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Embryonic stem cells (ESCs) represent a promising source of midbrain dopaminergic (DA) neurons for appli-
cations in Parkinson disease. However, ESC-based transplantation paradigms carry a risk of introducing
inappropriate or tumorigenic cells. Cell purification before transplantation may alleviate these concerns and
enable identification of the specific DA neuron stage most suitable for cell therapy. Here, we used 3 transgenic
mouse ESC reporter lines to mark DA neurons at 3 stages of differentiation (early, middle, and late) following
induction of differentiation using Hes5::GFP, Nurr1::GFP, and Pitx3::YFP transgenes, respectively. Transplan-
tation of FACS-purified cells from each line resulted in DA neuron engraftment, with the mid-stage and late-
stage neuron grafts being composed almost exclusively of midbrain DA neurons. Mid-stage neuron cell grafts
had the greatest amount of DA neuron survival and robustly induced recovery of motor deficits in hemiparkin-
sonian mice. Our data suggest that the Nurr1* stage (middle stage) of neuronal differentiation is particularly
suitable for grafting ESC-derived DA neurons. Moreover, global transcriptome analysis of progeny from each
of the ESC reporter lines revealed expression of known midbrain DA neuron genes and also uncovered previ-
ously uncharacterized midbrain genes. These data demonstrate remarkable fate specificity of ESC-derived DA

neurons and outline a sequential stage-specific ESC reporter line paradigm for in vivo gene discovery.

Introduction
Embryonic stem cells (ESCs) represent a potentially unlimited
source of cells for applications in regenerative medicine. One
promising strategy is the derivation of midbrain dopaminergic
(DA) neurons for cell replacement therapy in Parkinson disease
(PD). Several protocols have been developed to obtain ESC-derived
midbrain DA neurons in vitro, though current technologies are far
from perfect and cell preparations often contain contaminating
non-DA cell populations and potentially tumorigenic cell types
(1, 2). Furthermore, despite more than 40 years of research on
developing DA cell replacement paradigms, many fundamental
questions critical for effective clinical translation have remained
unanswered, such as the stage of DA neuron development most
appropriate for transplantation; whether other non-dopamine
cell types within the graft, such as glia, are necessary for in vivo
DA neuron survival and function; and how closely in vitro-gener-
ated cells match the properties of authentic midbrain DA neurons
generated in vivo. The use of ESC technology has the potential
to address all these questions and presents a virtually unlimited
source of fully defined DA neurons.

One strategy to obtain highly enriched populations of midbrain
DA neurons is the purification of ESC-derived progeny prior to
transplantation through the use of fluorescence-activated cell
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sorting (FACS) (3, 4). BAC transgenesis has been developed as an
efficient platform to produce cell-type specific GFP reporter mice
(5) and has been adapted to engineer fluorescent ESC reporter
lines in vitro (6). BACs carry more genetic information than con-
ventional transgenes, which often results in more faithful expres-
sion and less susceptibility to positional effects. However, misex-
pression of BACs can occur, for example, due to fragmentation
or due to the lack of important very distant regulatory elements.
Gene targeting represents an alternative approach for generating
mouse ESC (mESC) or human ESC (hESC) reporter lines with
potentially even higher fidelity of expression. However, knockin
reporter lines may show lower expression levels (single copy inte-
gration) and can potentially disrupt gene function (haploinsuf-
ficiency), both of which are less of a concern in BAC transgenesis.
Here, we used 3 distinct BAC transgenic mESC reporter lines that
mark the neural precursor stage (HesS::GFP) (6), DA neurons at
the stage of cell cycle exit (Nurrl::GFP), or fully differentiated DA
neurons (Pitx3::YFP) (for review of markers, see ref. 7). Sequential
expression of the 3 markers is thought to mimic the developmen-
tal progression of midbrain DA neurons in vivo. BAC transgenic
reporter ESC lines were subjected to directed differentiation in
vitro followed by FACS purification of reporter® cells at differ-
entiation day 14-15. GFP* cells from the HesS5::GFP line showed
an enrichment of neurons and glia, while reporter* cells from the
Nurrl::GFP and Pitx3::YFP lines yielded nearly pure populations of
neurons, with marker expression and functional properties consis-
tent with the midbrain DA neuron identity.
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Figure 1

Characterization of reporter expression
in the 3 BAC lines. (A-C) Live reporter
expression on day 14 of differentiation.
(D-F) Overlay of reporter expression and
phase-contrast images. (G-l) FACS anal-
ysis for reporter expression at day 14 of
differentiation plotted against PE and FITC
channels. Numbers represent the percent-
age of positive cells. Scale bar: 50 um.
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Reporter* progeny of all 3 lines were transplanted into
6-hydroxydopamine-lesioned (6-OHDA-lesioned) immuno-
compromised mice, and each population reliably induced func-
tional recovery, while sham-grafted control animals did not
show any behavioral improvement. Among the 3 reporter lines,
both Pitx3::YFP and Nurrl::GFP yielded robust survival of nearly
pure neuronal grafts, indicating that graft-derived glial cells are
not essential for in vivo DA neuron survival. Transplantation of
Nurrl::GFP* cells resulted in the largest number of surviving DA
neurons, thus defining the Nurrl stage as particularly suitable for
in vivo DA neuron replacement therapies.

Comparative global transcriptome analysis revealed that in
vitro-generated FACS-purified DA neurons express nearly all
known markers of in vivo midbrain DA neurons. This remarkable
authenticity further enabled the identification of what we believe
are hereto unknown markers of midbrain DA neurons in the devel-
oping brains of both humans and mice. Our study is first to our
knowledge to perform sequential stage-specific reporter line analy-
sis (SSRLA) toward the identification of the stage most suitable for
cell therapeutic intervention and establishes what we believe to be
anovel paradigm for ESC-based gene discovery.

Results

Characterization and in vitro differentiation of BAC ESC reporter lines.
In order to generate the Nurrl::GFP and Pitx3::YFP lines, RP23-
236113 (GENSAT) and RP11-946K20 (CHORI) BACs, respectively,
were retrofitted for mammalian selection and nucleofected
into J1 mESCs, as previously reported for the HesS::GFP BAC
(6). G418-resistant colonies were expanded and differentiated
toward the DA neuron lineage according to our previously pub-
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lished protocol (8), with minor modifications (see Methods),
and screened for GFP or YFP expression. A total of 3 (out of 50)
Nurrl::GFP and 2 (out of 22) Pitx3::YFP G418-resistant clones
showed specific reporter expression at the DA neuron stage, as
assessed by colocalization with NURR1 and PITX3 antibodies
24 hours after sorting, respectively (Supplemental Figure 1, A-C
and E-G; supplemental material available online with this arti-
cle; doi:10.1172/JCIS8767DS1). Quantitative analysis confirmed
high levels of coexpression of GFP antibody with the respective
marker protein (Supplemental Figure 1, D and H). The low per-
centage of properly reporting G418-resistant clones is consistent
with previously characterized BAC transgenic stem cell lines in
both humans (9) and mice (6), with most clones showing no GFP
expression and only very rare clones showing ectopic expression.
Clones for each line were analyzed for stable, single-site, genomic
integration of BAC DNA via FISH (Supplemental Figure 1, I-K).
The lack of incorporation of BrdU within the Nurrl::GFP* and
Pitx3::YFP* cells confirmed a postmitotic neuron identity (data
not shown). Expression of the reporter was first seen at day 6
of differentiation for the Hes5::GFP line, day 10 of differentia-
tion for the Nurrl::GFP line, and day 12 of differentiation for
the Pitx3::YFP line. At day 14, reporter expression was present
in all 3 lines (Figure 1, A-F), and, upon FACS purification (Fig-
ure 1, G-I), cells could be plated without feeder cell support at
high concentration (50-100,000 cells in 1- to 2-ul droplets) onto
Matrigel-treated chamber slides. Cells isolated by FACS were
analyzed by qRT-PCR to confirm enrichment for their respective
transcripts in reporter” cells compared with that in reporter- cells
(Figure 2A). The HesS::GFP line has previously been characterized
to enrich 19.5 fold for HesS mRNA (6).
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Immunocytochemical analysis 24 hours after sorting showed that
the large majority of reporter” cells derived from the Nurrl::GFP
and Pitx3:YFP lines, but not the HesS::GFP line, were positive for DA
neuron markers, such as tyrosine hydroxylase (TH; Figure 2, B-E).
In contrast, unsorted cultures typically yield about 20% TH* cells
under identical differentiation conditions (2). TH* cells from all 3
reporter lines coexpressed the midbrain transcription factors EN1
(Figure 2, B and F-H) and LMX1A (Figure 2B and Supplemental
Figure 1, L-N). In contrast, FOXA2, another transcription factor
essential for the midbrain DA neuron lineage, was coexpressed in
nearly all TH* cells derived from the Pitx3::YFP line but only in a
subset of those derived from the Hes5::GFP and Nurr1::GFP lines
(Figure 2, B and I-K). Analysis 7 days after sorting demonstrated
that the HesS::GFP line enriched for both neurons and glia (Fig-
ure 3A), while the Nurrl::GFP and Pitx3::YFP lines yielded nearly
pure populations of neurons (Figure 3, B and C), most of which
coexpressed TH (Figure 3, D-F). While most Nurrl::GFP- and
Pitx3::YFP-sorted cells retained reporter expression upon further in
vitro differentiation, there was variability in the levels of expression,
particularly in the Nurrl and Hes$ lines. This may be due to the
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Figure 2

Short-term characterization of marker
expression in FACS-purified cells. (A)
gRT-PCR data showing enrichment
of Nurr1 (14.6 fold) and Pitx3 (10.0
fold) in reportert cells compared with
that in reporter- cells of the respective
cell lines. (B—K) Immunocytochemical
analysis of reporter* cells 24 hours after
sorting. (B) Quantitative analysis in
Hes5, Nurr1, and Pitx3 lines for coex-
pression of GFP and TH (GFP+/TH+,
TH*/GFP+), the percentages of GFP+,
Tuj1+, and TH+ cells among total cells
(GFP+/DAPI*, Tuj1+/DAPI+, TH+/DAPI*),
and the colocalization of midbrain mark-
ers EN1, LMX1A, and FOXA2 in TH+
cells (EN1+/TH+, LMX1A+/TH*, FOXA2+/
TH*). (C-K) Representative images of
immunocytochemical marker analysis.
Scale bar: 50 um.
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fact that Nurrl- and HesS-positive cells, at the time of sorting, com-
prise a broader range of differentiation stages compared with those
that are Pitx3-positive, whose onset of expression is initiated just
around the time of sorting. Other potential reasons include differ-
ences between endogenous protein and BAC reporter expression
and/or BAC reporter silencing. Regardless, these data demonstrate
the extensive survival of FACS-purified reporter* neurons, even in
the absence of glial feeder support. Upon further differentiation,
reporter* cells isolated from the Nurrl::GFP and Pitx3::YFP lines
developed long axons (Figure 3G) and exhibited electrophysiologi-
cal properties compatible with the midbrain DA neuron identity
(Figure 3H), including firing multiple action potentials at moder-
ate rates (2-10 Hz) in response to sustained depolarizing current
injection. Together, these in vitro data support the use of BAC
transgenic reporter ESC lines to generate and purify stage-specific
populations of midbrain DA neurons.

In vivo analysis of FACS-purified midbrain DA neuron populations. We
next tested whether FACS-purified populations can functionally
engraft in vivo and induce behavioral recovery upon transplanta-
tion into the striatum of adult unilateral 6-OHDA-lesioned mice.
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Long-term in vitro characterization of cells after sorting. (A—C) Immunocytochemical analysis for GFP, GFAP, and DAPI in the 3 lines. (D-F)
Immunocytochemical analysis for GFP, TH, and Tuj1. (G) Phase-contrast and GFP expression in Nurr1::GFP+-sorted cells 6 days after replat-
ing. (H) Whole-cell recordings in current clamp mode from Nurr1 and Pitx3 lines show neuronal-like excitability, with cells firing multiple action
potentials at rates between 2 and 10 Hz and evidence of spike frequency adaptation (“accommodation”). Scale bar: 100 um (A—F); 40 um (G).

Animals were monitored for 3 independent behavioral parameters
to quantify the extent of hemiparkinsonian symptoms, including
amphetamine- and apomorphine-induced rotational asymmetry
(ipsilateral and contralateral, respectively) and the cylinder test for
determining ipsilateral paw preference during rearing. Mice with
stable amphetamine-induced ipsilateral rotation scores (>5 rota-
tions/min) were selected for transplantation studies. Each of the 3
BAC reporter lines were each differentiated in vitro (2, 8) and sorted
for their respective reporters prior to transplantation (day 14-15).
One challenge of transplanting mESC-derived DA neurons
is the risk of tumor formation due to the presence of contami-
nating undifferentiated cells within the graft. Our laboratory
has previously reported reduced frequency of tumor formation
upon short-term replating of mESC-derived DA neurons prior to
transplantation (2). Here, we tested whether FACS purification of
neural cell populations is sufficient to prevent tumor formation,
even under adverse conditions such as (a) omitting the replating
step, (b) grafting large cell numbers (75,000-150,000 cells/ul for a
total of 150,000-200,000 cells/brain), and (c) grafting into immu-
nocompromised SCID hosts. Histological analysis 6 weeks after
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transplantation revealed large tumor-like structures in roughly
50% of Nurrl::GFP- and Pitx3::YFP-grafted mice and 33.3% of
HesS::GFP-grafted mice (Supplemental Figure 2, A-C). Tumors
were preferentially located in the cortex despite stereotactic tar-
geting of the striatum, suggesting that the cortex may be particu-
larly susceptible for tumor formation. Tumor-forming grafts were
composed of mostly neural cells but also contained areas of cells
expressing pluripotent markers and markers of mesendodermal
lineages (Supplemental Figure 2, D and E). These teratoma-like
components within some of the grafts suggested contamination
with ESC-like populations. Using SSEA1-PE- or SSEA1-647-con-
jugated antibodies, we found between 0.1% and 0.8% contamina-
tion with SSEA1" cells after the first round of sorting (this would
equal between 175 and 1,600 cells in our grafts) (Supplemental
Figure 3). To determine whether SSEA1* cells are responsible for
tumor formation, we grafted 1,500 (n = 3 mice) and 15,000 (» =3
mice) SSEA1-PE" cells isolated at day 14 of differentiation into the
striatum of SCID mice. All 6 animals developed large tumors with-
in 2 weeks. These data illustrate that tumor formation is likely due
to rare populations of contaminating undifferentiated SSEA1*
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Figure 4

Characterization of grafts and
behavioral analysis. (A—F) Immuno-
histochemical analysis of GFP,
TH, and DAPI expression 6 weeks
after grafting (examples from sin-
gle-sorted grafts). (G—1) Immuno-
histochemical analyses of GFP,
FOXA2, and TH expression. Counts
of TH* cells in the grafts plotted
against total volume in (J) single-
sorted and (K) double-sorted cell
grafts. Analysis of ipsilateral rotations
at stages before and after grafting in
mice grafted with (L) single-sorted
cells (n = 4 for each line) and (M)
double-sorted cells (n = 3 for each
line), including sham-based (n = 4)
and J1 nontransgenic (n = 3) con-
trols. Scale bar: 200 um (A—-C); 50
um (D). *P < 0.05, Dunnett’s test
with Hes5 grafts as baseline group
for J and Pitx3 grafts as baseline
group for K, L, and M. *P < 0.0,
**P < 0.005, ANOVA analysis.
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cells after sorting and that residual ESC-like cells at frequencies
of less than 1% of total cells represent a significant tumor risk.
Our sorting and grafting protocol was thus modified to include
the SSEA1-647 antibody to remove these contaminants and thus
reduced tumor formation by roughly 50% (4 out of 19 mice devel-
oped tumors) across the lines. Short-term replating prior to trans-
plantation, a technique used previously (2), reduced the number
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of SSEA1* cells from approximately 5% to 7% (no replating) to
approximately 2% to 3% (after replating; Supplemental Figure 3).
To address whether further enrichment of FACS-purified reporter*
cells can eliminate tumor risk, we resorted the reporter* cells after
the first round of sorting and transplanted double-sorted reporter*
cells for each of the 3 reporter lines (#n = 9). Under these conditions,
tumor formation did not occur.
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Microarray analysis of FACS-purified cell populations. (A) Venn diagram plot for
significantly enriched (increased expression only) genes in intraline analysis, show-
ing 107 genes common to both Nurr1::GFP* and Pitx3::YFP+. (B) Venn diagram
plot of significantly enriched genes in interline analysis, showing 148 genes com-
mon to both Nurr1::GFP+ and Pitx3::YFP+ cells in contrast to Hes5::GFP+ cells.
(C—E) Scatter plots of significantly altered genes (=2 fold increased/decreased;
P < 0.05). Red boxes represent genes enriched at the Hes5 stage (H+/H-), while
blue boxes represent genes that are decreased at that stage. (C) Intraline scatter
plot of the 233 altered H+/H— genes (x axis) compared with the altered 232 N+/N—
genes (y axis) (449 genes common to both). (D) Intraline scatter plot of the 232
altered N+/N— genes compared with the 556 altered P+/P— genes (656 genes com-
mon to both). (E) Interline scatter plot of the 586 altered N+/H+ genes compared
with the 1,203 altered P+/H+ genes (1,355 genes common to both). (F) Dendrogram
plot of all significantly altered genes (P < 0.05) in all 3 reporter* and reporter- sorts

Akey goal of our study was to compare the efficiency of DA neu-
ron engraftment among the 3 reporter lines in an effort to define
the stage most suitable for cell replacement therapy. Analysis of
the tumor-free single-sorted and all of the double-sorted grafts
showed robust survival of TH' neurons in all 3 lines in compari-
son to similarly sorted (SSEA1-negative/propidium iodide-nega-
tive) J1 cells — the parental cell line of the transgenic lines (Figure
4, A-F). Single-sorted Hes5::GFP* cells yielded slightly lower num-
bers of TH* cells in vivo (13,006 + 3,734 TH* cells) as compared
with those of grafts derived from the Nurr1::GFP (37,697 + 11,709
TH" cells) and Pitx3::YFP (25,824 + 4,896 TH" cells) lines, but all
were significantly higher than those of non-reporter-sorted J1
controls (2,840 + 192 TH* cells). Grafts from the HesS::GFP line
showed preferential localization of TH* cells to the graft periphery
and contained a large number of GFP'/GFAP" astrocytes (Supple-
mental Figure 4A). In contrast, Nurrl::GFP and Pitx3::YFP grafts
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across the 3 lines. H, Hes5; P, Pitx3; N, Nurr1.

were composed of nearly homogenous TH* neurons that distrib-
uted evenly throughout the graft core (Supplemental Figure 4B)
without any GFP*/GFAP* cells (data not shown). To determine
whether GFAP* cells in the Nurrl grafts came exclusively from
the host, we generated subclones of the Nurr1::GFP and HesS::GFP
lines modified with a vector (10) designed to express RFP con-
stitutively (Nurrl::GFP;UbC::RFP and Hes5::GFP;UbC::RFP). These
lines were differentiated as above, and, at day 14 of differentia-
tion, GFP*/RFP* cells were sorted and grafted into hemiparkinso-
nian mice. While the majority of GFAP* cells came from the host,
in the HesS::GFP;UbC::RFP grafts, we observed many more GFAP*/
RFP" cells within the graft than in the Nurrl::GFP;UbC::RFP grafts
(Supplemental Figure 4C), which is consistent with our in vitro
results (Figure 3, A and B).

The midbrain DA neuron identity of TH* cells in the grafts was
confirmed by colabeling with FOXA2 (Figure 4, G-I) and Pitx3
Volume 122 Number 8
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Table 1
Microarray data set for selected mDA and non-mDA
neuron markers

(P+;N+) vs. Hes5*

Gene Pvalue Fold change
DA marker Th 0.0014 21.53
Ddc 0.0014 8.21
Vmat2 0.0281 3.34
DAT 0.0397 9.02
Cck 0.0015 19.11
mDA TFs Pitx3 0.0014 6.99
Nurr1 0.0019 719
Foxa2 0.0097 2.31
Ent 0.0033 3.51
Lmx1a 0.0286 5.42
Others VGLUT2 0.0014 6.72
Map2 0.0485 1.77
Ret 0.002 8.3
Nkx2.2 2x10% -6.35

mDA TF, midbrain-specific transcription factor.

(Supplemental Figure 5, A and B). Reporter* cells from both
the Nurrl::GFP and Pitx3::YFP grafts also colabeled with GIRK2,
a marker of substantia nigra (SN, also known as A9) type DA neu-
rons, or calbindin, a marker expressed in postmitotic DA neurons
of the ventral tegmental area (VTA, also known as A10), indicat-
ing that FACS-purified populations yielded both A9- and A10-type
midbrain DA neurons in vivo (Supplemental Figure 5, C and D).
Consistent with our in vitro results, we did not observe any cycling
cells in the Nurrl grafts, as evident by an absence of Ki67 staining
(Supplemental Figure 5, E and F). The largest TH* cell numbers
and densities were observed in the Nurr1::GEP line followed by the
Pitx3::YFP line for both single- and double-sorted cells (Figure 4,
J and K). The significantly smaller number of TH" cells in grafts
from double-sorted cells compared with that in single-sorted cells
is likely due to increased mechanical stress upon sequential FACS
and/or the lower total cell numbers grafted (50 x 103 to 100 x 103
cells in double-sorted cell preparations compared with 150 x 103
to 200 x 103 cells in single-sorted cell preparations).

Single- and double-sorted grafts provide bebavioral recovery in hemipar-
kinsonian mice. While sham-grafted animals did not show any
recovery in the amphetamine-induced ipsilateral rotation assay,
animals grafted with FACS-purified cells from all 3 lines showed
robust recovery, both for single-sorted (tumor-free) and double-
sorted cell preparations (Figure 4, L and M, and Supplemental
Figure 6A). Similarly, both single- and double-sorted grafts
from all 3 lines showed improvements in apomorphine-induced
contralateral rotation behavior (Supplemental Figure 6B),
a parameter of dopamine hypersensitivity in the host striatum.
Results from the cylinder test showed more variable results in
graft-induced recovery (Supplemental Figure 6C). These data
indicate that FACS-purified midbrain DA neuron progeny are
capable of in vivo survival and complete restoration of amphet-
amine-induced rotation behavior in the 6-OHDA lesion model.
Additionally, the near lack of graft-derived glia among the trans-
planted cells, in the case of Nurrl::GFP and Pitx3::GFP grafts (Fig-
ure 3, B and C), suggests that ESC-derived neurons can co-opt
host glia into the graft (Supplemental Figure 4, B and C).
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Microarray analysis of the 3 reporter lines confirms cell identity and
enables discovery of midbrain DA neuron-specific genes. The transplan-
tation of purified postmitotic DA neurons instead of a more
heterogeneous grafting population makes it imperative that
the sorted cells exhibit a fully authentic midbrain DA neuron
phenotype. In order to assess midbrain DA neuron identity in
an unbiased manner, we performed global transcriptome analy-
sis of FACS-purified populations for each of the 3 reporter lines
at day 14 (n = 3 independent differentiations for each line). All
raw data are available at GEO (accession no. GSE37446; http://
www.ncbi.nlm.nih.gov/geo/). We assessed midbrain DA neuron-
specific gene expression profiles using 2 separate paradigms for
data analysis: (a) intraline analysis — comparing reporter® with
reporter cells for each line; and (b) interline analysis — compar-
ing individual reporter” fractions from each of the 3 reporter lines
against each other (i.e., Nurrl::GFP*- and Pitx3::YFP*-committed
DA neurons compared with the HesS::GFP* precursor cell popula-
tion). With the intraline analysis, we found 107 genes that were
commonly enriched (22 fold; P < 0.05) in the reporter* fractions
of both the Nurrl and Pitx3 lines (Figure SA). With the interline
analysis, there were 148 commonly enriched genes in the Nurrl*
and Pitx3* cells compared with those in the HesS* population (Fig-
ure 5B). More than half of all putative midbrain DA neuron genes
in the intraline analysis (Nurrl*/Nurrl- [N*/N-| and Pitx3*/Pitx3-
[P*/P-] only) overlapped with those of the interline analysis, for a
total of 85 core transcripts, of which, 67 were upregulated and 18
were downregulated (Supplemental Table 1). Scatter plots of the
significantly altered genes were established from both intraline
(Figure 5, C and D) and interline (Figure SE) analyses. Intraline
analysis demonstrated that the only common gene upregulated
in both Hes5*/HesS~ (H+/H-) and N+/N- cells was Gfp (Figure SC).
In contrast, there was a strong correlation of genes regulated in
N+/N- cells compared with those in P+/P- cells, with Th, DAT, and
Gfp being the most highly enriched (Figure 5D and Supplemental
Table 2). Similarly, the interline analysis showed a strong correla-

Table 2
Microarray data set for putative novel mDA neuron-related
transcription factors and membrane-associated proteins

(P+;N+) vs. Hes5*

Gene Pvalue Fold change
TFs Ebf3 0.0004 47
Foxp2 0.0025 3.37
Uncx4.1 0.0008 3.91
Pbx1 0.003 3.94
Memb. prot. Rit2 0.0023 9.72
March4 0.0004 6.68
Chrna6 0.0007 479
Slc35d3 0.0003 4.4
Cbint 0.001 4.26
Chst8 0.0005 3.79
Chst1 0.0005 3.79
GucyZ2c 0.0001 3.03
Elmot 0.0004 2.56
Uts2r 0.0002 2.54
Opn3 0.0005 2.25
Chrnab 0.0033 2.1

TF, transcription factor; Memb. prot., membrane-associated proteins.
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Figure 6

In vivo confirmation of UNCX4.1 and
PBX1 expression in the adult mouse
SN and human fetal midbrain (6-8
weeks after conception). Immunohisto-
chemistry for UNCX4.1 ([A] UNCX4.1 in
single channel; [B] UNCX4.1/TH/DAPI
in merged image) and PBX1 ([C] PBX1
in single channel; [D] PBX1/TH/DAPI in
merged image) in the adult mouse SN.
Immunohistochemistry in human fetal
midbrain tissue for (E-G) UNCX4.1 and
(H-J) PBX1 demonstrated similar peri-
nuclear and nuclear staining patterns,
respectively. Scale bar: 200 um (A-D);
100 um (E, F, H, and I); 25 um (G, J, and
insets for A-D).

PBX1/TH

Human fetal midbrain

tion for genes regulated in Nurrl®/Hes5* (N+/H+) cells compared
with those in Pitx3*/HesS* (P+/H+) cells, with Th and Cck being the
most highly enriched and Pou6f1 and Oligl being the most down-
regulated transcripts (Figure SE and Supplemental Table 3). The
similarities between the Nurrl* and Pitx3* fractions were further
illustrated by unsupervised clustering of all significantly changed
genes in a dendrogram that grouped all of the Nurrl::GFP* and
Pitx3::YFP* samples together, while Hes5::GFP* samples clustered
with the all the reporter fractions (Figure SF).

Further analysis of the genes significantly enriched in the
Nurrl::GFP* and Pitx3::YFP* cells (Figure 5, A and B) confirmed
the expression of known midbrain DA neuron genes, including
biochemical markers associated with DA synthesis and signaling,
such as Th, Ddc, Vimat2, and DAT, and midbrain-specific transcrip-
tion factors, such as Pitx3, Nurrl (also known as Nr4a2), Foxa2,
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Enl,and Lmx1a (Table 1). These data demonstrate the remarkable
specificity of FACS-purified cell populations corresponding to the
midbrain DA neuronal fate.

We next asked whether our microarray data might enable the
identification of novel markers of midbrain DA neurons. In partic-
ular, we were interested in the identification of cell surface mark-
ers and novel transcriptional regulators of potential functional
relevance. Based on average fold changes of P+/H+ and N+/H+ of
the interline analysis ([P+;N+] vs. Hes5"), gene ontology analysis
identified a total of 42 transcripts encoding genes associated with
the cell membrane and 17 transcripts encoding transcription fac-
tors or transcriptional regulators that were differentially expressed
at 2 fold or higher (P < 0.05) (Table 2 and Supplemental Table 4).
To test specific expression of novel candidate midbrain DA neu-
ron markers, we performed intraline and interline qRT-PCR analy-
Volume 122 Number 8
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sis (Supplemental Figure 7A) and in vivo immunohistochemical
analysis of the expression of transcription factors Uncx4.1 and
Pbx1. Both genes showed specific in vivo expression in the adult
mouse ventral midbrain. Uncx4.1 selectively marked TH* cells in
the SN and VTA, with labeling being mostly perinuclear (Figure
6, A and B). Perinuclear staining for Uncx4.1 was surprising given
the expected role of this gene as a transcription factor. However,
perinuclear staining for Uncx4.1 has been previously observed in
placental tissue, and perinuclear localization has been reported
for other transcription factors such a CREB (following 6-OHDA
lesioning; ref. 11). In contrast, Pbx1 showed strong nuclear local-
ization in midbrain DA neurons but was not as exclusive to the
midbrain DA neuron domain (Figure 6, C and D). Importantly,
both UNCX4.1 and PBX1 were also expressed in the FOXA2*/TH*
ventral domain of the developing human midbrain (6-8 weeks
after conception; Figure 6, E-J, and Supplemental Figure 8). The
conserved expression pattern of these transcription factors sug-
gests that they could play a role in human midbrain DA neuron
development and/or maintenance.

Another novel marker, NECAB1, a member of a family of
neuronal Ca2* binding proteins (12), was also expressed in the
adult mouse midbrain but was localized to only a subset (the dor-
sal domain) of DA neurons in both the SN and VTA (Supplemen-
tal Figure 7B). Clql1, a gene that has been shown to regulate syn-
apse formation (13), was also found to be localized to DA neurons
within the adult SN (Supplemental Figure 7C). In terms of cell
surface markers, we found that Chrna6 (Table 2), a subunit of the
nicotinic acetylcholine receptor (nAChR) that has previously been
shown to be expressed in the adult mouse SN (14), was expressed
within the developing midbrain in 3 separate mouse databases (ref.
15 and Supplemental Figure 9, A-D). This gene is interesting given
the well-established link between tobacco use and decreased rates
of PD and because radiolabeled ligands to this receptor have been
used for visualization of the human midbrain by single-photon
emission computed tomography (16). Upon further investigation
(14), we found that another nAChR subunit, CHRNB3, was also
expressed in the FOXA2/LMX1A domain of the developing human
ventral midbrain (Supplemental Figure 9E). Although future stud-
ies will be needed to characterize the functional role of these DA
neuron markers, our data demonstrate that SSRLA of mESCs can
be used to identify genes expressed in human development.

Discussion

Numerous studies have demonstrated the use of ESC-derived DA
neurons for grafting in animal models of PD (17); however, it has
remained unclear which stage of differentiation and what particu-
lar population of cells is most effective at inducing functional ben-
efits upon transplantation in vivo. Fetal tissue studies have focused
on the grafting of ventral mesencephalic tissue isolated at a stage
in which the majority of developing DA neurons are postmitotic,
which is E12-E13 in mice (18) and E14-E15 (19) in rats. In human
fetal grafting studies, increased survival of TH* neurons has been
reported for tissue derived from embryos at 5 to 8 weeks after
conception when using suspension grafts and up to 9 weeks after
conception for solid grafts (20). In all of those cases, however, the
grafted population was composed of a heterogeneous pool of cells
atvarious stages of differentiation and typically contained less than
20% DA neurons (21). One recent study used purified DA neurons
derived from a Pitx3::GFP plasmid reporter line established by gene
targeting (4). The authors reported a requirement for coculture
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with primary astrocytes to achieve robust in vitro survival of FACS-
purified DA neurons and observed less robust in vivo survival rates.
Nevertheless, the study did demonstrate functional engraftment of
purified DA neurons in at least a subset of animals (4).

In this study, we observed excellent in vitro and in vivo survival
for DA neurons derived from both the Nurr1::GFP and Pitx3::YFP
lines without astrocyte coculture, thus providing clear evidence
that transplantation of purified early-stage DA neurons is a prom-
ising option for PD grafting. The requirement for double sorting
to eliminate tumorigenic cells was associated with a lower survival
rate of TH* cells. While animals with double-sorted grafts received
half the number of cells compared with those with single-sorted
grafts (due to our limited scalability), TH* cell survival in double-
sorted grafts was 10 times lower. This lower DA neuron survival
rate could be due to factors secreted by contaminating cells in
single-sorted grafts or increased mechanical stress involved in the
double-sorting process or point to a critical threshold of total cells
needed for graft survival and integration. Despite the decreased
survival rate, the number of DA neurons delivered via double sort-
ing was sufficient to provide therapeutic benefits in our behavioral
assays. It has been shown that as few as 400 TH* neurons can pro-
vide up to 50% reduction in behavioral deficits of hemiparkinso-
nian rats 6 weeks after surgery (22). TH* cell numbers in our study
clearly surpassed this threshold in both single- and double-sorted
populations, and we commonly observed contralateral rotations
in our single-sorted grafts following amphetamine stimulation,
a finding in often interpreted as overcompensation. Among the
3 stages of DA neuron development tested here, in vivo TH* cell
yields were highest in reporter® cells from the Nurrl::GFP line,
without evidence of reduced specificity in DA neuronal fate.
Therefore, transplantation of purified early postmitotic DA neu-
rons at the Nurrl* stage may be a particularly promising approach
for eventual clinical translation. However, it should be noted that
recovery of behavioral deficits was not statistically significant in
the cylinder or apomorphine tests. This could be due to various
factors including limited fiber outgrowth of the DA neurons; low
levels of DA release; or technical limitations of our study, such
as measuring performance in only a single test both before and
after grafting, low sample size, and limitations of the mouse as
opposed to the more commonly used rat 6-OHDA model. How-
ever, in terms of recovery of amphetamine-induced motor deficits
and overall DA neuron cell survival of single- and double-sorted
grafts, we found that the Nurr1 stage of differentiation is ideal for
grafting ESC-derived DA neurons.

Future studies will be needed to address the effect of glial cells,
or lack thereof, at the time of grafting. Our data indicate that
graft-derived DA neurons are surrounded by glia from the host.
But currently it is unclear whether the host glia help or hinder
DA neuron survival and function. In double-sorted cells, there was
a trend toward a more robust behavioral recovery in HesS::GFP*
grafts compared with that in Pitx3::YFP* grafts, despite similar or
higher numbers of TH" cells in the Pitx3::YFP group. One potential
explanation could be that the presence of graft-derived astrocytes
from the Hes5::GFP line promotes DA neuron function. Future
studies will be needed to assess the survival and function of FACS-
purified DA neurons in the presence or absence of astroglia.

The present findings underscore the need to graft populations
highly enriched in neuronal fates in order to prevent tumor forma-
tion. When grafting cells at high concentrations in an immuno-
compromised host brain, we found that a percentage of less than
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1% contamination (175-1,600 SSEA1* cells) at the time of graft-
ing represents an unacceptable tumor risk. In addition to the
double-sorting technique presented here, we could also largely
prevent tumor formation by gating cells that were negative for
SSEAL1 expression during the initial reporter” cell sort, similar
to previous work (23). We found the SSEA1-647 antibody to be
particularly effective in reducing SSEA1 contaminants after sort-
ing (Supplemental Figure 3). Attempts at reducing potentially
tumorigenic cells prior to transplantation via short-term replat-
ing could decrease, but not fully eliminate, SSEA1" cells (Supple-
mental Figure 3, C and F), which is in agreement with the more
rare overgrowth behavior observed in previous work (2). Tumor
formation from SSEA1*-grafted cells occurred within 2 weeks fol-
lowing transplantation in our study, which is in contrast to the
much slower time course observed in hESC-based neural grafts
that more commonly show neural overgrowth rather than tera-
toma formation (1, 2). The differences in teratoma risk between
mESCs and hESCs may be related to their respective pluripotent
states, with hESCs being developmentally aligned to mouse epi-
blast stem cells (24), which are more primed for differentiation
and exit of pluripotency. The lack of tumor formation at 6 weeks
reported here indicates that double sorting is an effective approach
at improving graft safety in the context of mESCs.

A factor that may have contributed to tumor formation in our
single-sorted groups was the use of the immunocompromised
mice. We observed that similar allografts in wild-type Sv129
hemiparkinsonian mice produced a much lower rate of tumor
formation, with only 3 out of 46 animals exhibiting overgrowth.
This indicates that there is a substantial risk of tumor formation,
particularly when large numbers of mESC-derived neurons are
grafted into the brains of immunocompromised mice. Future PD
grafting studies will likely involve immunosuppression, suggest-
ing that even under allograft conditions it will be important to
proceed cautiously on the road toward future clinical translation
of ESC-derived cell types.

A critical issue for DA neuron replacement paradigms in PD is
the use of an appropriate cell source. While previous studies in
mESCs have demonstrated in vivo functionality in murine PD
models, there has been some concern that naive ESC-derived DA
neurons may be less effective at alleviating behavioral symptoms
as compared with fetal midbrain DA neurons. Several studies
suggested that efficient DA neuron generation and engraftment
occurs only upon transgenic modification of the cells using tran-
scription factors such as NURR1 (25), LMX1A (26), or BCL-XL
(27). This study shows that DA neurons derived from naive ESCs
achieve robust behavioral recovery. Therefore, the variable results
obtained in previous studies using naive ESC sources may have
been caused by a low percentage of authentic DA neurons, rather
than reflecting a true requirement for the expression of transgenic
DA neuronal fate determinants.

In this study, the authenticity of FACS-purified midbrain
DA neurons was confirmed at the molecular level for both
Nurrl::GFP* and Pitx3::YFP* cells. Nurrl expression in the devel-
oping mouse brain is not exclusive to the midbrain DA neuron
lineage (28). However, under the conditions of our differentiation
protocol, Nurrl::GFP* cells were consistent with the midbrain DA
neuron phenotype based on both global transcriptome analy-
sis and characterization of the grafted cells in vivo. Therefore,
the incomplete marking of TH* cells by FOXA2 upon replating
Nurrl::GFP* cells after sorting (Figure 2, B and J) likely reflects
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transient downregulation of the transcription factor, rather than
alternative fate choice.

Gene discovery via the 3 reporter lines identified several rela-
tively novel transcriptional regulators shown to be localized to the
ventral midbrain, such as Foxp2 (29) and Ebf3 (30). The transcrip-
tion factors, Uncx4.1 (31) and Pbx1, were confirmed via qRT-PCR
(Supplemental Figure 7A), with Uncx4.1 being enriched under
both paradigms and Pbx1 being enriched only under the intraline
analysis. Supporting this observation, Pbx1 expression was found
throughout the E10.5 mouse midbrain (Supplemental Figure 7D)
and had a much broader domain than UNCX4.1 in the develop-
ing human midbrain (Figure 6H), therefore suggesting a broader
role for this transcription factor in CNS development. However,
these genes continue to be expressed in the adult SN (Figure 6,
A-D) and therefore are particularly attractive for future studies
aimed at exploring the potential functional roles for these tran-
scriptional regulators in midbrain DA neuron specification and/or
maintenance. Additionally, the ability to purify midbrain DA neu-
rons from hESC cultures will be necessary for any clinical transla-
tion, and therefore it is encouraging that CHRNA6 and CHRNB3
are cell surface markers expressed in the developing mouse and
human midbrain, respectively (Supplemental Figure 9). Further-
more, a recent study has also confirmed the midbrain DA neu-
ron specificity of the most significant cell surface marker gene on
our gene list, Gucy2c (32) (Table 2 and Supplemental Tables 1-4).
So while our data clearly demonstrate the applicability of SSRLA
toward gene discovery, it would be interesting to compare our
approach head-to-head with alternative approaches such as the
use of transcription factor-driven lineage selection (33) or FACS-
based isolation of primary DA neurons.

In conclusion, our study emphasizes the importance of identify-
ing the appropriate cell type and differentiation stage in achieving
safe and efficacious DA neuron engraftment. We found that early
postmitotic DA neurons at the Nurrl* or later stage represent a
promising cell source for future translational studies. The use of
BAC transgenic reporter lines may not be suitable for human clini-
cal translation due to the need for transgene insertion and reporter
gene expression. However, our profiling studies present multiple
candidate surface markers that may enable comparable antibody-
mediated cell isolation strategies. The ultimate goal for translation
may be, similar to that of drug-based therapies, to establish fully
characterized, scalable, and ready-to-use populations of NURR1-
stage DA neurons that can be properly dosed and standardized
for therapeutic applications. While many hurdles remain on the
road toward this goal, we recently described a novel strategy for
deriving midbrain DA neurons from hESCs that resulted in excel-
lent in vivo survival and function (34). The choice of DA neuron
differentiation stage used in this study was influenced by the cur-
rent BAC reporter data, as we specifically aimed at transplanting
hESC-derived DA neurons at the Nurrl expression stage. However,
formal comparisons using hESC-based BAC or knockin reporter
lines will be required to formally address these questions in puri-
fied human cells. While DA neuron replacement in PD represents
a symptomatic treatment unlikely to affect all disease-related
symptoms, access to pure populations of engraftable DA neurons
will be a major step forward toward testing the full potential of
DA neuron replacement therapies in PD. Finally, we believe that
SSRLA is a powerful application of ESCs for gene discovery that
could be used for generating refined genetic signatures in other
specific ESC-derived cell types.
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Methods
BAC transgenic ESC line production. RP23-236113 (GENSAT-modified) BAC
for NURR1 and RP11-946K20 (Children’s Hospital Oakland Research
Institute; YFP recombineering into the entire coding sequence was per-
formed by S. Kriks according to a previously described protocol; ref. 6) BAC
for PITX3 were retrofitted with a Kan/G418 cassette for mammalian selec-
tion according to protocol (6). Purified DNA was produced with the PSTW
Clone BAC DNA Kit according to the manufacturer’s protocol and nucleo-
fected into 6 x 10° cells as previously described (6). Nucleofected cells were
plated onto Neo-resistant mouse embryonic fibroblasts (Globalstem) for
2 days, upon which G418 selection was performed at a concentration of
200 ug/ml for 7 to 10 days. Colonies were manually picked and expanded
clonally and differentiated in 6-well plates according to a previously
described protocol (8). Reporter* clones (observed at ~day 10 for NURR1
and day 12 for PITX3 lines) were further characterized for proper protein
expression in vitro using the rabbit anti-NURRI1 antibody (Perseus Pro-
teomics; 1:1,000) and rabbit anti-PITX3 antibody (Zymed; 1:100) to double
stain with GFP (Abcam; 1:1,000). Upon confirmation of proper protein
expression, reporter” colonies were differentiated at large scale for 2 weeks,
reporter* and reporter- cells were FACS-purified, and RNA was isolated in
TRIzoL (Invitrogen) according to the manufacturer’s protocol. qRT-PCR
was then performed for each lines’ corresponding RNA enrichment at the
Memorial Sloan-Kettering Cancer Center (MSKCC) Genomics Core Lab
using the housekeeping gene HPRT to normalize the data transcripts. BAC
FISH was performed with purified BAC DNA (see above) and submitted
to the Molecular Cytogenetics core facility. The Nurr1::GFP;UbC::RFP and
HesS::GFP;UbC::RFP cell lines were clonally selected after viral transduction
with a modified plasmid driving REP under the ubiquitin C promoter (10).
mESC culture, differentiation, and FACS preparation. J]1 mESCs were grown
on mouse embryonic fibroblasts in mESC medium (knockout DMEM,
20% FBS, 2 mM glutamine, 0.1 mM MEM-nonessential amino acids, and
55 uM B-mercaptoethanol) supplemented with 1,400 U/ml LIF (ESGRO,
Invitrogen). Differentiations for grafting and FACS were performed under
a modified version of the MS5-based protocol previously reported (8).
Briefly, ESCs were trypsinized and plated onto a dense MSS feeder layer
at a concentration of 20,000 cells per 10-cm dish. The same protocol was
applied, except using a different sonic hedgehog (SHH), C251I SHH (R&D
Systems) at 50 ng/ul, and the whole protocol was shifted 1 day eatlier (neu-
ral induction as day 4).

Initial sorting methods consisted of dissociation via resuspension in
HBSS with 0.25% trypsin (1:100) for 1 hour at 37°C and manual tritu-
ration and resuspension in N2 with propidium iodide (2 ug/ml). Prop-
idium iodide-negative cells were plotted for PE and FITC, and cells were
caught into FBS. After the observation of tumors, cells were dissociated in
accutase for 45 minutes at 37°C, triturated, resuspended in 0.1% BSA/PBS
and SSEA1-PE antibody (BD Pharmingen) for 20 minutes on ice, washed
with PBS, resuspended in 0.1% BSA/PBS with 25 uM HEPES and 7-AAD
(BD Pharmingen, catalog no. 559925) (PBS*), and caught in N2 medium.
However, our best sort results, as assayed by SSEA1 levels after sorting,
occurred when we replaced the SSEA1-PE with the SSEA1-647 antibody,
as they use different lasers for their analysis (compensation is not neces-
sary). All graftings were performed under propidium iodide-negative- and
SSEA1-647-negative-gated conditions. Double sorting was performed
by spinning down the reporter*-sorted cells and resuspending them in
PBS*. All cells for grafting and in vitro analysis were resuspended in N2
with BDNF (20 ng/ml) and ascorbic acid (200 uM) at a concentration of
between 50,000 and 100,000 cells per ul. For in vitro analysis, 1- to 2-ul
drops were spread onto PO/Lam- or Matrigel-treated (according to the
manufacturer’s protocol) Permanox chamber slides (Labtek) for S min-
utes, resuspended in N2/BDNF/AA, and analyzed after 24 hours or 7 days.
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Lesioning and grafting. Fox Chase SCID beige mice (Charles River Labora-
tories) were housed and treated according to the MSKCC IACUC and NIH
guidelines. At 6 to 8 weeks of age, mice were anesthetized with ketamine/
xylazine (Fort Dodge) or pentobarbital (Nembutal, Abbot Laboratories),
and hemiparkinsonian lesions were performed according to a previously
described protocol (2). Briefly, unilateral stereotactic injections of 6-OHDA
(Sigma-Aldrich) were made in the striatum at the following coordinates:
anteroposterior [AP], +0.5; mediolateral [ML], -1.8; dorsoventral [DV],
-3.2. Transplantation of 150,000 to 200,000 cells, at a concentration of
75,000 to 100,000 cells per ul, was performed with a Hamilton syringe (26
gauge) at a rate of 1 ul per minute at the following coordinates: AP, +0.5;
ML, -2.0; DV, -3.3. Animals recovered for 3 weeks before behavioral testing.

Behavioral analysis. All behavioral tests were performed 2 weeks after
lesioning and 3 weeks after grafting of cells and in the same order. Three
separate amphetamine tests were performed weekly according to the
previously described protocol (2). Briefly, 3 weeks after grafting, mice
were injected with 10 mg/kg D-amphetamine sulfate (Sigma-Aldrich)
intraperitoneally once a week for 3 weeks. Ten minutes after injection, mice
were videotaped in a bowl for 30 minutes and scored via ipsilateral (posi-
tive) or contralateral (negative) rotations. After the final amphetamine
test, mice underwent a single cylinder test 1 week later to test behavioral
abnormalities when mice explore a novel environment (35), which was per-
formed according to a previously described modified protocol (2). Briefly,
mice were placed in a new cage, and 20 rearing observations were analyzed
for paw placement on the wall of the cage. This assay is a measurement of
forelimb akinesia, as ipsilateral paw placement is preferred in lesioned mice
in contrast to contralateral and simultaneous paw placements. Apomor-
phine tests were performed the following day (1 week before cell grafting
and for 7 weeks after grafting) similarly to amphetamine injections, except
R-Apomorphine hydrochloride hemihydrate (Sigma-Aldrich) was dis-
solved in 2 mg/ml ascorbic acid in water (shaken at 37°C for 30 minutes)
and injected at 40 mg/kg. Contralateral rotations were scored as positive
in this case and ipsilateral were scored as negative.

Electrophysiological analysis. After sorting, high-density cells were plated on
Matrigel-treated glass coverslips and cultured in N2/AA/BDNF for 7 days.
Resting membrane potentials from Nurr1 cells were -43 + 2 mV, with input
resistance of 1.6 + 0.2 GOhm. Twenty-four out of twenty-eight cells from
Nurrl coverslips fired action potentials in response to depolarizing current
injection from -60 mV. The resting membrane potential from Pitx3 cells
was -38 + 2 mV, with input resistance of 1.6 = 0.2 GOhm. All 14 cells from
Pitx3 coverslips fired action potentials in response to current injection.

Immunofluorescence and microscopy. Mice were given a lethal dose of pen-
tobarbital and transcardially perfused with PBS followed by 4% para-
formaldehyde. Brains were removed and fixed overnight at 4°C and then
transferred to 30% sucrose overnight. Brains were embedded in O.C.T. (Tis-
sue-Tek) and stored at -80°C until serial cryosectioning at 30 microns in 5
bottles. For fluorescence immunohistochemistry, sections were blocked in
10% normal goat serum (NGS; Gibco) with 0.2% Triton X-100 (Triton was
omitted for surface antigens) for 30 minutes at room temperature. Primary
antibodies were applied overnight in 2% NGS (1% BSA for FOXA2 stain-
ing) at 4°C, followed by appropriate fluorochrome-conjugated secondary
antibodies (Alexa Fluor conjugates; Molecular Probes) for 1 hour at room
temperature. Slides were then washed and counterstained with Vectashield
with DAPI (Vector Laboratories). Primary antibodies included rabbit anti-
TH (1:200; Pel Freez Biologicals), mouse anti-TH2 (1:1,000; Sigma-Aldrich),
rabbit anti-GFAP (1:1,000; Dako), rabbit anti-LMX1A (1:2,000; Millipore),
goat anti-FOXA2 (1:100; Santa Cruz Biotechnology Inc.), rabbit anti-PBX1
(1:500; Cell Signaling Technology), rabbit anti-GIRK2 (1:80; Alomone
Labs), rabbit anti-NECAB1 (1:1,000; Sigma-Aldrich), mouse anti-Calbin-
din (1:500, Abcam), mouse anti-CHRNB3 (1:500; Sigma-Aldrich), rabbit
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anti-UNCX4.1 (1:100; Sigma-Aldrich), and rabbit anti-PITX3 (a gift from
the laboratory of M.P. Smidt). Immunocytochemistry for in vitro char-
acterization of midbrain DA neuronal fate included both polyclonal and
monoclonal TH antibodies (see above) and mouse anti-Engrailed (1:100;
clone 4G11, DSHB) antibodies. Human fetal mesencephalic tissue was
collected from routine terminations of pregnancies (6-8 weeks after con-
ception, determined by crown-rump length), with approval of the Swedish
national board of health and welfare (Socialstyrelsen, Dnr. 23 11667/2008
and Dnr. 23 2981/2009).

Microarray analysis. nRNA transcriptome analyses were performed using
Ilumina Mouse-6 BeadChip technology for mRNA comparisons of 3
separate sorts for the HesS::GFP*~, Nurr1::GFPY~, and Pitx3::YFP*~ popu-
lations. Data were analyzed using Partek software (http://www.partek.
com/). Significance was based on an ANOVA analysis of all sorted popu-
lations, and significant gene lists were created under the criteria of an
unadjusted P value of < 0.05. Only transcripts enriched or depleted more
than 2 fold were analyzed.

Quantification and statistical analysis. The number of surviving TH* neurons
was assessed using stereological methods. Uniform random sampling was
performed to obtain sections for graft quantification. Stereological soft-
ware (Stereo Investigator, v6.0; Microbrightfield) was used to design and
implement optical fractionator probes at a Gundersen-Jensen coefficient
of error of 0.05. Data throughout the paper are expressed as average + SEM.

research article

Statistical analysis for behavioral data at various time points after trans-
plantation was performed by 1-way ANOVA.

Study approval. All mouse in vivo studies were performed following
NIH guidelines and were approved by the local IACUC (MSKCC, New
York, New York, USA).
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