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The capacity of pluripotency and self-renewal of human embryonic stem (hES) cells may provide unlimited cell source 
for cell replacement therapy. In this manuscript we summarize hES differentiation protocols coculture with PA6 or 
MS5 stromal cells. After 7∼9 days of differentiation, neural rosettes were robustly appeared followed by coculture 
with sonic hedgehog over-expressing stromal cells efficiently generated dopaminergic neural precursor cells. Using this 
protocol, the majority of differentiated hES cells contained nestin positive cells (＞95%) and after final differentiation 
a high percentage of TuJ1 positive neurons was tyrosine hydroxylase positive (＞40%).

Keywords: Human embryonic stem cells, Dopamine neuron, Stromal cells

Introduction 

  Directed differentiation to a specific cell types from hu-
man embryonic stem (hES) cells represents the initial step 
for using these cells in developmental biology research as 
well as cell replacement therapies. Generation of dop-
amine (DA) neurons from hES cells is particular relevance 
as a renewable cell source for the treatment of Parkinson’s 
disease. DA neuronal differentiation of hES cells is in-
duced by stromal cell-derived inducing activity, has re-
cently been demonstrated to be applicable for DA differ-
entiation of hES cells (1-4). We describe a co-culture 
method in which hES cells sequentially and homogeneo-
usly differentiate into midbrainergic DA neuronal cells.

Materials and Methods

Culture medium and cell freezing
  ITS+AA medium: DMEM/F12 containing 3 mM D(+) 
glucose, 2 mM L-glutamine, 5 mg/L insulin, 50 mg/L 
transferrin, 30 nM sodium selenite, 28.5 mM sodium bi-
carbonate, 100 U penicillin/100μg/ml streptomycin and 
0.2 mM ascorbic acid.
  Stock reagents: 10μg/ml basic fibroblast growth factor 
(×500 stock), 800μg/ml polybrene (hexadimethrine bro-
mide, ×100 stock), 1 mg/ml blasticidin (×100 stock), 250
μg/ml poly-L-lysine (PLL, ×10 stock), 1 mg/ml laminin 
(×100 stock), 15 mg/ml poly-L-ornithine (PLO, ×1,000 
stock), and 1 mg/ml fibronectin (FN, ×1,000 stock).

Culture of stromal cells (PA6 or MS5)
  Medium: α-MEM containing 20 mM sodium bicarbo-
nate, 100 U penicillin/100μg/ml streptomycin and 10% 
fetal bovine serum (stromal cell medium). Subculture 
when these stromal cells reached 80∼90% of confluence. 
For DA differentiation, plate the γ-irradiated (6,000 rad) 
stromal cells at 2×104 cells/cm2 on gelatin (0.1%)-coated 
plates.
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Fig. 1. General scheme of dopaminergic differentiation from hES cells. (A) Undifferentiated hES cell colony. (B) hES colony on the γ-
irradiated stromal cells. (C) Neural rossettes containing colony. (D) Neural precursor colony on PLL/laminin-coated dish. (E) TH positive
cells colabelled with HN. ITS, insulin-transferrin-selenite medium; AA, ascorbic acid; Shh, sonic hedgehog; PLL, poly-L-lysine; PLO, poly-L-or-
nithine; FN, fibronectin; HN, human nuclei antigen; TH, tyrosine hydroxylase.

Generation of sonic hedgehog (Shh) expressing 
retrovirus
  Human sonic hedgehog N-terminal region was ampli-
fied with primers 5’-CATATGCTGCTGCTGGCGAGAT- 
3’ and 5’-GTCGACTCAGCCTCCCGATTTGG-3’. The Shh 
PCR product was cloned into the pIRES-BsdEGFP-CL 
retroviral vector, which simultaneously expresses the anti-
biotic blasticidin and the EGFP fusion protein (Shh- 
beCB). The Shh-beCB plasmid was introduced into the 
293gpg retrovirus packaging cell line (5) by transient 
transfection with Lipofectamine (Invitrogen). After 72 h, 
the supernatants were harvested.

Establishment of Shh over-expressing stromal cell line
  The Shh-beCB retrovirus was infected to stromal cells 
with polybrene (8μg/ml) for overnight. Two days later, 
transduced stromal cells (Shh-PA6 or Shh-MS5) were se-
lected by growing in the presence of 10μg/ml blasticidin 
(Invitrogen) for 1 week.

Dopaminergic differentiation from human 
embryonic stem cells

  This protocol described here is based on Park et al. (2), 
with some modifications.
  Stage 0: propagation of undifferentiated hES cells, Stage 
I: neural induction of hES cells on the stromal cells, Stage 
II: selection and expansion of neural precursor cells on 

PLL/laminin-coated plates, Stage III: terminal differ-
entiation into DA neuronal cells (Fig. 1). Specific methods 
for the maintenance of each hES cell line should be fol-
lowed according to the protocols provided by the cell line 
establishers.

Stage I: neural induction of hES cells on the stromal 
cells
  Prepare the γ-irradiated stromal cells at 2×104 cells/ 
cm2 on gelatin (0.1%)-coated dishes 1 day prior to starting 
the neural induction of hES cells with stromal cell 
medium. Wash the stromal cells with DMEM/F12, and in-
cubate in ITS+AA medium. Split the hES cells into small 
pieces (50∼500 cells/cluster) using collagenase treatment 
and transfer hES colonies onto the stromal cell layer. 
Change the ITS+AA medium every other day until ＞80% 
of the cell colonies achieve a primitive neuroepithelial cell 
morphology (Fig. 1B), such as neural rosettes (Fig. 1C). 
Repeat the procedure of subculturing onto freshly pre-
pared γ-irradiated Shh over-expressing stromal cells 
(shh-PA6/Shh-MS5).

Stage II: selection and expansion of neural precursor 
cells on PLL/laminin-coated plates
  Plate the differentiated hES colonies on PLL/lam-
inin-coated dishes in ITS+AA medium supplemented 
with 20 ng/ml bFGF. Subculture onto freshly prepared 
PLL/laminin-coated dishes every 7∼9 days two to four 
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times. ITS+AA+bFGF medium should be changed every 
alternative day, and bFGF should be added every day. The 
differentiated neural clusters can be disrupted into single 
cells using Accutase treatment.

Stage III: terminal differentiation into DA neuronal 
cells
  Inoculate the dissociated cells at 100,000 cells/cm2 on 
PLL/Laminin-coated dishes (for maintenance and further 
propagation of the hES-neural precursor cells) or PLO/ 
FN-coated coverslips (for immunocytochemical phenotype 
determinations and functional analyses) with ITS+AA+ 
bFGF medium. Terminal differentiation of hES-NP cells 
can be induced in the absence of bFGF but in the pres-
ence of brain-derived neurotrophic factor (BDNF, 20 ng/ 
ml), glial cell line-derived neurotrophic factor (GDNF, 20 
ng/ml), and dibutyryl cAMP (0.5 mM).

Characterization
  Differentiation phenotypes can be assessed by immuno-
logical and RT-PCR analyses for markers specific for neu-
rons (tubulin β-III, TuJ1; microtubule associated protein 
2, MAP2), DA neurons (tyrosine hydroxylase, TH), as-
trocytes (glial fibrillary acidic protein; GFAP), and oligo-
dendrocytes (CNPase), for example. In optimal culture 
conditions, up to 90% of cells are positive for the neuronal 
marker TuJ1, and 20∼80% of the TuJ1+ cells express the 
DA neuron marker tyrosine hydroxylase after 10∼15 days 
of differentiation (6).

Notes
  Efficiency in the derivation of neural precursor cells 
and DA neurons is highly variable among hES cell lines. 
DA neurons have been efficiently derived from hES cell 
lines HSF6 (2), H1, H9 (1,3) and H7. Freshly prepared 
collagenase should be used.

Conclusions

  The differentiation potential of hES cells assembled in-
to small clusters tends to be greater, but cells are less via-
ble if disrupted into clusters that are too small. Although 
7∼9 days are adequate for subculture, this period can be 
varied depending on the state of the cultures, including 
cell viability of the feeder or hES cells as well as the pas-

saging number of hES cells. The optimal conditions for 
cluster size and cell density, as well as the appropriate in-
terval for each cell passage, should be determined by each 
experimenter. Homogeneous nestin, a specific marker for 
neural precursor cells, positive neuroepithelial cells will be 
obtained after several subculturing.
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