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Abstract

It is currently not known whether dopamine (DA) neurons derived from human embryonic stem
cells (hESCs) can survive in vivo and alleviate symptoms in models of Parkinson disease (PD).
Here, we report the use of Noggin (a bone morphogenic protein antagonist) to induce
neuroectodermal cell development and increase the yield of DA neurons from hESCs. A
combination of stromal-derived inducing activity and Noggin markedly enhanced the generation
of neuroepithelial progenitors that could give rise to DA neurons. In addition, Noggin diminished
the occurrence of a fibroblast-like Nestin-positive precursor population that differentiated into
myocytes. After transplantation of differentiated hESCs to a rodent model of PD, some grafts
contained human midbrain-like DA neurons. This protocol demonstrates hESC derivation and
survival of human DA neurons appropriate for cell therapy in PD.
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INTRODUCTION

The production of in vivo functional dopamine (DA) neurons from human embryonic stem
cells (hESCs) is at an early stage of technological development. Although DA neurons can
be derived from hESCs in vitro [1-8], there is some evidence that these neurons do not
survive in vivo after transplantation [5, 8]. In addition, hESC differentiated cell populations
prepared for transplantation contain pluri- and/or multipotent precursors that can give rise to
unwanted cell types and grow into teratomas [6, 8]. When antagonizing bone morphogenic
protein (BMP) signaling during early embryogenesis, Noggin reduces epidermal and
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mesodermal cell development, promoting the default pathway of neural induction [9]. These
effects have provided the rationale for the use of Noggin in hESC differentiation protocols
to enhance neuroectodermal cell development [10-12]. We now demonstrate that Noggin
markedly increases the formation of neuroectodermal cells from hESCs in coculture with
stromal feeder cells, which can enhance the production of specific DA neurons appropriate
for future transplantation therapies for Parkinson disease (PD).

MATERIALS AND METHODS

hESC Culture and In Vitro Differentiation

The work with hESCs was approved by the Partners ESCRO (Embryonic Stem Cell
Research Oversight) Committee under protocol number 2006-04-001A. hESC lines H7
(WA-07, XX, passages P29-P35) and H9 (WA-09, XX, approximately passage 35) were
cultured according to the guidelines established by the National Academy of Sciences. Cells
were propagated on mitomycin-C (10 pg/ml for 150 minutes; Sigma-Aldrich, St. Louis,
http://www.sigmaaldrich.com)-inactivated human (D551; American Type Culture
Collection, Manassas, VA, http://www.atcc.org) fibroblasts in serum replacement medium
(SRM) (Dulbecco’s modified Eagle’s medium [DMEM], 15% knockout serum replacement;
Invitrogen Corporation, Carlsbad, CA, http://www.invitrogen.com). Differentiation of
hESCs was adapted from previously published protocols [4]. Briefly, neuroectodermal
differentiation (“rosette formation) of hESCs was induced by coculture on transgenic MS5-
Whntl stromal feeder cells (Dr. L. Studer, Sloan-Kettering Institute, New York). hESCs were
triturated and plated in a density of approximately 0.5-1 colonies per six-well plate on a
confluent layer of mitotically inactivated MS5-Wnt1 cells using SRM for 14 days, followed
by N2 medium (DMEM/F-12; Invitrogen Corporation) (N2-A; Stem Cell Technologies,
Vancouver, BC, Canada, http://www.stemcell.com). Neuroectodermal induction was
achieved either without or with the addition of 300 ng/ml Noggin (R&D Systems, Inc.,
Minneapolis, http://www.rndsystems.com) for 7 (1 week) or 21 (3 weeks) days to the culture
medium (Fig. 1A). Media were changed every 2 days, and cells were differentiated toward
the DA phenotype in the presence of growth factor combinations as follows: 200 ng/ml
sonic hedgehog (SHH), 100 ng/ml fibroblast growth factor 8 (FGF8) (both R&D Systems,
Inc.), 20 ng/ml brain-derived neurotrophic factor (BDNF) (PeproTech EC Ltd., London,
http://www.peprotechec.com), 20 ng/ml basic fibroblast growth factor (bFGF) (Invitrogen
Corporation), 1 ng/ml transforming growth factor type p3 (TGF-$3) (Calbiochem, San
Diego, http://www.emdbiosciences.com), 10 ng/ml glial cell line-derived neurotrophic
factor (GDNF), 0.5 mM dibutyryl cAMP, and 0.2 mM ascorbic acid (AA) (all from Sigma-
Aldrich). At day 21 of differentiation, rosettes were harvested mechanically from feeders
and gently replated on 15 pug/ml polyornithine plus 1 pg/ml laminin-coated culture dishes in
N2 medium supplemented with bFGF, BDNF, AA, SHH, and FGF8. After 9 days (day in
vitro 30 [DIV30]) cells were passaged using 0.05% trypsin/EDTA (Invitrogen Corporation)
and spun at 1,000 rpm for 5 minutes. Cells were resuspended in N2 medium and plated
again at a density of approximately 50,000-100,000 cells per square centimeter on
polyornithine/laminin-coated dishes in the absence of bFGF but in the presence of BDNF,
AA, SHH, and FGF8. After an additional 7 days of culture (DIV37), cells were
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differentiated until DIV42 or DIV49 in the absence of SHH and FGF8 but in the presence of
BDNF, AA, cAMP, GDNF, and TGF-f3.

Immunocytochemistry and Immunohistochemistry

Cells were analyzed by immunofluorescence staining as previously described [13, 14] and
examined using an LSM510 Meta confocal microscope equipped with ultraviolet, argon, and
helium-neon lasers (Carl Zeiss, Thornwood, NY, http://www.zeiss.com). The following
primary antibodies were used: sheep anti-tyrosine hydroxylase (TH) (1:300) from Pel-Freez,
Rogers, AK, http://www.invitrogen.com; rabbit polyclonal anti-glial fibrillary acidic protein
(GFAP) (1:500) from Dako North America, Carpinteria, CA, http://www.dakousa.com; goat
polyclonal anti-GFAP (1:300), rabbit polyclonal anti-B-111-tubulin (TuJ1) (1:2,000), and
rabbit polyclonal anti-Pax2 from Covance, Princeton, NJ, http://www.covance.com;
neuronal nuclei (1:100), rabbit polyclonal anti-Sox1 (1:300), and rabbit polyclonal anti-
nestin (1:300) from Chemicon International, Temecula, CA, http://www.chemicon.com;
goat polyclonal anti-Otx2 (1:1,000) from Neuromics, Edina, MN, http://
www.neuromics.com; rabbit anti-5HT (1:5,000) from DiaSorin S.p.A., Saluggia, Italy,
http://www.diasorin.com; mouse immunoglobulin G2b (IgG2b) anti-myosin (MF20)
(1:300), mouse IgM anti-forebrain surface embryonic marker 1 (FORSE-1) (1:80), and
mouse polyclonal anti-engrailed-1 (En-1) (1:40) from Developmental Studies Hybridoma
Bank, lowa City, IA, http://www.uiowa.edu; and rabbit polyclonal anti-brain factor-1 (BF-1)
(1:1,000) (Dr. L. Studer). To identify human cells in the rodent brain, we used the human-
specific antibody against human nuclear antigen (1:50; Chemicon International). The
appropriate fluorescent-labeled secondary antibodies (Alexa Fluor goat or donkey anti-
rabbit, -mouse, or -sheep 488, 568, 594, 647; Invitrogen Corporation) (1:500) were applied
for visualization, and nuclei were counterstained with Hoechst 33342 (5 pug/ml; Invitrogen
Corporation). On selected sections, the primary antibody was omitted to verify specificity of
staining.

Fluorescence-Activated Cell Sorting Analysis

Cells were harvested at the immature stage (by mechanical selection) and at DIV21 and
DIV42 using 0.05% trypsin/EDTA. After gentle trituration, cells were filtered through cell-
strainer caps to obtain a single-cell suspension. Surface antigens were labeled by incubating
for 50 minutes with the following primary antibodies: mouse IgM anti-stage-specific
embryonic antigen (SSEA)-1 (0.4 pg/ml) and mouse IgM anti-SSEA-4 (3 pg/ml) from
Developmental Studies Hybridoma Bank; mouse 1gM anti-Tra-1-60 (15 pg/ml) from
Chemicon International; mouse 1gG1 anti-neural cell adhesion molecule (NCAM) (Eric-1;
1:100) from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, http://www.scht.com, and
with fluorescent-labeled secondary antibodies as above. All washing steps were performed
in Hanks’ balanced salt solution (Invitrogen Corporation) containing penicillin-
streptomycin, 20 mM glucose, and 2% fetal bovine serum. The stained cells were analyzed
on a FACSAria (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com), and data
analysis was performed using FlowJo software (TreeStar Inc., Ashland, OR, http://
www.treestar.com).
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Quantitative immunocytochemical analysis was performed on randomly selected visual
fields from at least two independent differentiation experiments. In each field, images of
separate channels (Hoechst, 488, 568, 594) were acquired at x40 magnification on an
integrated epifluorescence microscope (Axioskop 2+; Carl Zeiss) using the
Stereolnvestigator image capture equipment and software (MBF Bioscience, Inc., Williston,
VT, http://www.mbfbioscience.com) and exported to an imaging software (Adobe
Photoshop; Adobe Systems Incorporated, San Jose, CA, http://www.adobe.com), where
separate channel images as well as the corresponding overlaid images were counted. On
average, 20-25 visual fields were acquired per 16-mm coverslip, and a total of 4,000-8,000
Hoechst™ cells were counted per experiment in a blinded manner by two investigators. The
total numbers of TH*, GFAP*, MF20™, and “Nestin-flat” cells were then plotted as the
percentage of total Hoechst™ cells. Areas were measured on confocal images from coverslips
to estimate nuclear/cytoplasm ratios in flat and slender Nestin* cells. Multinuclear cells were
not included.

Reverse Transcription-Polymerase Chain Reaction and Quantitative Real-Time Polymerase
Chain Reaction

Reverse transcription-polymerase chain reaction (RT-PCR) was performed as described [13]
using the following published primer pairs: f-actin [2]; TH, Nurrl, and Pitx-3 [1]; Sox1 and
Enl [6]; Oct4 [15]; Pax2 [16]; Pax6 and Nestin [17]; Msx1 [18]; and Lmx1a [19].

For quantitative real-time (Q)-PCR, cDNA samples (approximately 25-50 ng/ul mRNA
equivalent) were analyzed using the SYBR Green Jumpstart Taq ReadyMix (Sigma-
Aldrich) and an Opticon MJ thermocycler (MJ Research, now part of Bio-Rad, Hercules,
CA, http://www.bio-rad.com) in total volumes of 25 pul with 40 nmol primers for each
reaction. Linearity and detection limit of the assay were performed in 10-fold serial dilutions
(linear curves r = .9) to determine optimal template amounts. Quantification was performed
at a threshold detection line (“threshold cycles,” Ct value). The Ct of each gene product
(TH, BHI-tubulin, and heavy chain myosin [HCM]) was normalized against that of the
housekeeping gene B-actin, which was run simultaneously for each marker. Data were
expressed as mean + SEM. The ACt for each candidate was calculated as ACt of [Ct
(candidate) — Ct (GAPDH)] according to the methods of Livak et al. [20] and plotted as
relative levels of gene expression. Data were analyzed by a two-tailed Student’s t test, and
statistical significance was set at p <.05. For the Q-PCR, the following additional primers
were used: Bll1-tubulin - TGGATTCGGTCCTGGATGTG-3’ (forward) and 5'-
ACCTTGCTGATGAGCAACGT-3’ (reverse), B-actin 5-CCTTGCACATGCCGGAG-3
(reverse), and HCM [21].

Transplantation into the Striatum of 6-Hydroxydopamine-Treated Rats

Animal studies were approved by the Institutional Animal Care and Use Committee at
McLean Hospital and Harvard Medical School. Unilateral 6-hydroxydopamine (6-OHDA)-
lesioned adult female Sprague-Dawley rats (200-250 g) were purchased from Taconic
(Taconic Farms Inc., Germantown, N, http://www.taconic.com). As described elsewhere
[22, 23], 2 pl (2 pg/ul) of 6-OHDA were stereotaxically injected into the right median
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forebrain bundle. After purchase, rats were screened by apomorphine rotation at Taconic
and tested for amphetamine-induced rotation (2.5 mg/kg) in our laboratory at least 6 weeks
after lesion. Rats that demonstrated more than 700 turns after drug injection were considered
to have more than 97% striatal DA lesion and were selected for cell transplantation.
Rotational behavior in response to amphetamine (4 mg/kg i.p.) was evaluated before
transplantation and at 9 and 12 weeks after transplantation as described [22, 23].

Differentiated H7 and H9 hESCs were gently trypsinized into a cell suspension, counted,
and resuspended at approximately 25,000 viable cells per microliter in the final
differentiation medium. Four microliters were slowly injected into the lesioned striatum of
the rats (anteroposterior = 0 lat = —2.8 from bregma, and from -5.5 to —-4.5 mm ventral from
dura, with the tooth bar set at —3.3). Injections were performed as previously described [14,
24]. Rats were immunosuppressed with cyclosporine-A (15 mg/kg per day, Sandimmune;
Sandoz, Princeton, NJ, http://www.us.sandoz.com) starting 1 day prior to surgery. Three
months after transplantation, animals were terminally anesthetized, and the brains were
removed, fixed, and analyzed using multiple-immunofluorescence labeling as described
[14]. Cell counts of TH* neurons were performed on every 12th section by using an
Axioplan microscope (Carl Zeiss) under a x40 lens. Only stained cells with visible dendrites
were counted as neurons, and counts from serial sections were corrected and extrapolated
for whole graft volumes using the Abercrombie method [25].

RESULTS

hESCs were first differentiated in vitro on the mouse stromal cell line MS5-Wnt1, and then
neural precursors were grown in feeder-free conditions with factors supporting DA cell
development and survival [4] (Fig. 1A). In our hands, this protocol did not produce
sufficient amounts of neural progenitors from the National Institutes of Health (NIH)-
approved cell lines H7 and H9 for further in vitro differentiation and in vivo transplantation
experiments. By DIV21, hESCs developed into populations of heterogeneous cell types
growing in “crater-like” structures (Fig. 1B). In contrast, addition of Noggin to the MS5
cocultures (Fig. 1A) produced more homogeneous colonies with a remarkable increase in
neuroectodermal rosette-like structures (Fig. 1B), which could be expanded in the absence
of the MS5 stromal cells (Fig. 2A, left panel). Previous reports have suggested that such
rosettes represent neural plate-like [4] and/or neural tube-like precursor cells [7, 26].
Accordingly, cultured rosettes (DIV35) expressed the neural tube and radial-glia marker
3CB2 [27] in their center part and the neuronal marker Tujl at their edges, indicating their
immature and neuronal differentiation properties (Fig. 2A, right panel). The rosettes also
expressed the neural precursor markers Nestin and Sox1 and the midbrain marker Otx2 with
or without Pax2 [28, 29] (Fig. 2B), whereas only a few cells coexpressed Pax2 and En-1 (not
shown). Rosettes expressing the forebrain marker BF-1 (foxgl) [30] coexpressed the
forebrain surface-embryonic marker 1 (FORSE-1) [31] (Fig. 2B). At the early stage of
differentiation, we noted the appearance of some TH-positive neurons. These neurons were
scattered and preferentially located at the interface between the MS5 stromal cells and the
rosette-containing ESC colonies (supplemental online Fig. S1).
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The neuroepithelial cells from manually collected rosettes were cultured in conditions
favoring neurogenesis and DA neuronal differentiation [4] (Fig. 1A and Fig. 3A). At DIV37,
Tuj1*/TH* DA neurons [4] had developed and RT-PCR experiments revealed that the DA
neurons in both Noggin culture conditions exhibited similar gene expression profiles for the
DA- and midbrain-associated markers TH, Nurrl, Pitx3, En-1, Pax2, Lmx1a, and Msx1 [29,
32, 33] (Fig. 3B). To estimate the efficiency of DA neuronal cell development, we
performed cell counts that revealed an approximately twofold increase in the numbers of
TH* neurons in the 3-week compared with the 1-week Noggin treatment at DIV37 and 49
(Fig. 3C). In addition, Q-PCR analysis showed that the gene expression levels for Tuj1 were
increased in the 3-week Noggin condition at DIV37 and 49 (Fig. 3D). Q-PCR analyses also
showed an approximately threefold increase in TH expression in the 3-week Noggin
conditions, but these differences could not be observed at DIV 49 (Fig. 3D). However, when
the TH gene expression levels were normalized against the corresponding Tujl levels, an
overall increase was observed in the 3-week Noggin conditions (Fig. 3D). We also observed
the presence of heavy myofilament 20 (MF20)- and GFAP-positive cells (Fig. 4C and
supplemental online Fig. 2A). Quantification of the MF20* cells at DIV37 and 49
demonstrated a marked decrease with 3-week (<1%) compared with 1-week Noggin
treatment (6%—7%), which was consistent with gene expression levels for HCM as
determined by Q-PCR (Fig. 3E). In contrast, the numbers of GFAP*cells increased slightly
in the 3-week Noggin-treated cultures (Fig. 3E). Using fluorescence-activated cell sorting
(FACS), we analyzed the fractions of cells that expressed the immature cell markers
Tra-1-60, SSEA-4, and SSEA-1 and the neural marker NCAM at various stages of
differentiation (Fig. 3F). From the ESC stage to rosette formation (DIV21), there was an
approximately 97% reduction of Tra-1-60* and an approximately fourfold increase of
SSEA-1* cells (Fig. 3F). At DIV42, approximately 75% of the cells in the cultures were
NCAM-positive and there was a small fraction of cells (<1%) that expressed the immature
markers SSEA-4 and SSEA-1 in the 3-week Noggin treatment conditions (Fig. 3F). Using
RT-PCR, low levels of the marker Oct4 and a persistent expression of the neural precursor
marker Sox1 were also detected at this time (Fig. 3C).

We observed the presence of two morphologically distinct Nestin* cell populations. One
population, which was present in both Noggin conditions and represented the majority,
consisted of small cells with scarce cytoplasm (nuclear/cytoplasma ratio 0.638 + 0.016) and
one or two slender, long processes (“Nestin-slender”) (Fig. 4). The other phenotype had a
“fibroblast-like,” flat morphology with larger cytoplasm (nuclear/cytoplasm ratio 0.281 +
0.015), thick and short processes, and occasional multinuclearity (Nestin-flat). The Nestin-
flat phenotype was predominantly present in the 1-week Noggin condition and did not
appear before DIV37 (Fig. 4). Quantification of the Nestin-flat cells confirmed a larger
number in the 1-week than in the 3-week Noggin-treated cultures (Fig. 4F). Characterization
of the Nestin® cell populations at DIV49 demonstrated that a few Nestin-slender cells
costained with the neuronal marker Tuj1, but not with GFAP or MF20, whereas many
Nestin-flat cells were also positive for GFAP or MF20 (Fig. 4C—4E). Vimentin, another
intermediate filament, was colocalized with GFAP in some, but not all, of these flat cells
(data not shown). In addition, the Nestin-slender cells coexpressed the radial-glia marker
3CB2 and some of them were also positive for GFAP (supplemental online Fig. 2B),
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indicating that these cells resemble radial-glia-like immature neural precursors. In summary,
Noggin treatment reduced the presence of non-neural Nestin* precursors during
differentiation.

To determine whether DA neurons from the in vitro differentiation would function in vivo,
we harvested cells at DIV42 from the high-yield 3-week Noggin cultures from either the
hESC line H9 or H7 (see Material and Methods for details) and transplanted them into the
striatum of hemi-parkinsonian rats (6-OHDA lesioned). In the group of rats that received
differentiated cells from H9 hESCs (n = 8), rotational behavior in response to amphetamine
was unchanged (average response to amphetamine increased by 24% + 9% at 12 weeks; n =
5). Three animals had very large grafts (larger than striatum) and were sacrificed before the
completion of the study. Postmortem analyses revealed only very few DA neurons in the
grafts (1-3 TH* cells in two grafts) (Fig. 5A-5D), serotonin (5HT*) neurons (data not
shown), pluripotent SSEA-4* immature precursors (Fig. 5E), and non-neural components,
including MF20* cells (Fig. 5F). In contrast, in the group receiving H7 hESC-derived cells
(n=12), three animals showed variable degrees of behavioral improvement at 9 and 12
weeks from 10%-94% reduction in amphetamine-induced rotation (Fig. 5G). In two of these
animals (Fig. 5G), an initial contralateral rotation was observed in the first minutes after
amphetamine administration, which is typically seen only for functional DA grafts [34].
Altogether, nine animals had surviving grafts that contained multiple cell types, including
TH* neurons (average 160 + 74; n=7) (Fig. 5A-5D). Two animals that died before the end
of the study had large teratomas, which also contained TH* neurons (not quantified). The
TH* cells (Fig. 5C, 5D) appeared individually or in clusters and had a cell soma size ranging
from 20 to 50 um, which is consistent with an average size (37 um) of midbrain DA neurons
in grafts of PD patients after receiving human fetal cell transplantation [35]. In addition,
some of these TH* cells coexpressed G-protein-gated inwardly rectifying K* channel 2
(Girk2), a typical marker for DA neurons in the human substantia nigra pars compacta (A9
region) (data not shown) [35] and had complex neurites with relatively little outgrowth into
the host striatum.

DISCUSSION

This study demonstrates that a combination of stromal cell coculture and the BMP
antagonist Noggin markedly enhanced the development of two hESC lines (H7 and H9) into
neuroectodermal precursors. Differentiation of these precursors in culture conditions
favoring DA neurogenesis demonstrated an increase in the amount of midbrain-like DA
neurons. We also found that these culture conditions reduced the formation of fibroblast-like
Nestin* mesodermal progenitors. Moreover, in a rodent model of PD, DA neurons were
present in grafts of animals that were transplanted with cells differentiated from the H7
ESCs. However, despite of the reduction in mesodermal precursors, surprisingly, the
transplantation experiments also revealed the presence of teratoma, which included MF20*
myocytes (discussed below).

Successful use of ESC-derived DA cells to alleviate symptoms in animals models of PD has
been demonstrated for mouse (reviewed in [36]) and primate ESCs [37]; however, data from
hESCs is currently limited. There are only a few published studies that report transplantation
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of differentiated hESCs in animal models [1, 3, 5, 6], and in two publications teratoma
formation was reported [6, 8]. In the current study, we also observed teratoma-like grafts
after transplantation of differentiated cells at DIV42, and this was independent of the hESC
source (H7 or H9). Thus, the in vitro differentiation conditions in our studies did not
completely avert the persistence of proliferative toti- and/or pluripotent precursors. The
characteristics of these precursors are not clear. Two scenarios are envisioned. First, the
presence of a totipotent “stem-like” cell that does not respond to these inductive signals and
can form teratoma in vivo. This is supported by the RT-PCR and the FACS analyses
demonstrating low levels of Oct4 expression, a low percentage (<1%) of SSEA-4* and
Tra-1-60* cells at DIV42, and the presence of SSEA-4* cells in some of the grafts. Second,
the presence of several heterogeneous populations of pluri- and/or multipotent progenitors.
For example, there were two morphologically distinct Nestin* cell types, which segregated
into neural-like (Nestin-slender) cells that appeared to be radial-glia-like precursors giving
rise to neurons and astroglia and mesodermal (Nestin-flat) progenitors [38]. Whereas the
mesodermal Nestin-flat cells developed at later stages of differentiation, at the early stages
(rosettes) Nestin was coexpressed with Sox1, a marker for neuroepithelial cells at the
closure of the neural tube [39]. In the 3-week Noggin condition, Sox1 was continuously and
highly expressed during in vitro differentiation. Moreover, in this condition, the
development of MF20* cells was decreased, but their occurrence was not prevented in vivo.
An interpretation of these results suggests that, under these conditions, Noggin produced a
common precursor and reduced its development into the mesodermal lineage. Interestingly,
SMA* (smooth muscle actin-positive) smooth muscle cells [1] and teratoma formation [8]
have been described in brain grafts from transplanted hESCs after differentiation in PA6
cocultures. This indicates that non-neural precursors can also develop in other stromal cell-
derived inducing activity (SDIA)-based in vitro differentiation paradigms.

The characteristics of the rosettes in the Noggin conditions were similar to those described
recently by other investigators [4, 7, 26] and resembled radial-glia-like neural tube cells.
This indicates that the addition of Noggin to the cultures does not seem to alter the common
phenotypes of neuroepithelial-like precursors, which express markers typical for dorso-
ventral and anterior-posterior patterning. In addition, the expression of the forebrain markers
FORSE-1 and BF-1 (foxgl) implied the presence of neural precursors that potentially could
give rise to cortical neurons [30].

When differentiated cells were transplanted into the striatum of parkinsonian rats, we
observed functional DA neurons that had the typical morphology and phenotype of midbrain
DA neurons in grafts from PD patients who received fetal cell transplantation [35]. This
indicates that hESCs differentiated with our protocol have the potential to produce the
appropriate and therapeutically relevant DA cell population that survive in vivo as stable
phenotype for at least 12 weeks. Interestingly, these neurons developed only from H7
hESCs, but not from H9 hESCs. The reason for this discrepancy is not known and there is
no obvious explanation for this result, except of heterogeneity of the human stem cell lines.
Previously, after transplantation of undifferentiated ESCs from the NIH-approved cell lines
H1 (WA-01) and HES4 (ES04), we observed that TH* DA neurons developed as part of
teratomas within 5 weeks after engraftment (R. Sanchez-Pernaute and O. Isacson,
unpublished results). Therefore, we believe that all these hESC lines have an intrinsic
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capacity to differentiate into DA neurons, although differences may exist in their ability to
produce surviving and functional cells. In other hESC in vitro differentiation and
transplantation paradigms, none [5] or few surviving TH* neurons have been reported [1, 3,
6, 8], and evidence for functional DA neurons was described only by Ben-Hur et al. [3]. In
their protocol, the DA cells developed without the use of DA-specific culture conditions in
hESC-derived neurospheres that were later transplanted. Interestingly, a correlation between
behavioral recovery and presence of TH* neurons in the striatum showed that, in two
animals, approximately 600 cells were necessary to obtain approximately 80% reduction in
amphetamine-induced rotation [3]. This is consistent with our results showing that marked
recovery (94%) occurred only in the presence of 560 TH* neurons.

SUMMARY

We demonstrate a protocol combining the inductive properties of MS5-Wnt1-based SDIA
with Noggin, which markedly increased the development of neuroepithelial precursors
giving rise to human midbrain-like DA progenitors and/or neurons that can function in vivo,
although it does not entirely eliminate stem cells and/or precursors, which can develop into
other tissue. These results indicate both the potential and the need for further improvements
of hESC differentiation protocols toward the isolation and/or enrichment of (homogeneous)
DA cell populations for cell replacement therapy in PD.
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Figure 1.
Culture conditions and development of neuroectodermal cells. (A): Schematic

representation of the protocol used to differentiate human embryonic stem cells (hESCs).
hESCs were differentiated in a multistep protocol supporting dopamine neuronal cell
development [4] and modified by adding 300 ng/ml Noggin during the stromal feeder cell-
based neuroectodermal induction (DIV0-21) for either 1 week (DIV0-7) or 3 weeks (DIV
0-21). On DIV21, rosettes were selected and manually transferred to polyornithine/laminin-
coated culture dishes, expanded, and further differentiated using the sequential addition of
media supplements as indicated (see Material and Methods for further details). At DIV42,
cells were harvested for transplantation into the striatum of 6-hydroxydopamine-treated rats.
(B): The effects of Noggin on neuroectodermal cell development. Left panels: In the
absence of Noggin, hESC colonies developed into typical crater-like structures with a single
layer of homogeneous cells in the center and a rim with heterogeneous cellular
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morphologies. In these conditions, the colonies had very little to no rosettes. An overview of
colonies at low magnification and a representation of four colonies at higher magnification
are shown in the inset (x5). Right panels: Addition of Noggin for 3-weeks led to increased
formation of rosette-forming ESC colonies. An overview of colonies from Noggin-treated
cultures at low magnification, which macroscopically appear homogeneous with a high cell
density, is shown. Bright-field image (x5) of the border of a single colony at DIVV21
showing an accumulation of rosettes (arrows). Abbreviations: AA, ascorbic acid; BDNF,
brain-derived neurotrophic factor; bFGF, basic fibroblast growth factor; DIV, day in vitro;
FGFS8, fibroblast growth factor 8; SHH, sonic hedgehog; SRM, serum replacement medium;
TGF-B3, transforming growth factor type 3.
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Figure 2.

Characterization of the neuroectodermal precursors. (A): Left panel: Bright-field image
(x10) of cultured rosettes at day in vitro 30 (DIV30). Well-defined rosettes were surrounded
by proliferating precursors. Right panel: Immunocytochemistry (ICC) images of rosettes
using the nuclear marker Hoechst (blue), the radial-glia marker 3CB2 (green), and the
neuronal marker Tujl (red). Shown is a part of a rosette with the center marked by a white
star. Rosettes contained radial-glia-like cells in the center part and neurons at their edges.
Scale bars = 50 um. (B): ICC for the immature neural markers Sox1 (red) and Nestin
(green). Rosettes were also stained with the forebrain-midbrain markers Otx2 (red), Pax2
(green) (C), and the forebrain markers FORSE-1 (green) and BF-1 (red) at DIV21. (C): In
all culture conditions (Noggin for 1 week or 3 weeks), colonies were either Otx2*/Pax2* or
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Otx*/Pax2™. Scale bars = 75 um (left set of images), 40 um (right set of images).
Abbreviations: BF-1, brain factor-1; FORSE-1, forebrain surface embryonic marker 1.
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The effect of Noggin on the development of neural and non-neural cellular phenotypes. (A):
Dopamine (DA) neuronal cell development. Immunocytochemistry for Nestin (green), the
neuronal marker Tujl (blue), the DA marker TH (red), and Hoechst at DIV49 in the 3-week
Noggin conditions. Scale bars = 50 um. (B): Gene expression profile during human
embryonic stem cell (hESC) development. Reverse transcription-polymerase chain reaction
(PCR) results from immature ESCs and cell samples at DIVs 21, 30, 37, and 42 for the 1-
week or 3-week Noggin conditions. Samples were analyzed for markers related to the
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midbrain DA neuronal phenotype (TH, Nurrl, Pitx3, En-1, Pax2, Lmx1a, and Msx-1), the
anterior segment marker Pax6, the neural precursor markers Sox1 and Nestin, and the
immature ESC marker Oct4. Shown is one representative out of three independent
experiments. (C): Quantification of the TH* neurons at DIV37 and 49 in the Noggin 1-week
(blue bars) and 3-week (red bars) conditions. Shown is one out of two experiments
representing randomized cell counts of 4,000-8,000 Hoechst* cells for each experiment. The
numbers of TH* cells are plotted as percentage of total cell counts as determined by Hoechst
staining. (D): Quantitative real-time (Q)-PCR for Tuj1 and TH gene expression at DIV37
and 49. Relative gene expression levels were calculated using the 2ACt method according to
Livak et al. [20] (upper and middle panels). In addition, the TH was normalized to the
corresponding Tuj1 expression (lower panel). (E): Quantification of the MF20* and GFAP*
cell populations at DIV37 and 49 in the Noggin 1-week (blue bars) and 3-week (red bars)
conditions as described in (B) (left panel). Right panel: Q-PCR for human heavy chain
myosin (HCM) plotted as relative levels of gene expression (272Ct) according to Livak et al.
[20] (F): Detection of immature stem cells during hESC development in the 3-week Noggin
condition. Fluorescence-activated cell sorting using specific antibodies for the stem cell
markers SSEA-1, SSEA-4, and Tra-1-60, and the adhesion molecule NCAM at the immature
ESC stage, DIV21 and 42. The numbers of immature ESCs substantially decreased during in
vitro differentiation, whereas the fraction of NCAM™* cells increased. Abbreviations: Ct,
threshold cycle; DIV, day in vitro; ESC, embryonic stem cell; GFAP, glial fibrillary acidic
protein; MF20, myosin; NCAM, neural cell adhesion molecule; TH, tyrosine hydroxylase;
Tujl, g-11-tubulin.
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Figure 4.
The effects of Noggin on immature Nestin* progenitor cell development. Characterization of

Nestin™ cellular phenotypes at DIV49 in the 1-week (A) and 3-week (B) Noggin cultures.
Scale bars = 50 um. “Nestin-slender” cells were dominant and present in both culture
conditions, whereas the “Nestin-flat” cells did not appear before DIVV37 and occurred
predominantly in the 1-week Noggin treatment condition. (C-E): Phenotype determination
of the two Nestin* cell populations shows that Nestin-flat cells coexpress MF20 (arrow-
heads) (C) and that some Nestin-slender cells coexpress Tujl (E). GFAP is expressed in
Nestin-flat cell populations (D) and arrows in (C). Scale bars = 50 um. (F): Quantification
of the Nestin-flat cell populations at DIV37 and 49 for the 1-week and 3-week Noggin
cultures. Cell counts were performed as described in the legend for Figure 3C and 3E.
Abbreviations: DIV, day in vitro; GFAP, glial fibrillary acidic protein; MF20, myosin; Tuj1,
B-111-tubulin.
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Figure 5.
Typical cellular phenotypes in grafts after transplantation of differentiated human embryonic

stem cells (hESCs) (here, H7). (A-F): Immunocytochemistry revealed numerous surviving
TH™* neurons, sometimes in clusters, within the grafts in the 6-hydroxydopamine-lesioned rat
striatum. These neurons had a mature morphology with big, polygonal cell soma (25-35 um)
and complex neuritic arborization. Scale bars = 1,000 pm (A), 50 um (B). The TH* neurons
were derived from hESCs as demonstrated by coexpression of human nuclear antigen
(HNA) (green) and TH (red). Hoechst nuclear counterstain is shown in blue. Scale bars = 50
pum (C), 25 um (D). The grafts also contained cells that stained with SSEA-4-specific
antibodies (red), indicating the presence of pluripotent immature precursors (E). Scale bar =
20 pm. (F): Example of non-neural multinucleated muscle cells within the graft (MF20 in
red and Hoechst nuclear counterstain in blue). Scale bar = 40 pym. (G): Graphical
representation of behavioral improvement in amphetamine-induced rotation (blue bars)
paired with numbers of TH* neurons within grafts (red bars) of H7 hESC (n=9)
transplanted animals 12 weeks after implantation. Each set of bars represents data from one
animal (H7-1 to H7-9). Abbreviations: cc, corpus callosum; LV, left ventricle; MF20,
myosin; TH, tyrosine hydroxylase.
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