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Abstract

Human embryonic stem (ES) cells are pluripotent cells capable of forming differentiated embryoid bodies (EBs) in culture. We
examined the ability of growth factors under controlled conditions to increase the number of human ES cell-derived neurons. Retinoic
acid (RA) and nerve growth factor (bNGF) were found to be potent enhancers of neuronal differentiation, eliciting extensive outgrowth of
processes and the expression of neuron-specific molecules. Our findings show that human ES cells have great potential to become an
unlimited cell source for neurons in culture. These cells may then be used in transplantation therapies for neural pathologies.  2001
Elsevier Science B.V. All rights reserved.
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Embryonic stem (ES) cells are undifferentiated pluripo- transforming growth factor b1 (TGFb1) on human ES
tent cells derived from the inner cell mass of blastocyst cells in-vitro. Differentiation was initially assayed by in-
stage embryos. These unique cell lines have the potential situ hybridization to neurofilament light chain (NF-L)
to form virtually any cell type in the body and can be RNA, which is expressed by both immature and fully
propagated in vitro indefinitely in an undifferentiated state differentiated neurons [4]. We found that bNGF and high
[18]. Recently, ES cell cultures were established from concentration of RA increased the proportion of neuronal
human embryos [17,22]. These cells are capable of form- cells in the cultures from 21% in controls to 39% and 52%,

27ing embryoid bodies (EBs) that contain cells from all three respectively. A lower concentration of RA (10 M
26embryonic lineages [10]. Human ES cell differentiation instead of 10 M) produced an effect similar to NGF,

can be modulated by the addition of growth factors [19]. In whereas no effect on neuronal differentiation was observed
mice, it has been shown that when ES cells are allowed to with TGFb1 treatment (Fig. 1).
aggregate to EBs, they can differentiate, among many Based on these results, we further examined the effects
other cell types, into mature neurons [2,23], capable of of RA on the differentiation of human ES cells into
innervating adult brain and spinal cord [6,12,14]. Thus, the neurons. Using immunostaining we could detect neurofila-
prospects of using in-vitro differentiated human ES cells to ment heavy chain (NF-H) protein, (found only in mature
replace CNS neurons are most promising. neurons [4]) in sections of mature EBs (Fig. 2a). When the

We have here characterized the neurogenic effects of EBs were plated, these neurons formed filamentous ‘net-
retinoic acid (RA), b nerve growth factor (bNGF) and works’ (Fig. 2b) of various complexities which were

stained positive for NF-H (Fig. 2c). Treatment with RA
and consequent plating caused an increase in the number
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Fig. 1. Retinoic acid and bNGF induce expression of neurofilament light chain mRNA. In situ hybridization analysis of cells derived from dissociated EBs
27 26demonstrating expression of NF-L. Shown are RA- (low (10 M) or high (10 M) concentrations), TGFb1, and bNGF-treated cultures. Scale bar5100

mM. Histograms show the percentage of cells expressing the NF-L RNA following each treatment. Assay of each condition was repeated three times
(between 50 and 150 cells) and standard error bars are shown in the graph.

morphology (Fig. 2d). This shift may show an effect of the neurons express dopamine or serotonin receptors, and form
growth factor on the differentiation status of the cells, but complex plexuses of neuronal processes. The enrichment
may also be a by-product of the enhancement of neuronal of neurons in culture by growth factors could have been
cell numbers. through a process of cell selection (either by expansion or

To characterize the nerve cells obtained from human ES improved survival) or as a consequence of induced dif-
cells, we assayed for expression of a dopamine receptor ferentiation. Our production of neurally-differentiated ES
(DRD1) and two serotonin receptors (5HT2A and 5HT5A) cells provides new possibilities for obtaining large amounts
in EBs treated with RA and in ES cells as a negative of neurons in culture. These cultures should be investi-
control (Fig. 3). These receptors were detected in EBs gated further in the future in order to demonstrate the
following RA treatment, but not in naive ES cells. Since expression of various receptors and developmentally reg-
dopamine and serotonin receptors were expressed, it was ulated proteins specific to the nervous system. Moreover,
interesting to determine whether neurons in the cultures once the functional capacity of the neural cells is demon-
also synthesized their neurotransmitter ligands. Consistent strated in-vitro and in-vivo, these cells may be useful for
with this possibility, we observed the expression of dopa the replacement of neurons lost to degeneration or trauma
decarboxylase (DDC), a key enzyme in the synthesis of in the CNS. The use of this unlimited cell source,
both serotonin and dopamine [21] (Fig. 3). alongside that of neuronal stem cells [7,11], may reduce

We demonstrate here that both RA and bNGF enhance the need for difficult-to-obtain fetal tissues, which to date
the number of neuronal cells that develop from human ES are the primary sources of human cells available for
cells, as was observed for mouse ES cells when used at transplantation therapy [16]. From experiments with both
similar concentrations [1,20]. In addition we show that RA mouse and human ES cells, it is clear that though possible
promotes the production of mature neurons and that these [3,15], it will be difficult to produce a homogenous culture
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Fig. 2. Retinoic acid enhances formation of neuronal processes from human EBs. (A) Neuronal cell bodies (double arrows) and a complex proximal
process (arrow) are seen in a section through an EB stained with anti-NF-H antibody. Hoecsht staining (blue) shows both intact and fragmented nuclei. (B)
A plexus of neuronal-like processes formed from intact EBs plated on collagen. (C) Immunostaining for NF-H of 20-day-old EBs plated on collagen shows
that plexuses of neuronal processes with varying degrees of complexity develop. (D) A histogram summarizing the effect of RA on the proportion of EBs
displaying different degrees of network complexity. Each condition was assayed by counting all EBs in culture (between 20 and 40) and the experiment
was repeated twice resulting in similar results. Scale bar5100 mM.
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and Thomas Jessel) was used as a primary antibody, and
was detected with Cy3-conjugated goat anti-mouse IgG.

Total RNA was extracted as described [5] and treated
with RNAse free DNAseI. cDNA was synthesized from 1
mg total RNA using random hexamer as primer. cDNA
samples were subjected to PCR amplification using the
Clontech Advantaq1E RT-PCR kit with a two-step cycle
at 688C. Primers for GAPDH, serotonin receptors 2A and
5A (5HT2A, 5HT5A respectively) and dopamine receptor
D1 (DRD1) were purchased from Clontech. The primers
for dopa decarboxylase (DDC) were: TCTGTGCC-
TCTTAACTGTCACTGTGG and ATCATCACAGTC-
TCCAGCTCTGTGC.
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Fig. 3. Retinoic acid induces expression of neuron-specific genes. RT-
PCR analysis of expression of dopamine receptor D1 (DRD1), serotonin

Referencesreceptor 2A and 5A (5HT2A and 5HT5A), dopa decarboxylase (DDC)
and the house-keeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in human embryonic stem (ES) cells, and in 21-day-old EBs in [1] G. Bain, W.J. Ray, M. Yao, D.I. Gottlieb, Retinoic acid promotes
the presence of RA (EB1RA). RNA samples that were not reverse neural and represses mesodermal gene expression in mouse em-
transcribed were used as a negative control to ensure the absence of DNA bryonic stem cells in culture, Biochem. Biophys. Res. Commun. 223
contamination (2RT). (1996) 691–694.

[2] G. Bain, D. Kitchens, M. Yao, J.E. Huettner, D.I. Gottlieb, Em-
bryonic stem cells express neuronal properties in vitro, Dev. Biol.

of neuronal cells without the use of lineage selection. This 168 (1995) 342–357.
could be performed using genetically modified ES cell [3] O. Brustle, A.C. Spiro, K. Karram, K. Choudhary, S. Okabe, R.D.
lines expressing antibiotic resistance [13] or marker genes McKay, In-vitro generated neural precursors participate in mam-

malian brain development, Proc. Natl. Acad. Sci. USA 94 (1997)[8] under cell specific promoters. The ability to genetically
14809–14814.manipulate human ES cells [8] combined with directed

[4] M.J. Carden, J.Q. Trojanowski, W.W. Schlaepfer, V.M. Lee, Two-
neuronal differentiation may prove human ES cells as a stage expression of neurofilament polypeptides during rat neuro-
valuable cell source for basic research and transplantation genesis with early establishment of adult phosphorylation patterns, J.
therapy. Neurosci. 7 (1987) 3489–3504.

[5] P. Chomczynski, N. Sacchi, Single-step method of RNA isolation byHuman ES cells (H9 clone [22]) were grown and EBs
acid guanidinium thiocyanate–phenol–chloroform extraction, Anal.were generated as described [10]. Four days following
Biochem. 162 (1987) 156–159.

initiation of aggregation, growth factors were adminis- [6] T. Deacon, J. Dinsmore, L.C. Costantini, J. Ratliff, O. Isacson,
27 26tered: retinoic acid (Sigma): 10 M [2] or 10 M [1]; Blastula-stage stem cells can differentiate into dopaminergic and

TGFb1 (Sigma): 2 ng/ml [20]; bNGF (New Biotechnol- serotonergic neurons after transplantation, Exp. Neurol. 149 (1998)
28–41.ogy, Israel): 100 ng/ml [23]. After 21 days, EBs were

2 [7] F. Doetsch, I. Caille, D.A. Lim, J.M. Garcia-Verdugo, A. Alvarez-plated on 5 mg/cm collagen-treated plates, either as
Buylla, Subventricular zone astrocytes are neural stem cells in the

whole EBs, or as single cells dissociated with trypsin / adult mammalian brain, Cell 97 (1999) 703–716.
EDTA. The cultures were maintained for an additional [8] R. Eiges, M. Schuldiner, M. Drukker, O. Yanuka, J. Itskovitz-Eldor,
week or 2 days, respectively. N. Benvenisty, Establishment of human embryonic stem cell-trans-

fected clones carrying a marker for undifferentiated cells, Curr. Biol.EBs or their plated derivatives were fixed in 4%
11 (2001) 514–518.paraformaldehyde. In in-situ experiments, hybridization to

[9] M. Grifman, N. Galyam, S. Seidman, H. Soreq, Functional re-
a 50-mer 29-O-methyl 59-biotinylated cRNA of NF-L dundancy of acetylcholinesterase and neuroligin in mammalian
(CCTGCGTGCGGATGGACTTGAGGTCGTTGCTGAT- neuritogenesis, Proc. Natl. Acad. Sci. USA 95 (1998) 13935–13940.
GGCGGCTACCTGGCTC) followed. The probes were [10] J. Itskovitz-Eldor, M. Schuldiner, D. Karsenti, A. Eden, O. Yanuka,

M. Amit, H. Soreq, N. Benvenisty, Differentiation of humanthen detected with streptavidin-conjugated alkaline phos-
embyronic stem cells into embryoid bodies comprising the threephatase using a fluorogenic substrate [9]. For immuno-
embryonic germ layers, Mol. Med. 6 (2000) 88–95.

histochemistry, EBs were either embedded in paraffin and [11] C.B. Johansson, S. Momma, D.L. Clarke, M. Risling, U. Lendahl, J.
sectioned at 10 mM, or stained directly on the plates. Frisen, Identification of a neural stem cell in the adult mammalian
Mouse monoclonal anti-NF-H (a gift from Drs. Avihu Klar central nervous system, Cell 96 (1999) 25–34.



M. Schuldiner et al. / Brain Research 913 (2001) 201 –205 205

[12] S.H. Lee, N. Lumelsky, L. Studer, J.M. Auerbach, R.D. McKay, [18] E.J. Robertson, in: Embryo-derived Stem Cell Lines, IRL Press,
Efficient generation of midbrain and hindbrain neurons from mouse Oxford, 1987, pp. 71–112.
embryonic stem cells, Nat. Biotechnol. 18 (2000) 675–679. [19] M. Schuldiner, O. Yanuka, J. Itskovitz-Eldor, D.A. Melton, N.

[13] M. Li, L. Pevny, R. Lovell-Badge, A. Smith, Generation of purified Benvenisty, Effects of eight growth factors on the differentiation of
neural precursors from embryonic stem cells by lineage selection, cells derived from human embryonic stem cells, Proc. Natl. Acad.
Curr. Biol. 8 (1998) 971–974. Sci. USA 97 (2000) 11307–11312.

[14] J.W. McDonald, X.Z. Liu, Y. Qu, S. Liu, S.K. Mickey, D. Turetsky, [20] H.G. Slager, W. Van Inzen, E. Freund, A.J. Van den Eijnden-Van
D.I. Gottlieb, D.W. Choi, Transplanted embryonic stem cells survive, Raaij, C.L. Mummery, Transforming growth factor-beta in the early
differentiate and promote recovery in injured rat spinal cord, Nat. mouse embryo: implications for the regulation of muscle formation
Med. 5 (1999) 1410–1412. and implantation, Dev. Genet. 14 (1993) 212–224.

[15] S. Okabe, K. Forsberg-Nilsson, A.C. Spiro, M. Segal, R.D. McKay, [21] K.J. Swoboda, K. Hyland, D.S. Goldstein, K.C. Kuban, L.A. Arnold,
Development of neuronal precursor cells and functional postmitotic C.S. Holmes, H.L. Levy, Clinical and therapeutic observations in
neurons from embryonic stem cells in vitro, Mech. Dev. 59 (1996) aromatic L-amino acid decarboxylase deficiency, Neurology 53
89–102. (1999) 1205–1211.

[16] M. Peschanski, P. Cesaro, P. Hantraye, Rationale for intrastriatal [22] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J.
grafting of striatal neuroblasts in patients with Huntington’s disease, Swiergiel, V.S. Marshall, J.M. Jones, Embryonic stem cell lines
Neuroscience 68 (1995) 273–285. derived from human blastocysts, Science 282 (1998) 1145–1147.

¨[17] B.E. Reubinoff, M.F. Pera, C.Y. Fong, A. Trounson, A. Bongso, [23] A.M. Wobus, R. Grosse, J. Schoneich, Specific effects of nerve
Embryonic stem cell lines from human blastocysts: somatic differen- growth factor on the differentiation pattern of mouse embryonic
tiation in vitro, Nat. Biotechnol. 18 (2000) 399–404. stem cells in vitro, Biomed. Biochim. Acta 47 (1988) 965–973.


