogether, these findings suggest 
that the NSS method will provide a platform for consid-

erable biological research on neurodevelopmental pro-
cesses, including the generation of  neuroepithelial cells 
from pluripotent stem cells, postmitotic neural matura-
tion and neural cell death. 

BASIC RESEARCH AND APPLICATIONS 
USING NEURAL STEM SPHERES AND 
HOMOGENEOUS NEURALS CELLS
As described above, cell spheres formed using the NSS 
method mimic neural tissues during early embryogenesis, 
with NSSs providing homogeneous NS cells that can be 
maintained on monolayer cultures. Since the platform 
based on the NSS method will provide novel findings in 
many biological disciplines, several basic and applied re-
search findings using this platform are described below.

Neural stem sphere as an in vitro model to analyze early 
neurodevelopment
Understanding the molecular basis underlying early 
neurogenesis enhances the efficiency of  production of  
neural cells in vitro, as well as providing insights into the 
mechanisms underlying neurodevelopmental disorders. 
In particular, some information is available about the 
molecular events associated with the transition from pri-
mate ES to neural cells. A search for proteins involved 
in mouse and monkey neurogenesis from ES cells to NS 
cells and neurons using two-dimensional gel electropho-
resis and peptide mass fingerprinting and NSSs as in vitro 
models have identified seven proteins in mouse and 34 in 
monkey, all of  which specifically change during neuronal 
differentiation[45-47]. In these proteomic analyses, galec-
tin-1 is identified as a protein which transiently expresses 
in NS cells during neuronal differentiation of  mouse ES 
cells. This protein is well known to interact with extra-
cellular matrix including laminin and fibronectin, and is 
involved in neuronal path-finding, neurite outgrowth and 
axon fasciculation[48-50]. Interestingly, the expression of  
galectin-1 protein does not change during the conversion 
of  monkey ES cells to neural cells, which is reminiscent 
of  the differences in the mechanisms of  neural differen-
tiation of  mouse and monkey ES cells. Taken together, 
these results provide valuable insights into the molecular 
basis of  differentiation and provide novel molecular 
markers to assess neural cell types during early neurogen-
esis. 

Highly pure and homogeneous, cell populations 
would likely improve signal-to-noise ratio, resulting in a 
reliable determination of  molecular functions. Although 
neurospheres derived from neural tissues involve NS 
cells amplified in vitro and maintain the spatiotemporal 
specific identities of  the original tissues, cell populations 
of  the neurospheres are likely to be heterogeneous[51]. In 
contrast, neural differentiation protocols realize highly 
pure cell populations of  neural cells, particularly NS cells 
as described above. The expression patterns of  genes 
encoding three BMP/RA-inducible neural-specific pro-
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of  reproductive problems, ranging from abortion to con-
genital defects of  the CNS, including neural tube defects 
and microcephaly. We have tested the effects of  heat 
shock on homogeneous proliferating mouse NS cells[64]. 
After heat shock at 42 ℃ for 20 min, the NS cells show 
stable proliferation, with few changes in gene expression 
and cell survival and proliferation. In contrast, heat shock 
at 43 ℃ causes a variety of  responses, including the up-
regulation of  genes encoding heat shock proteins, induc-
tion of  apoptosis, temporal inhibition of  cell prolifera-
tion and retardation of  neural differentiation. Finally, heat 
shock at 44 ℃ results in severe effects, with almost all 
cells disappearing and the remaining cells losing the ca-
pacity to proliferate and differentiate. These temperature-
dependent effects of  heat shock on NS cells may provide 
insight into the mechanisms by which hyperthermia dur-
ing pregnancy causes various reproductive problems.

Application of homogeneous neural stem cells to cell 
transplantation therapies 
Primate ES cells have the potential to differentiate into 
various functional neurons, suggesting that these cells may 
provide donor cells for cell transplantation therapies in 
patients with incurable neurodegenerative disorders. Cells 
are transplanted into patients with Parkinson’s disease 
(PD) primarily for their ability to secrete dopaminergic 
neurotransmitters into the putamen without functional 
neural circuits. In one clinical application of  stem cells, 
NS cells derived from cynomolgus ES cells have been im-
planted unilaterally into the putamen of  two cynomolgus 
monkeys with chronic PD, generated by systemic admin-
istration of  the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine[65]. Positron emission tomography (PET) 
reveals significantly increased uptake of  PET multitracers, 
isotope-labeled L-DOPA and β-CFT in the grafted puta-
men, demonstrating that transplantation of  NS cells de-
rived from cynomolgus monkey ES cells can restore DA 
function in the putamen of  a primate model of  PD.

In addition to PD, spinal cord injury (SCI) is another 
degenerative disorder which cannot be rectified by cur-
rent therapies to the extent desired by patients suffering 
from devastating traumata. To develop a novel radical 
cure for SCI, astrocytes generated from mouse iPS cell-
derived NSSs have been transplanted into the lesions 
of  injured rat spinal cords[66]. Transplant recipients lived 
for 8 wk without tumor formation. Although locomo-
tive tests demonstrated no improvement compared with 
control rats, the cell-transplantation led to greater sensi-
tivity to mechanical stimuli. Taken together, these results 
partially allay a safety concern regarding tumor formation 
from the transplanted astrocytes, and emphasize the need 
to determine optimal conditions for the transplantation, 
e.g., type of  neural cell and homogeneity of  transplanted 
cell population.

CONCLUSION
The NSS method is a simple protocol for inducing the 

teins (BRINPs) have been assayed during neuronal dif-
ferentiation of  mouse ES cells by the NSS method to 
determine the functions of  these genes associated with 
the cell-cycle regulation of  NS cells[52]. While any BRINP 
genes, BRINP1, 2 and 3, express in mouse ES cells with 
no significant difference, BRINP1 and 2 highly express in 
the mouse NSS-derived NS cells. Besides, the BRINPs are 
able to suppress cell cycle progression in NS cells. In a 
further study, using BRINP1 knockout mice to clarify the 
physiological functions of  this protein in the CNS, the 
absence of  BRINP1 caused the deregulation of  neuro-
genesis and impaired neuronal differentiation in the adult 
hippocampal circuitry[53].

Neural stem sphere-derived homogenous neural stem 
cells for biological research
The self-renewal and multipotency of  NS cells are re-
stricted dramatically as neurogenesis progresses in vivo[54]. 
During early neurodevelopmental stages, most NS cells 
divide symmetrically, generating indistinguishable daughter 
cells. This proliferation under strict spatiotemporal control 
declines rapidly, and NS cells gradually produce neurons 
and glia by asymmetric cell divisions. However, NS cells 
isolated from embryonic tissue samples may not be stably 
handled in vitro, making it difficult to analyze their proper-
ties associated with “stemness” in vitro. In contrast, NS 
cells prepared from ES cells via the formation of  NSSs 
stably proliferate without neural differentiation on an 
adhesive substrate with growth factors[47]. Using these ho-
mogeneous mouse NS cells, we have examined the effects 
of  the mitogens, FGF-2 and EGF[55]. Culture with these 
mitogens enhances the proliferation of  NS cells in dose-
dependent manners. Subculture of  the cells at least five 
times does not reduce the potential of  these cells to self-
renew or their multipotency. These results suggest that NS 
cells prepared from ES cells can actively proliferate under 
culture conditions containing FGF-2 or EGF. In addition, 
these homogeneous mouse NS cells can be differentiated 
almost exclusively into astrocytes solely by withdrawing 
growth factors from the medium, and that astrocytogen-
esis occurs through a default pathway[56].

Physical stimuli, including X-irradiation, heat shock, 
stretch and hypoxia, induce differentiation, proliferation 
and apoptosis at cellular levels, causing pathogenesis in 
the CNS via ectopic neural differentiation and the degen-
eration of  neural cells in vivo[57-62]. However, the complexi-
ties of  CNS make it difficult to determine whether these 
effects are directly due to physical stimulation. We have 
previously investigated the responses of  mouse NS cells 
to X-irradiation, which causes congenital brain abnor-
malities[63]. Homogeneous NS cells irradiated with X-rays 
at a dose of  1 Gy maintain the capacity to proliferate and 
differentiate, although proliferation arrests temporarily. 
In contrast, cells cease proliferation following irradiation 
with > 5 Gy, suggesting that irradiation of  the fetal brain 
at relatively low doses may cause congenital brain abnor-
malities, as does irradiation at relatively high doses.

Hyperthermia during pregnancy is a significant cause 
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unidirectional neuronal differentiation of  pluripotent 
stem cells by using astrocyte-conditioned medium pre-
pared from serum-free medium. Analyzing the process 
of  this neuronal differentiation can increase the opportu-
nity to explore novel findings during early neurogenesis. 
These findings deepen the understanding of  both the so-
phisticated mechanisms underlying neurogenesis and the 
biological variations in neural cells among animals. This, 
in turn, may provide insights enabling the determination 
of  the cellular etiologies of  neurodegenerative disorders 
and neuropsychiatric diseases. Well-characterized and 
homogeneous NS cells prepared by the NSS method may 
act as donor cells for cell transplantation therapies. In ad-
dition, the powerful platform based on NSS method will 
be utilized in a high-throughput, cell fate assay system to 
assess the effects of  innumerable chemical compounds 
and physical stimuli suspected of  being teratogens. This 
may result in a potentially safer environment in the near 
future.
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