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Abstract

How dopamine (DA) neuronal subtypes are specified remains unknown. In this study we show a
robust generation of functional DA neurons from human embryonic stem cells (hRESCs) through a
specific sequence of application of fibroblast growth factor 8 (FGF8) and sonic hedgehog (SHH).
Treatment of hESC-derived Sox1* neuroepithelial cells with FGF8 and SHH resulted in production
of tyrosine hydroxylase (TH)—positive neurons that were mostly bipolar cells, coexpression with -
aminobutyric acid, and lack of midbrain marker engrailed 1 (Enl) expression. However, FGF8
treatment of precursor cells before Sox1 expression led to the generation of a similar proportion of
TH* neurons characteristic of midbrain projection DA neurons with large cell bodies and complex
processes and coexpression of Enl. This suggests that one mechanism of generating neuronal
subtypes is temporal availability of morphogens to a specific group of precursors. The in vitro—
generated DA neurons were electrophysiologically active and released DA in an activity-dependent
manner. They may thus provide a renewable source of functional human DA neurons for drug
screening and development of sustainable therapeutics for disorders affecting the DA system.
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INTRODUCTION

Dopamine (DA) neurons reside in several brain areas, including the midbrain, hypothalamus,
retina, and olfactory bulbs. The most prominent groups of DA neurons are in the substantia
nigra (A9 cell group) and the ventral tegmental area (A10) of the midbrain, both of which
project to the forebrain [1]. DA neurons in the substantia nigra project to the striatum and form
the extrapyramidal motor system that controls postural reflexes and initiation of movement.
Degeneration of these DA neurons underlies Parkinson’s disease. The DA neurons in the
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tegmental area connect to neurons in the limbic system, and defects in the functioning of these
cells are thus implicated in psychiatric behaviors. DA neurons in other parts of the brain are
mostly interneurons involved in local circuitries. Hence, DA neurons in the midbrain differ
significantly from those in the forebrain in morphology, coexpression of neurotransmitters,
and function [2,3].

The ontogeny of DA neurons is not clear and remains a focus of intensive research. Studies to
date have focused on the genesis of mesencephalic DA neurons. Information available indicates
the involvement of several transcription factors, including Lmx1b, engrailed-1 (En1), Nurrl,
and Ptx3, through independent pathways, most of which are shown to be required for survival
and/or maturation but not specification of DA neurons [4-12]. How the DA neurons are initially
specified from the naive neuroectodermal cells remains largely unknown. Using
neuroepithelial explant cultures, Ye et al. [13] have shown that fibroblast growth factor 8
(FGF8), a morphogen involved in the patterning of isthmus, and sonic hedgehog (SHH), a
ventralizing molecule, can specify a dopaminergic fate from neuroepithelial cells. The same
principle seems to apply to in vitro—generated neuroepithelial cells. Mouse embryonic stem
cells (ESCs), derived from the inner cell mass of a preimplantation blastocyst embryo [14,
15], are first differentiated into neuroepithelial cells, expanded in the presence FGF2, and
further differentiated into DA neurons in response to FGF8 and SHH [16]. Given that the
differentiation of DA neurons in both forebrain and midbrain depends on the signaling of FGF8
and SHH [17,18], it remains unknown how subtypes of DA neurons are differentially specified.

Like their mouse counterparts, human ESCs (hESCs) [19] offer a system for modeling the early
phases of human development, including neural lineage specification. They also provide a
renewable source of specialized cells such as DA neurons for systematic studies of the genesis
of the DA system, pathogenic process affecting the survival and function of DA neurons, and
development of sustainable therapeutics for Parkinson’s disease and other disorders affecting
the DA system [20]. We have established a chemically defined system to direct hESCs to
neuroepithelial cells that mirrors in vivo human neuroectoderm development in timing and
neural tube-like structure formation [21]. Using this model system, we have discovered that
FGF8 and SHH efficiently promote the generation of DA neurons from hESCs. However, to
generate DA neurons with midbrain projection neuronal phenotypes, early exposure to FGF8
before precursor cells become Sox1-expressing neuroepithelial cells is necessary. Treatment
of the Sox1-expressing neuroepithelial cells with FGF8 and SHH still results in an efficient
production of DA neurons but with mostly forebrain phenotypes.

MATERIALS AND METHODS
hESC Cultures

hESC lines H9 (p21-56) and H1 (p35-40) were propagated weekly on irradiated mouse
embryonic fibroblasts (MEFs) with a daily change of an ESC growth medium that consisted
of Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Gibco, Rockville, MD,
http://www.invitrogen.com), 20% serum replacer (Gibco), 1 mM glutamine (Sigma, St. Louis,
http://sigmaaldrich.com), 0.1 mM nonessential amino acids (Gibco), 2 ug/ml heparin (Sigma),
0.1 mM B-mercaptoethanol (Sigma), and 4 ng/ml FGF2 (R&D Systems, Minneapolis,
http://www.rndsystems.com), as previously described [19]. Differentiated colonies were
physically removed using a curved Pasteur pipette, and the undifferentiated state of ESCs was
confirmed by typical morphology and positive immunostaining for Oct4 and stage-specific
embryonic antigen 4 (SSEA4). Cells from both lines exhibited a similar morphology and
growth rate under the above culture conditions.

Stem Cells. Author manuscript; available in PMC 2009 July 9.


http://www.invitrogen.com
http://sigmaaldrich.com
http://www.rndsystems.com

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yan et al. Page 3

Differentiation and Enrichment of Neuroepithelial Cells

HESC colonies were detached from the MEF layer by treatment of the culture with 0.2 mg/ml
of dispase (Roche Diagnostics, Indianapolis, http://www.roche-diagnostics.com) and grown
as floating cell aggregates (embryoid bodies) for 4 days with a daily change of ESC medium.
They were then grown in an adherent substrate in a neural medium consisting of DMEM/F12
(2:1), supplemented with N2 (Gibco), 0.1 mM nonessential amino acids, and 2 pg/ml heparin,
with a medium change every other day. The ESC aggregates attached and formed individual
colonies at approximately day 6. Neuroepithelial cells, exhibited by columnar cells organizing
into neural tube—like rosettes, were developed at approximately day 14-16 [21]. The neural
rosettes were isolated through differential enzymatic response [21]. Growth factors were added
during the course of differentiation to influence regionalization (see Results).

DA Neuron Differentiation

The enriched neuroepithelial cells were dissociated by 0.025% trypsin and 0.27 mM EDTA in
phosphate-buffered saline (PBS) at 37°C for 10-15 minutes and plated onto 12-mm coverslips
(precoated with 100 pg/ml polyornithine and 10 pg/ml laminin) at a density of 40,000 to 50,000
cells per coverslip. The neuronal differentiation medium consisted of neurobasal medium
(Gibco) supplemented with N2 (Gibco), 0.1 mM nonessential amino acids, 0.5 mM glutamine,
1 pg/ml laminin (Sigma), 1 uM cAMP (Sigma), 200 uM ascorbic acid (Sigma), 10 ng/ml brain-
derived neurotrophic factor (R&D Systems), and 10 ng/ml glial cell line—derived neurotrophic
factor (GDNF) (R&D Systems). The cells were cultured for 3—4 weeks, with medium changes
every other day.

Immunocytochemistry and Cell Quantification

Coverslip cultures were fixed in 4% paraformaldehyde in PBS for 10-20 minutes or methanol
(—20°C) for 5 minutes and processed for immunostaining [21]. The following primary
antibodies were used: mouse anti-SSEA4 (1:40), mouse anti-En1 (1:50), and mouse anti-Pax6
(1:5,000, all from Developmental Studies Hybridoma Bank, lowa City, 1A,
http://www.uiowa.edu/~dshbwww); rabbit anti-Sox1 (1:500), rabbit anti-human nestin
(1:200), rabbit anti-aromatic amino acid decarboxylase (AADC) (1:1,000), rabbit anti-
phenylethanolamine N-methyltransferase (PNMT) (1:200), sheep anti-dopamine f3
hydroxylase (DBH) (1:400), mouse anti-synaptophysin (1:500), and rabbit anti-
cholecystokinin octapeptide (CCK8) 1:2,000 (all from Chemicon, Temecula, CA,
http://chemicon.com); mouse anti-tyrosine hydroxylase (TH) (1:1,000), mouse anti—pIlI-
tubulin (1:500), rabbit anti—y-aminobutyric acid (GABA) (1:5,000), and mouse anti-calbindin
(1:400, all from Sigma); rabbit anti-TH (1:500) and rabbit anti-vesicular monoamine
transporter 2 (VMAT2) (1:500, all from Pel-Freez, Rogers, AK, http://www.pel-freez.com);
goat anti-Ret (1:400) and mouse anti-Oct4 (1:1,000, both from Santa Cruz Biotechnology,
Santa Cruz, CA, http://www.scht.com); rabbit anti-brain factor 1 (Bf1) (1:5,000; gift from
Lorenz Studer, Sloan-Kettering Institute) and Otx2 (1:5,000, gift from F. Vaccarino, Yale
University). Antibody-antigen reaction was revealed by Alexa Flour 488- or 594-conjugated
secondary antibody (1:1,000, Molecular Probes, Eugene, OR, http://probes.invitrogen.com).
Cell nuclei were stained with Hoechst 33342 (Sigma). Staining was visualized with a Nikon
fluorescence microscope. Brain sections from adult rats and E38 embryonic monkeys were
used as positive controls for many of the antibodies against neuronal types and
neurotransmitters. Negative controls were also set by omitting the primary or secondary
antibodies in the immunostaining procedures. Cell counting was achieved blindly by using a
reticule on an eyepiece and a x40 objective. The cells in 10 visual fields were randomly selected
and counted from each coverslip. Data were presented as mean = SD. Values of p< .05 were
considered significant by the unpaired Student’s t-test.
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Reverse Transcription—Polymerase Chain Reaction

Total RNA was extracted from cultured cells using RNA Stat-60 (Tel-Test, Friendswood, TX,
http://www.isotexdiagnostics.com), followed by the treatment with DNase | (DNA-free,
Ambion, Austin, TX, http://www.ambion.com). Synthesis of cDNA was carried out with the
Superscript First-Strand Synthesis System for reverse transcription—polymerase chain reaction
(RT-PCR) (Invitrogen Corporation, Carlsbad, CA, http://www.invitrogen.com) according to
the manufacturer’s directions. PCR amplification was performed using a standard procedure
with Taq Polymerase (Promega, Madison, WI, http://www.promega.com). The number of
cycles varied from 25 to 35 cycles depending on the particular MRNA abundance with
denaturation at 94°C for 15 seconds, annealing temperatures at 55°C or 60°C for 30 seconds
according to the primers, and elongation at 72°C for 45 seconds. Negative control was achieved
by omitting transcriptase during RT or cDNA sample during PCR. The primers and product
lengths were as follows:

GAPDH (5-ACCACAGTCCATGCCATCAC-3, 5-
TCCACCACCCTGTTGCTGTA-3', 450 bp)

Nurrl (5-CGATGCCTTGTGTTCAGGCGCAG-3', 5'-
AGCCTTTGCAGCCCTCACAGGTG-3', 858 bp)

Ptx3 (5-GTGGGTGGAGAGGAGAACAA-3, 5'-
TTCCTCCCTCAGGAAACAATG-3', 175 bp)

Lmx1b (5-GGGATCGGAAACTGTTACTGC-3, 5™
GTAGTCACCCTTGCACAGCA-3', 218 bp)

Enl (5-CCCTGGTTTCTCTGGGACTT-3', 5-GCAGTCTGTGGGGTCGTATT-3,, 162
bp)

Bfl (5-ACTCAAAACTCGCTGGGCAAC-3', 5-
CGTGGGGGAAAAAGTAACTGG-3', 226 bp)

Gbx2 (5'-CACCACGTCTACGGGCAAGAAC-3', 5'-
AGCTGCTGATGCTGACTTCTGA-3', 308 bp)

SHH (5-CCAATTACAACCCCGACATC-3', 5-CCGAGTTCTCTGC TTTCACC-3,
339 bp)

Nkx6.1 (5-ACACGAGACCCACTTTTTCCG-3', 5'-
TGCTGGACTTGTGCTTCTTCAAC-3', 335 bp)

Whntl (5-CGGGCAACAACCAAAGTCG-3', 5-GACAGTTCCAGCGGCGATTC-3,
321 bp)

Pax2 (5-ATGTTCGCCTGGGAGATTCG,-3' 5-GCAAGTGCTTCCGCAAACTG-3,
361 bp).

DA Measurement

After 21 days of DA neuronal differentiation, media conditioned for 48 hours were collected.
Activity-dependent DA release from the cultured cells was measured by first conditioning
cultured cells in Hanks’ balanced salt solution (HBSS) for 15 minutes and then replacing it
with HBSS containing 56 mM KCI for 15 minutes at 37°C. DA in the culture media or in HBSS
was stabilized by adding 20 pl stabilization buffer (900 mg EGTA and 700 mg gluthatione in
10 ml of 0.1 M NaOH), and samples were stored at —80°C. A high-performance liquid
chromatography ( HPLC) kit (Chromsystems, Miinchen, Germany,
http://www.chromsystems.de) was used to extract monoamines. The levels of monoamines
were determined by HPLC (Model 508 autosampler and model 118 pump, Beckman Coulter,
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Fullerton, CA, http://www.beckmancoulter.com) coupled to an electrochemical detector
(Coulochem I1, ESA Inc., Chelmsford, MA, http://www.esainc.com) by using MD-TM mobile
phase (ESA Inc.). The cultures in each group were triplicated, and data were collected from
three separate experiments.

Electrophysiological Recording

RESULTS

Electrophysiological properties of the hESC-generated DA neurons were investigated using
whole-cell patch-clamp recording techniques [22]. Pipettes were filled with intracellular
solutions containing (in mM) KCI 140 or K-gluconate 140, Na*-HEPES 10, BAPTA 10, and
MgZ*-ATP 4 (pH 7.2, 290 mOsm, 2.3-5.0 MQ). Biocytin (0.5%, Sigma) was added to the
recording solution, and subsequent labeling with streptavidin-Alex Fluor 488 (1:1,000,
Molecular Probes) and an antibody against TH was used to identify DA neurons. The bath
solution contained (in mM) NaCl 127, KH,PO4 1.2, KCI 1.9, NaHCO3 26, CaCl, 2.2,
MgS0O, 1.4, and glucose 10 and 95% O,/5% CO» (pH 7.3; 300 mOsm). For some experiments,
tetrodotoxin (TTX) (1 uM; Sigma) was applied in the bath solution to block voltage-gated
sodium currents.

Current-clamp and voltage-clamp recordings were performed using a MultiClamp 700A
amplifier (Axon Instruments, Inverurie, Scotland, U.K., http://www.moleculardevices.com).
Signals were filtered at 4 kHz, sampled at 10 kHz using a Digidata 1322A analogue-digital
converter (Axon Instruments), and acquired and stored on a computer hard disk using
commercially available software (pClamp9, Axon Instruments). Access resistance was
typically 8-18 MQ and was compensated by 50%-80% using amplifier circuitry. Voltages
were corrected for liquid junction potential of +13 mV [23]. V/est and action potentials (APS)
were examined in current-clamp mode. Spontaneous excitatory (inward) and inhibitory
(outward) synaptic currents were characterized in voltage-clamp mode using K-gluconate—
based pipette solution and Vo4 = —40 mV. Synaptic events were detected using a template
detection algorithm (Mini Analysis Program 5.6.28, Synaptosoft, Decatur, GA,
http://www.synaptosoft.com), and deactivation phase was fitted to a biexponential function
using the Levenberg-Marquardt algorithm. Data were presented as mean * SE.

hESC-Derived Neuroepithelial Cells Display a Forebrain Character

ESC colonies, detached from a feeder layer, were cultured in suspension as aggregates for 4
days in the ESC growth medium and then grown in an adhesive culture dish in a chemically
defined neural medium containing FGF2 (20 ng/ml). Cells in the colony center developed a
columnar morphology and lined up in a rosette formation around days 8-10 (Fig. 1A). These
columnar cells were positive for Pax6 but negative for the pan-neural transcription factor Sox1
[24], indicative of early neuroepithelial cells. Over another 4-6 days (days 14-16), the
columnar cells expanded and organized into neural tube—like rosettes (Fig. 1B) and expressed
Sox1 (Fig. 1C), atranscription factor expressed by definitive neuroepithelial cells during neural
tube closure [25]. They were positive for Otx2 [24] and Bf1, transcription factors expressed
by forebrain cells [26], but negative for Enl (Fig. 1D), a transcription factor expressed by
midbrain cells [27,28], suggesting a forebrain identity of the in vitro—generated neuroepithelial
cells.

Induction of Midbrain Progenitors Requires Early Action of FGF8

For specification of a ventral midbrain fate, neuroepithelial cells in the neural tube—like rosettes
were enriched through differential enzymatic and adhesion treatment [21], expanded for 2 days
as aggregates in suspension with FGF2, and then plated onto a laminin substrate and treated
with SHH (50-200 ng/ml) and FGF8 (20-100 ng/ml) for 6 days (Fig. 2A).
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Immunocytochemical analyses revealed that most of the neural progenitors remained positive
for Bf1 and Otx2 but not for En1 (not shown). In long-term differentiation cultures, En1* cells
were observed (see below).

The failure of FGF8 to induce Sox1* neuroepithelial cells to express Enl suggests that the
Sox1-expressing neuroepithelial cells may be refractory to patterning signals. Because the
Sox1-expressing cells are generated 2 weeks after differentiation of hESCs (equivalent to a 6-
day-old embryo) [19] and form neural tube-like structures, they may correspond to the
neuroepithelial cells at the neural tube closure, during which neuroepithelial cells express Sox1
and are regionally specified [29]. This led us to hypothesize that FGF8 may promote midbrain
specification before neuroepithelial cells express Sox1. We thus applied FGF8 (100 ng/ml) at
the time when the cells in the colony center became columnar at day 10 (Fig. 2A). After 6 days,
cells in the colony center developed neural tube—like formations, as seen in the presence of
FGF2. These neuroepithelial cells were similarly enriched and treated with FGF8 and SHH
(200 ng/ml) for 6 days on the laminin substrate (Fig. 2A). Under this culture condition, Enl
expression was observed in the nestin-expressing neural progenitors, often in the form of
rosettes (Fig. 1E), although there were still cells that expressed Bf1 (Fig. 1F). RT-PCR analyses
revealed a more effective induction of midbrain-related transcription factors Enl, Pax2, and
Whntl by early FGF8 exposure (Fig. 1G). Early exposure to FGF8 also induced the expression
of SHH mRNA and a more robust mMRNA expression of the ventral gene Nkx6.1 (Fig. 1G).
Thus, neuroepithelial cells are more efficiently regionalized to a ventral midbrain fate by
exposure to FGF8 before precursor cells become Sox1*.

Neural Progenitors Differentiate to DA Neurons in the Presence of FGF8 and SHH

The neural progenitors, treated with FGF8 before (at day 10) or after (day 18) Sox1 expression,
were dissociated and differentiated in a neuronal differentiation medium (Fig. 2A). The
enriched neural progenitors were essentially nestin* (>95%) and did not express SSEA4 (Fig.
2B), a glycoprotein highly expressed by undifferentiated hESCs. The disaggregated neural
progenitors, initially distributed evenly, reformed rosettes 3-5 days after plating. They then
extended processes and exhibited polar morphology (Fig. 2C). At 3 weeks after differentiation,
approximately one third of the total differentiated cells were positive for TH (Fig. 2D; 31.8%
+ 3.1% in the early FGF8 treatment group, 17,965 cells counted from four experiments; 29.8%
+ 1.6% in the late FGF8 treatment group, 7,954 cells counted from three experiments). All of
the TH™ cells were stained positively for a neuronal marker BIl1-tubulin (Figs. 3A, 3B), among
which 50%-60% were TH*. Morphologically, the TH-expressing neurons in the early FGF8
treatment group were 10-20 um in diameter. They exhibited multipolar morphology, with
differentiable axons and dendrites (Fig. 3A). In the late FGF8 treatment group, the TH* neurons
were relatively uniform, with a size of approximately 8-13 um. Most of them displayed a
bipolar morphology (Fig. 2B). A similar proportion of TH* neurons was also obtained from
the H1 hESC line.

In the biosynthesis of monoamines, TH hydroxylates tyrosine to levodopa, which is
subsequently decarboxylated by AADC to become DA. Two other enzymes, DBH and PNMT,
transform DA to norepinephrine and catalyze norepinephrine to epinephring, respectively.
Immunostaining showed that all TH* neurons were AADC*, although some AADC* cells were
negative for TH (Figs. 2E-2G). These TH™ cells were negative for DBH (Fig. 2D) and PNMT
(not shown), although DBH strongly stained noradrenergic neurons in the adult rat and
embryonic monkey brainstem (inset in Fig. 2D). These suggest that the TH-expressing neurons,
whether they were generated with early or late FGF8 treatment, possess both enzymes that are
necessary for DA synthesis and that these neurons are DA neurons rather than noradrenergic
or adrenergic neurons.
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DA Neurons Produced with FGF8 Treatment Before or After Sox1 Expression Display
Different Regional Identities

In addition to morphological difference of the TH* neurons, immunocytochemical analyses
indicated that most TH* cells with multiple processes in the early FGF8 treatment group
coexpressed the midbrain marker En1 in the nuclei (Fig. 3C). In contrast, few TH* neurons
coexpressed Enl, although Enl was expressed by some cells in the late FGF8 treatment group
(Fig. 3D). Thus, DA neurons generated with the early FGF8 treatment possess a midbrain
positional identity.

DA neurons in the forebrain, especially those in the olfactory bulb, often coexpress GABA
[2,3]. Double immunostaining of TH and GABA indicated that most of the DA neurons in the
early FGF8 treatment group were negative for GABA, although GABA* neurons were found
in the culture (Fig. 3E). Among all TH* cells, 8% (8.7% + 3.9%, 6,520 TH* cells counted from
four experiments) of TH* cells coexpressed GABA. Most of these double-positive cells were
small bipolar cells. However, 22.5% + 8.9% of the TH* neurons in the late FGF8 treatment
group (5,032 TH* cells counted from four experiments, p< .05 compared with the early FGF8
treatment group) coexpressed GABA (Fig. 2F). Thus, DA neurons generated in the late FGF8
treatment group are likely forebrain DA neurons.

Some midbrain DA neurons, especially those in the ventral tegmental area, contain CCK8 or
calbindin [30,31]. Immunohistochemical analyses indicated that the TH* neurons generated
after early FGF8 treatment were not labeled with calbindin, although calbindin-expressing
neurons were observed (Fig. 3G). These calbindin neurons were mostly small cells. No CCK8-
positive cells were detected in the cultures. RT-PCR analyses indicated that the transcription
factors, such as Lmx1b, Nurrl, and Ptx3, which are involved in midbrain DA neuron
development [4-7,9,10,12], were expressed in the DA neuron cultures that were induced with
early FGF8 treatment (Fig. 3H). The forebrain transcription factor Bf1 was detectable in the
DA culture (Fig. 3H)

hESC-Generated Midbrain DA Neurons Are Biologically Functional

The above studies indicate that the DA neurons generated after the early neuroepithelial cells
are exposed to FGF8 and SHH are likely midbrain DA neurons. Further analyses showed that
all of these TH* neurons expressed c-Ret, a component of the receptor for GDNF (Figs. 4A~
4C). Most of the TH™ cells, especially those with branched neurites, expressed VMAT2 (Figs.
4D-4F), which is responsible for packaging DA into subcellular compartments in monoamine
neurons [32]. In addition, TH* neurons expressed synaptophysin (Figs. 4G—41), a membrane
glycoprotein essential to synapse formation.

DA release is a functional hallmark of DA neurons. HPLC analyses revealed the presence of
DA in the medium of DA neuron differentiation cultures (230.8 + 44.0 pg/ml). In the control
cultures without the presence of SHH and FGF8, few TH* neurons (3%-5%) were generated
[21]. DA was detectable in the control cultures but at a lower level (46.3 + 9.2 pg/ml) (Fig.
5A). When cultured cells were washed and incubated in HBSS for 15 minutes, the DA level
was similar between the two cultures (Fig. 5A). However, depolarization of the cultured
neurons by 56 mM KCI in HBSS significantly increased the amount of DA (35.8 £ 9.2 and
111.0+15.0 pg/ml in the control and DA differentiation cultures, respectively; Fig. 5A). These
observations suggest that the in vitro—generated DA neurons can secrete DA and that the release
of DA is activity-dependent.

Electrophysiological recordings were used to determine whether ESC-generated DA neurons
were physiologically active. In cells differentiated in culture for 30—-38 days (n = 14), the resting
membrane potential (V est) ranged from —32—72 mV (=54 + 2.9 mV), cell capacitance (Cy,)
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ranged from 11-45 pF (21 + 2.7 pF), and input resistance (Ry,) ranged from 480-3,500 MQ
(1,506 = 282 MQ). Depolarizing current steps (0.2 nA x 200-500 ms) usually elicited single
APs, but in several cases, decrementing trains of APs were observed (Figs. 5Bi, 5Bii). AP
threshold ranged from —26——5.2 mV (—17.4 + 2.1 mV) and peaked at —9.6-30 mV. APs up to
50.2 mV were observed (32 + 2.8 mV). AP duration ranged from 3-20.6 ms (7.2 £ 1.3 ms).
Spontaneous firing was observed in two cells (Fig. 5C).

In voltage-clamp mode, both inward and outward currents were observed in all cells (not
shown), but their relative magnitudes varied considerably. Inward currents were activated
rapidly (<1 ms) and peaked within 1-3 ms. Activation threshold was —30 + 1 mV, maximal
peak current amplitude was obtained at a mean voltage of —13 + 1.9 mV, and currents were
completely blocked by TTX (n = 3). These properties are consistent with the presence of
voltage-gated sodium channels that underlie AP generation. In three cells, we observed
spontaneous transient currents that had the characteristics of synaptic currents, including a
rapid rise and slower decay phase. One of these recordings was made with a K-gluconate—
based pipette solution, and holding this cell at —40 mV allowed us to observe both outward
(inhibitory) and inward (excitatory) currents (Figs. 5Di, 5Dii). Although all 14 cells were
injected with biocytin, only five cells were recovered after the completion of the subsequent
immunostaining procedures. However, all of the 5 biocytin-filled cells were TH* (Figs. 5E-
5G).

DISCUSSION

Neuronal subtype specification depends on interplay of the intrinsic program of precursor cells
and extrinsic morphogens that are present in the surroundings [33]. Although the intrinsic
control of dopaminergic fate specification remains to be clarified, FGF8 and SHH play an
instructive role [17,18]. FGF8 and SHH efficiently promote differentiation of DA neurons from
primary [13] and ESC-derived neuroepithelia [16,34,35]. We have demonstrated in the present
study that DA neurons with either midbrain or forebrain characters can be efficiently generated
from hESCs in response to a simple administration of FGF8 and SHH. By characterizing the
process of neuroepithelial differentiation, we have discovered that it is the time window of
FGF8 and SHH application or the intrinsic program of the precursor cells that determines the
specification of midbrain versus forebrain DA neurons. Early exposure to FGF8 during the
process of neuroepithelial specification directs the precursors preferentially to a midbrain fate
and subsequent differentiation to midbrain DA neurons. Exposure of FGF2-expanded
neuroepithelial cells to FGF8 and SHH promotes differentiation of DA neurons but mostly to
cells with a forebrain phenotype.

Mouse ESCs have been differentiated to neuroepithelial cells, expanded with FGF2,
regionalized or specified with FGF8 and SHH, and subsequently differentiated into DA
neurons [16]. We hypothesized that the same principle should apply to human primates. Indeed,
we are able to generate a large number of DA neurons by differentiating hESCs into
neuroepithelial cells that express Sox1 and organize into neural tube—like rosettes in the
presence of FGF2 [21], treating the neuroepithelial cells with FGF8 and SHH to induce a ventral
midbrain fate and finally differentiating the progenitors to DA neurons. However, most of the
DA neurons generated in this way lack some of the key characteristics of midbrain projection
DA neurons such as large size with complex morphology and expression of midbrain
transcription factors at the protein level. Given that Sox1 is usually expressed by neuroepithelial
cells at the neural tube closure stage in animals [25] and that it is expressed by cells in the
neural tube—like rosettes that correspond to the neural tube formation stage in human
development [20], we reasoned that the Sox1-expressing neuroepithelial cells are regionally
specified and are thus less responsive to morphogens for generating DA neurons with midbrain
phenotypes.
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Our hypothesis that FGF8 may instruct the early precursors to adopt a midbrain identity is
confirmed by the efficient induction of its downstream transcription factors, such as En1, Wnt1,
Pax2, and Gbx2, all of which are crucial in patterning the mid-hindbrain junction [36,37], and
by the generation of DA neurons that possess characteristics of projection neurons such as large
cell bodies with complex processes and expression of midbrain markers. Developmentally,
FGF8 is first expressed by epiblasts or ectodermal cells during gastrulation with a proximal
boundary around the primitive streak (E6.5 in mouse). After the neural plate/tube forms (E8.5—
9), FGF8 is present in the telencephalic commissural plate, the ventral midline of the
hypothalamus, and the optic stalks in addition to the mid-hindbrain boundary (isthmus) [38].
Another major event during gastrulation is the formation of the notochord, which produces the
ventralizing morphogen SHH. Hence, from a pure mechanical view, this would mean that both
FGF8 and SHH are made available first to the ectodermal or perhaps primitive neuroectodermal
cells in the mid-hindbrain region. Consequently, these progenitors differentiate into DA
neurons with early born, large-projection neuron phenotypes. This is in line with our
observation that early application of FGF8 and SHH induces predominantly midbrain DA
neurons. Theoretically, SHH needs to be present at the same time. However, we found that
early addition of SHH did not increase the production of DA neurons, which may be due to
the induction of endogenous SHH by FGF8 at this particular window. Alternatively, but not
mutually exclusive, the intrinsic program of the neuroepithelial cells, such as expression of
Pax6 but not Sox1, may endow the precursors with the machinery to respond to FGF8 and
SHH for production of large-projection DA neurons. This notion parallels our recent finding
that only the Pax6* but not the Sox1™ early neuroepithelial cells can be efficiently instructed
to differentiate into spinal motor neurons by retinoic acid and SHH [24]. Therefore,
specification of early born projection neurons such as midbrain DA neurons and spinal motor
neurons requires morphogen instruction while the neuroectodermal fate is still being
determined.

Itis presently not clear why FGF2-expanded mouse ESC-derived, but not human ESC-derived,
neuroepithelial cells can be efficiently specified to a ventral midbrain fate. There is recent
evidence that the dorsal or ventral identity of neural progenitors isolated from mouse spinal
cord may be deregulated upon culture, especially in the presence of FGF2 [39], which may
partially account for the capability of expanded mouse ESC-derived neuroepithelial cells to be
respecified. We have observed that the hESC-derived neuroepithelial cells, after expansion in
FGF2, can still generate cells that express Enl but rarely coexpress TH after further
differentiation in the presence of SHH and FGF8. This suggests that human neuroepithelial
cells may not be as plastic as their mouse counterparts to be regionally respecified. Human
neural stem cells retain their regional phenotypes after long-term expansion in the presence of
mitogens, including FGF2 [40], whereas those from mouse brain seem to be respecified, at
least from the gene expression standpoint [41]. Technically, most differentiation protocols
including our present one generate mixed progenies that include undifferentiated or partially
differentiated precursors [42]. These precursors may respond to morphogens at a later stage.
Besides, FGF2 can also caudalize neuroepithelial cells. Due to a much shorter cell-cycle time
in mouse cells, these newly specified progenitors might readily take over the differentiated
population, thus masking the true mechanism. In our present study, undifferentiated stem cells
are removed during the neuroepithelial enrichment process, which minimizes the chance of
the less-differentiated precursors being regionally specified at a later stage.

The differentiation of DA neurons from hESCs has recently been reported by using a coculture
system with stromal cells [35,43,44] or in an aggregated suspension culture system [45]. The
signals associated with stromal cells are strong inducers of neuroectodermal and dopaminergic
differentiation [46]. However, the nature of the signals remains unknown. In contrast, the entire
differentiation process in our present study is achieved under a chemically defined system.
This allows delineating environmental factors that influence cell-fate decision at each
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individual step along the pathway. It is because of this chemically defined system and the well-
characterized neuroectodermal induction process that we are able to differentiate the
requirements for production of midbrain versus forebrain DA neurons. From the application
standpoint, coculture with cell lines that are often tumorigenic introduces risk components as
well as unknown factors, whereas our chemically defined system will allow direct translation
to clinical application should new hESC lines be created without contact with animal products.

The early requirement of morphogen action on neuroepithelial cells for production of
projection neurons like midbrain DA neurons may explain why stem cells or progenitors
expanded from embryonic and adult mammalian brains do not produce projection neurons
[47-49]. Our study also indicates a slow maturation process of the human DA neurons in vitro,
as revealed by the lack of typical electrophysiological properties of midbrain DA neurons
[50] and the poor DA uptake activity (unpublished observation). This may partly reflect the
nature of human cells as well as culture environment that lacks targets and further signals
important for full maturation. Nonetheless, the electrophysiological properties and the activity-
dependent DA release do indicate that the in vitro—generated DA neurons are functional. The
ability to efficiently generate functional human DA neurons from a renewable source offers a
system for toxicological and pharmaceutical screening for chemicals and drugs that may affect
human DA neurons as well as potential cell therapy in the future.

CONCLUSION

By examining the neuroectoderm differentiation process, we have shown that DA neurons with
the forebrain or midbrain phenotypes can be differentially specified under a chemical-defined
culture system. Although DA phenotype can be specified by exposure to FGF8 and SHH, it is
the time window in which precursors are exposed to the morphogens that determines the
regional identity. Exposure of the hESC-derived Sox1* neuroepithelial cells to FGF8 and SHH
results in the generation of DA neurons with a forebrain identity such as bipolar morphology,
coexpression with GABA, and absence of midbrain marker Enl expression. Early application
of FGF8 and SHH during the process of neuroectoderm specification leads to the differentiation
of midbrain neuroepithelial cells and subsequent production of midbrain DA neurons, which
have large cell bodies and complex processes and express Enl. The in vitro—generated DA
neurons are biologically functional and may provide a renewable source for developing
sustainable therapies for disorders that affect the DA system, such as Parkinson’s disease.
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Figure 1.

Specification of midbrain neural progenitors. Columnar cells (A) appeared in the
differentiating human embryonic stem cell colony at days 8-10, (B) formed neural tube—like
rosettes at day 14, and (C) expressed Sox1. (D): The neuroepithelial cells in FGF2-treated
cultures expressed Bf1 (red) but not Enl (green). (E): Enl (green) expression was observed
in the nestin* (red) neural progenitors after 6 days of treatment with FGF8 (100 ng/ml) at day
10, expansion in FGF8 for 2 days, and subsequent treatment with FGF8 and SHH (200 ng/ml)
for another 6 days on laminin substrate. (F): These Enl1* cells (green) were negative for Bfl
(red). The cell nuclei were stained with Hoechst (bluein C, D). Bar = 50 um. (G): Reverse
transcription—polymerase chain reaction showed a higher expression level of Pax2, En1, Wnt1,
and Gbx2, as well as Nkx6.1 and SHH mRNAs, when the embryonic stem cell (lane 1)-derived
early neuroepithelial cells (lane 2) were treated with FGF8 followed by FGF8 and SHH (lane
4) compared with the cells that were treated with FGF2 followed by FGF8 and SHH for the
same period (lane 3). Abbreviations: FGF, fibroblast growth factor; SHH, sonic hedgehog.
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Figure 2.

Differentiation of DA neurons. (A): Schematic procedures of DA neuron differentiation.
hESCs were differentiated to early neuroepithelial cells in the form of early rosettes at 8-10
days, followed by formation of neural tube—like rosettes for another week in the presence of
either FGF2 (late FGF8 treatment) or FGF8 (early FGF8 treatment). They were then
differentiated to NPs in the presence of FGF8 and SHH for 6 days before proceeding to DA
neurons in the next 2—3 weeks after withdrawal of morphogens. (B): The neural progenitors
derived form hESCs were positive for nestin (red) and negative for SSEA4 (green), which was
expressed in the undifferentiated hESCs (inset). (C): The dissociated NPs reformed rosettes
and began to extend neurorites 5 days after plating. (D): Approximately one third of the
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differentiated cells were TH* (red) but DBH™ (green) in the early FGF8 treatment group at 3
weeks of differentiation. The inset indicates that DBH positively stained cells in the section of
adult rat brainstem. (E-G): All TH* cells (E, green) were positively stained with AADC (F
and G, red), but some AADC™ cells were negative for TH (G, arrowheads). The cell nuclei
were stained with Hoechst (B and D, blue). Bar = 50 pm. Abbreviations: A ADC, amino acid
decarboxylase; DA, dopamine; EB, embryoid body; ESC, embryonic stem cell; FGF, fibroblast
growth factor; hESC, human embryonic stem cell; NE, neuroepithelia; NP, neural progenitor;
SHH, sonic hedgehog; SSEA, stage-specific embryonic antigen; TH, tyrosine hydroxylase.
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Figure 3.

Characterization of human ES cell-derived DA neurons. (A, B): All TH* cells (red) in the
(A) early and (B) late FGF8-treated cultures were positively stained for BllI-tubulin (green).
The TH™ cells exhibited (A) multipolar morphology in the early FGF8 treatment culture and
(B) bipolar morphology in the late FGF8 treatment culture. (C, D): Coexpression of TH* (red)
and En1 (green) was observed in (C) the early FGF8 treatment cultures but not in (D) the late
FGFS8 treatment culture. (E, F): Few TH* neurons (green) coexpressed GABA (red) in the
(E) early FGF8 treatment cultures compared with the (F) late FGF8 treatment group. (G): The
TH* cells (red) in the early FGF8 treatment culture were negative for calbindin (green). The
cell nuclei were stained with Hoechst (A and B, blue). Bar = 50 um. (H): Reverse transcription—
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polymerase chain reaction analyses indicated the expression of other dopaminergic-related
genes when the ES cells were differentiated into DA neurons through EB and NP stages.
Abbreviations: DA, dopamine; EB, embryoid body; ES, embryonic stem; FGF, fibroblast
growth factor; GABA, y-aminobutyric acid; NP, neural progenitor; TH, tyrosine hydroxylase.
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Figure 4.

Expression of receptors and transporters in the human embryonic stem cell-derived midbrain
dopamine neurons. (A-C): All TH* cells (A, green) expressed c-Ret (B and C, red). (D-F):
TH* cells (D, green) coexpressed VMAT2 (E and F; red). (G-1): TH* neurons (G, green)
expressed synaptophysin (H and I, red). Bar = 25 um. Abbreviations: TH, tyrosine
hydroxylase; VMAT, vesicular monoamine transporter.
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Figure 5.

Functional characteristics of the in vitro—generated midbrain DA neurons. (A): Spontaneous
and depolarization (56 mM KCI in HBSS)—-induced DA release in the non-DA cultures and the
early fibroblast growth factor 8—treated cultures at 3 weeks of differentiation. Data were
presented as mean + SD from three experiments. *p < .05 versus control by the unpaired
Student’s t-test. (B): Action potentials evoked by depolarizing current steps (0.2 nA) in two
neurons differentiated for 30 days. Passive membrane properties: (i) Viest =49 mV, C, 15.5
pF, Rm 5.0 GQ; (ii) Viest =72 MV, Cy, 45 pF, Ry, 885 MQ. (C): Spontaneous postsynaptic
potentials in a neuron differentiated for 36 days. (D): Spontaneous postsynaptic currents in a
neuron differentiated for 30 days in culture. The neuron was voltage clamped at —40 mV using
a K gluconate—based pipette solution. The outward currents reflect inhibitory events, and the
inward currents reflect excitatory events in this low-chloride recording solution. (ii): Averaged
events from the cell illustrated in panel (i). The weighted decay time constants are 61.4 ms and
9.9 ms for inhibitory (n = 17 events) and excitatory (n = 14 events) currents, respectively. (E-
G): Immunostaining showed that the recorded neuron (F, green) was positive for TH (E and
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G, red). Bar = 50 pm. Abbreviations: DA, dopamine; HBSS, Hanks’ balanced salt solution;
TH, tyrosine hydroxylase.
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