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Dopaminergic neurons derived from pluripotent stem cells are among the best investigated products of in vitro
stem cell differentiation owing to their potential use for neurorestorative therapy of Parkinson’s disease.
However, the classical differentiation protocols for both mouse and human pluripotent stem cells generate a
limited percentage of dopaminergic neurons and yield a considerable cellular heterogeneity comprising nu-
merous scarcely characterized cell populations. To improve pluripotent stem cell differentiation protocols for
midbrain dopaminergic neurons, we established extensive and strictly quantitative gene expression profiles,
including markers for pluripotent cells, neural progenitors, non-neural cells, pan-neuronal and glial cells, neu-
rotransmitter phenotypes, midbrain and nonmidbrain populations, floor plate and basal plate populations, as
well as for Hedgehog, Fgf, and Wnt signaling pathways. The profiles were applied to discrete stages of in vitro
differentiation of mouse embryonic stem cells toward the dopaminergic lineage and after transplantation into
the striatum of 6-hydroxy-dopamine-lesioned rats. The comparison of gene expression in vitro with stages in the
developing ventral midbrain between embryonic day 11.5 and 13.5 ex vivo revealed dynamic changes in the
expression of transcription factors and signaling molecules. Based on these profiles, we propose quantitative
gene expression milestones that predict the efficiency of dopaminergic differentiation achieved at the end point
of the protocol, already at earlier stages of differentiation.

Introduction

Pluripotent stem cell-derived midbrain dopaminergic
(mDAergic) neurons carry high hopes for cell replacement

strategies of Parkinson’s disease (PD). In vitro differentiation
of mouse embryonic stem (ES) cells into mDAergic neurons
can be achieved as the end point of a multistep cell culture
protocol, which is based on an in vitro recapitulation of
neuronal development in response to patterning factors de-
fining ventral midbrain (VM) identity in vivo [1]. A large
number of studies have confirmed the generation of mouse
and human mDAergic neurons from pluripotent cells in
protocols following this rational [2–6].

The process of early midbrain development in vivo is best
studied in rodent embryos, where extrinsic factors, including
Sonic hedgehog (Shh) [7–9], fibroblast growth factor 8 (Fgf8)
[10–15], and Wnt1/3a/5a [14,16,17], as well as intrinsic fac-
tors, including Otx2 [13,18–21], En1/2 [22–24], Lmx1a/b
[9,14,25–28], and Foxa2 [9,14,28–30] have been identified to
contributing to mDAergic neuronal identity. Terminal differ-
entiation of mDAergic neurons is classically documented by
the expression of neurotransmitter phenotype markers, in-

cluding tyrosine hydroxylase (Th), dopamine transporter
(Dat), Vmat2 [31] and additional markers, such as Girk2 and
Calbindin [24].

Expression of these midbrain patterning markers and
mDAergic specification markers is used to characterize popu-
lations of cells differentiating from pluripotent stem cells in cell
culture. The corresponding cell culture protocols extend over
several weeks and follow strict timelines based on days in vitro
(DIV). The central treatment consists of a combination of Shh
and Fgfs in the patterning step [1,6,32]. A frequently observed
problem is that, unless specific genetic selection procedures are
applied, after completion of the protocols, the proportion of
cells displaying morphological and cellular properties of
mDAergic neurons is generally low and typically ranges be-
tween 5% and 15% [1,3,33]. The remaining cells are a poorly
characterized mixed population of stem cell derivatives.

After transplantation in animal models of PD, such mixed
populations of stem cell derivatives, including mDAergic
neurons, derived from both mouse and human pluripotent
cells integrate and survive. The functionality of the grafts is
demonstrated by the finding that they can provide behav-
ioral recovery [2,3,33–37]. However, only a small number of
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Th-positive cells has been found within the grafts [3,37] and
the fate of multiple other populations of grafted cells has
remained largely unknown.

In view of the already successful initial strategies to gen-
erate functional mDAergic neurons for neuroregenerative
approaches in vitro, the existing methods for producing
pluripotent cell-derived neurons need to be further refined.
A major goal is to generate a population of neurons and glia
that reflects the phenotypes of cells in the developing mid-
brain floor plate more closely [20].

The intrinsic difficulty to steer cell–cell interactions during
differentiation in vitro frequently results in sporadic differ-
entiation giving rise to heterogeneous cell populations. To
improve the in vitro differentiation protocols, 2 complemen-
tary approaches can be taken. First, it is important to improve
the monitoring methods for all relevant cell populations to
achieve a higher percentage of the wanted midbrain cell
populations and concomitant low levels of unwanted cells, in
particular, proliferative cells giving rise to tumors and non-
neural populations. Second, it is equally important to establish
quantitative correlations between gene expression during
midbrain specification processes in vivo and in stem cell-
derived populations in vitro and following transplantation.

To address these problems, we systematically investigated
cell fates during differentiation by quantitative monitoring of
gene expression levels. In our experiments we employed a
well-established 5-stage protocol for mDAergic differentia-
tion of mouse ES cells [1]. We hypothesized that the defini-
tion of specific milestones for in vitro differentiation based on
quantitative profiling of gene expression in cultures at early
and intermediate stages of differentiation would predict cell
fate decisions at terminal differentiation stages. To this end,
we studied midbrain- and basal plate-specific regional
markers and components of the Hedgehog (Hh), Fgf and
Wnt signaling pathways, as well as the pan-neural markers,
in a comparative approach in vitro versus in vivo. Ad-
ditionally, we have initiated the analysis of lineage marker
expression in stem cell-derived populations grafted into the
striatum of 6-hydroxy-dopamine (OHDA) lesioned rats as an
animal model of PD.

Materials and Methods

Cell cultures

The mouse ES cell lines used were B6G-2 (passage 16–25)
derived from the C57BL/6 mouse expressing enhanced
green fluorescent protein (eGfp) [38] from the RIKEN Bio
Research Center and E14tg2a (passage 9–15) [39]. The clas-
sical 5-stage protocol for mDAergic differentiation was fol-
lowed [1], with minor modifications as described in Fig. 1.

Stage I: ES cells culture. ES cells were grown on gelatin-
coated tissue culture plates in the presence of 1,400 U/mL of
leukemia inhibitory factor (LIF; Millipore) in the ES cell
medium consisting of the knockout Dulbecco’s minimal es-
sential medium (DMEM) supplemented with 15% knockout
serum replacement, 0.1 mM MEM nonessential amino acids,
0.5 mM 2-mercaptoethanol, and 2 mM L-glutamine (all from
Invitrogen Corporation).

Stage II: formation of embryoid bodies. To induce the dif-
ferentiation, ES cells were dissociated with 0.05% trypsin/
ethylenediaminetetraacetic acid (Sigma) and plated onto

nonadherent bacterial dishes at a density of 2 · 104 cells/cm2

and cultured in the ES cell medium without LIF for 4 DIV.
Stage III: neural selection. Embryoid bodies (EBs) were

plated onto adhesive tissue culture surface and left overnight
to adhere, and then the medium was replaced with the
neural selection medium, which consisted of DMEM/F12
with glutamax (Invitrogen), 1.5 mg/mL glucose, 0.24%
NaHCO3, 5 mg/mL fibronectin, and 1 · insulin/transferrin/
sodium selenite supplement (all from Sigma). Cells were
cultured for 6 DIV; meanwhile, neural progenitor cells were
visible and formed neural rosettes.

Stage IV: neural patterning. Cells were dissociated with
accutase (Invitrogen) and plated on polyornithin/laminin-
coated tissue culture dishes or coverslips at a concentration
of 2 · 105 cells/cm2 in the N2 medium consisting of DMEM/
F12 with Glutamax (Invitrogen), 1.5 mg/mL glucose, 0.17%
NaHCO3, 1% ascorbic acid (Sigma), 1% N-2 Plus Media
Supplement (Invitrogen), and supplemented with 0–3mM
purmorphamine (Calbiochem), 10 ng/mL Fgf2 (Sigma),
and 100 ng/mL human Fgf8 isoform b (Peprotech). The
patterning treatment was kept for 4 DIV. In a preliminary
experiment, we determined that Shh as in Lee et al. [1] can
be replaced by the small molecule agonist, purmorphamine,
at 2mM (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/scd), in concor-
dance with other reported studies [40–42].

Stage V: neural differentiation. Differentiation was induced
by withdrawing of Fgf2, Fgf8, and purmorphamine from the
N2 medium, additionally supplemented with 1% ascorbic
acid (Sigma). The cells were cultured for 6 DIV.

FIG. 1. Schematic representation of the 5-stage protocol of
mouse ES cell differentiation toward mDAergic neurons.
Expected and not expected patterns of gene expression in
each stage. ES, embryonic stem; mDAergic, midbrain dopa-
minergic; DIV, days in vitro.

398 SALTI ET AL.



Embryonic midbrain dissection

Embryonic mouse brain regions at E11.5, E12.5, and E13.5
were isolated from the mouse line C57BL/6-TgN(act-eGf-
p)OsbC14-Y01-FM131 from RIKEN Bio Research Centre
[43,44] according to Dunnett and Björklund [45]. Briefly,
embryos were harvested from staged pregnant mice and the
brains were collected in the glucose saline medium; the
midbrain was isolated and the tube was opened by cutting
along its lumen. The dorsal midbrain was removed by cut-
ting half of the wings of the opened tube, leaving a butterfly
shape that represents the VM. The pieces were collected in
the lysis buffer (Invitrogen) for mRNA extraction.

Quantitative real-time polymerase chain reaction

mRNA was isolated using Dynabeads� Oligo (dT)25 (In-
vitrogen) following the manufacturer’s protocol. Briefly,
mRNA was annealed to the beads by incubation in the lysis/
binding buffer on a rotating mixer for 10 min at room tem-
perature. After several washing steps, mRNA was eluted
from the beads by adding 13mL 10 mM Tris-HCl, and incu-
bated for 3 min at 85�C. The eluted mRNA was quickly
transferred to a new tube, chilled on ice, and immediately
used for cDNA synthesis according to the High-Capacity
cDNA Reverse Transcription Kit protocol (Applied Biosys-
tems). The levels of cDNA were assessed by quantitative
real-time polymerase chain reaction using the Fast SYBR�

Green Master Mix (Applied Biosystems). Standard curves
and melting curves were determined for each set of primers
(Supplementary Table S1) to confirm that a single amplicon
was generated. All results from 3 to 6 experiments, each
experiment with 3 technical replicates were normalized to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) or to
eGfp and expressed as DCt values (low DCt levels indicate
high expression). Relative expression ratios were calculated
by the DDCt method [46].

Immunocytochemistry

Adherent cells on glass coverslips were fixed with 4%
buffered paraformaldehyde in phosphate-buffered saline
(PBS; 0.01 M, pH 7.4), for 20 min at room temperature and
washed twice with PBS. Permeabilization was carried out
using 0.3% Triton-X-100 in PBS (PBST) for 1 h at room tem-
perature. After blocking (10% goat normal serum, 1% bovine
serum albumin in PBST), cells were incubated overnight at
4�C with primary antibodies against Nestin, Tau [mouse
immunoglobulin G (IgG), 1:200; Santa Cruz], Tau, glial fi-
brillary acidic protein (Gfap rabbit IgG, 1:1,000; Dako), oli-
godendrocyte-specific protein (Osp rabbit IgG, 1:500;
Abcam), Th, GABA (mouse IgG, 1:1,000; Sigma), Glutamate
(rabbit IgG, 1:10,000; Sigma), Vacht (rabbit IgG, 1:1,000;
Sigma), and Otx2 (rabbit IgG, 1:1,000; Millipore).

After several rinses with PBST, cells were incubated for 1 h
with 488- or 555-conjugated Alexa Fluor secondary anti-
bodies (goat anti-mouse and goat anti-rabbit, 1:2,000; In-
vitrogen) and washed 3 times in PBS. The coverslips were
incubated for 2 min with 4¢, 6-diamidino-2-phenylindole
(300 nM in PBS) for nuclear staining, rinsed in deionized
water, and mounted on slides with Mowiol (Sigma). Speci-
ficity of the antibodies was tested on mouse embryonic brain
samples. Negative controls, without a primary antibody,

were performed in all experiments to monitor the nonspecific
staining. Pictures were taken with an ApoTome Imaging
System based on Axio Observer Z1 (Zeiss) using AxioVision
software. The populations of Nestin-, Tau-, Otx2-, and Th-
positive cells for 3 coverslips in each experimental group for
at least 5 fields per coverslip were counted, using Meta-
morph software (Molecular Devices).

Statistics

For statistical analyses, the Statview (version 5.0.1) soft-
ware was used (SAS Institute). Three to six independent bi-
ological samples for each time point contributed to the data
set. Data are presented as mean – standard error of the mean.
The Student’s t-test was applied to compare between 2
groups. When multiple groups were compared, one way
analysis of variance was employed, followed by the Student-
Newman-Keul’s post hoc test. Differences were considered
significant when P < 0.05.

In vivo transplantation

Animal model of PD. Experimental procedures were per-
formed according to a standard protocol [4,47] in accordance
with local ethical regulations (reference number do.ZI. 6545).
Male Wistar rats weighing 200–250 g at the beginning of the
experiment were used. Under anesthesia with isoflurane
(induction 3.5%, follow up 1.5%–2%), the animals received a
unilateral injection of 4mL 6-OHDA (2mg/mL in 0.9% NaCl
with 0.1% ascorbic acid; Sigma) at a rate of 1mL/min, into
the left medial forebrain bundle at the following coordinates:
AP - 2.2, L + 1.5, and V - 8.0 (in mm, with reference to
bregma and dura).

Grafting procedure. ES cell-derived population was
prepared for grafting and grafted intrastriatally in previously
6-OHDA lesioned rats, using standard procedures [34].
Viability and cell number were assessed by Trypan blue dye
exclusion. A total of 2mL of cell suspension (*4,000 cells)
was injected into the striatum, in 2 deposits at the following
coordinates: AP 0.48; L 2.2; V1 - 5.5; V2 - 4.5; tooth bar
- 3.3. The sham animals received the same injection only
with culture medium. All animals received intraperitoneally
10 mg/kg cyclosporine-A daily; after 6 weeks, they were
sacrificed under deep thiopental (120–150 mg/kg) anesthe-
sia. The brains were removed, dissected, and cut into 400-mm
slices. Fluorescent grafts as well as the sham striatum were
dissected with the use of a Leica M205FA high-magnification
fluorescent stereomicroscope and collected individually into
the lysis buffer for mRNA extraction.

Results

Establishment of marker profiles for the 5-stage
protocol of mDAergic differentiation from
mouse ES cells

Molecular profiles for the mDAergic differentiation
in vitro were established for the 5-stage protocol of ES cell
differentiation first described by Lee et al. [1]. Individual sets
of marker genes were defined for each step. The initial pro-
files were composed of genes expected to be expressed in a
successful experiment combined with markers indicating
undesirable experimental outcome (Fig. 1). These profiles
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contained the pluripotent markers Nanog and Oct4, the
neural progenitor markers Pax6, Sox1, Ncad, and Nestin, the
pan-neuronal markers Dcx and Tau, and the VM markers
Otx2, En1, Foxa2, and Lmx1a. Th was chosen as the screening
marker for DAergic neurons, since the most specific marker,
Dat, is only expressed at very terminal stages of DAergic
neuronal differentiation. As an a priori criterion for the
success of a differentiation experiment a percentage of Th-
positive cells > 8% at the end point was defined based on
previously published data [1,3,33].

This set of markers was tested in a first round of 6 inde-
pendent experiments with 2 mouse ES cell lines. Cell samples
were analyzed after each step of the protocol (Fig. 2). Nanog
and Oct4 were highly expressed in ES cells (stage I) with DCt:
4.5 – 0.4 and 0.8 – 0.5 and EBs (stage II) with DCt: 4.8 – 0.3
and 1.5 – 0.2. Expression levels decreased after neural in-
duction in stage III (*6-fold and 10-fold, respectively), and
further after neural patterning in stage IV (*85-fold and 40-
fold, respectively). At stage V both transcripts were below
the detection limit of the method (Fig. 2A).

The expression of the neural progenitor markers, Pax6,
Sox1, Ncad, and Nestin, was first detected at the end point of
stage II (DCt: 7.4 – 0.8, 6.3 – 0.6, 10.1 – 0.2, and 9.1 – 0.5, re-
spectively), and was generally upregulated at the end point
of stage III (DCt: 5.9 – 0.2, 4.3 – 0.2, 3.8 – 0.3, and 3.2 – 0.2,
respectively). The largest increase was observed for Ncad and
Nestin and their high expression levels were maintained
during the consecutive stages (Fig. 2A).

The pan-neuronal markers, Dcx and Tau, were expressed
in stage III with variations between experiments (DCt:
5.2 – 0.9 and 8.5 – 1.2, respectively). At the end point of the
experiments, Dcx expression remained at the same high
levels (DCt: 4.8 – 0.8), while Tau expression was *20-fold
upregulated (DCt: 4.3 – 0.6) (Fig. 2A).

mRNAs for the mDAergic progenitor markers, En1, Foxa2,
and Lmx1a, were detected at moderate levels at the end point
of stage III (DCt: 8.4 – 0.3, 7.0 – 0.2, and 9.0 – 0.6) and their
concentration increased in stage IV and stage V (Fig. 2A).
Otx2 expression, consistent with its role in controlling the
transcription in embryonic and neural stem cells [48], was
already detected in stage I (DCt: 8.2 – 0.2), its expression was
*6-fold upregulated at stage III, maintained at high levels at
stage IV, and decreased at stage V (Fig. 2A).

FIG. 2. Molecular profiling of the temporal expression of
expected genes in the 5-stage of mouse ES cell differentiation
toward mDAergic neurons. (A) Relative mRNA expression
levels for pluripotent markers, Nanog and Oct4, neural pro-
genitor markers, Pax6, Sox1, Nestin, and Ncad, ventral mid-
brain (VM) markers, En1, Otx2, Foxa2, and Lmx1a as well as
pan-neuronal markers, Tau and Dcx. Mean – SEM; n = 6. All
markers were compared to the stage, where the expression
was first detected by real-time PCR. Gene expression was
considered as not detected (ND) when DCt > 14 cycles. (B)
Relative mRNA levels and percentage of Th + neurons in
stage V show 2 different experimental outcomes: one posi-
tive ( + ), where Th + neurons were found, and another
negative ( - ), where very few Th + neurons were counted
(see also Supplementary Table S2). Mean – SEM; n = 3.
**P < 0.01 significantly different from ( - ) experimental out-
come by Student t-test. Th, tyrosine hydroxylase; SEM,
standard error of the mean; PCR, polymerase chain reaction.

‰

400 SALTI ET AL.



The mRNA expression of the mDAergic marker, Th, was
variable between experiments. The expression in some ex-
periments was high in stage V (DCt < 8), whereas in other
experiments the levels were low or not detected (DCt > 12)
(Fig. 2B). This outcome was also confirmed by immunocy-
tochemistry. The percentage of Th + neurons was > 8% in the
experiments with DCt < 8. No any or very few Th + neurons
were found in the experiments with low Th mRNA expres-
sion levels (Supplementary Tables S2 and S3).

We conclude that all 6 experiments, performed with 2
different cell lines, resulted in an overall neural and mid-
brain differentiation. However, when the a priori criterion
for Th expression was applied, only 3 out of the 6 experi-
ments were classified as positive ( + ) experiments, whereas
the other 3 experiments were negative ( - ). The differences in
Th expression between these groups were found statistically
significant at both mRNA and protein levels (P < 0.001)
(Fig. 2B).

Gene expression differences between experiments
with positive and negative outcome

To identify differences in gene expression between ( + )
and ( - ) experiments retrospectively, the marker profiles for
the individual steps of differentiation were grouped (Fig. 3).
Between these groups, significant differences were found
in stage II for the neural precursor markers, Pax6, Sox1,
and Nestin (*15-fold, 5-fold, and 4-fold, respectively),
and in stage III for the pan-neuronal markers, Dcx and Tau
(*15-fold and 50-fold) (Fig. 3A). In stage IV and V, the ex-
pression levels of Dcx and Tau decreased in the ( - ) experi-
ments with differences being significant at the end point of
stage V (Fig. 3A).

Therefore, strong and significant differences between the
experiments with positive and negative outcomes were ob-
served already at stage II. Negative outcome correlates with
high expression levels of Pax6, Sox1, and Nestin in stage II
and Tau and Dcx in stage III. Nestin immunoreactivity was
higher in the ( - ) group compared with the ( + ) group in
stage II, but similar in ( + ) and ( - ) experiments from stage III
onward. Tau immunoreactivity was detected at the end
point of stage III in a higher proportion of cells in the ( - )
group compared with the ( + ) group (Fig. 3B and Supple-
mentary Tables S2 and S3). These results indicate a prema-
ture, untimely neural differentiation in ( - ) experiments as
the underlying phenomenon.

For the mDAergic progenitor markers, Otx2 gene expres-
sion was significantly lower in ( - ) experiments as compared
to ( + ) experiments in stage IV. This finding was confirmed
by immunocytochemistry (Fig. 3A, B and Supplementary
Tables S2 and S3). No significant differences were detected at
the end point of stage III and V (Otx2) as well as for En1
expression at any stage, whereas a significantly higher ex-
pression was observed in stage V for Foxa2 (*20-folds) and
Lmx1a (*4-fold) in the ( + ) experiments (Fig. 3A).

Consistent with higher levels of mDAergic neurons, sig-
nificantly higher expression levels of Vmat2 (*13-fold), Girk2
(*2-fold), and Calbindin (*10-fold) were detected at the end
point of stage V in the ( + ) experiments as compared to the
( - ) ones (Fig. 3C).

To identify other neuronal lineages than mDAergic in our
cultures, GABAergic (Gad1), glutamatergic (vGlut2), and

cholinergic (Vacht) marker gene expression was compared
between ( + ) and ( - ) experiments at the end point of the
protocol (Fig. 3C). No significant differences were found, with
only a trend for higher expression for Gad1 and Vacht in ( + )
experiments (P = 0.2). The glial markers, Osp and Gfap, were
detected at high expression levels at the end of the protocol,
but no significant differences between the ( + ) and ( - ) ex-
periments were found (P = 0.1 and P = 0.2). The expression of
neurotransmitter markers and the glial markers in stage V
was confirmed by immunocytochemistry (Fig. 3D).

To test for the presence of unwanted nonectodermal
populations in our cultures, we analyzed Gata4, Afp, and
Brachyury expression levels as non-neural markers charac-
teristic for endoderm or mesoderm. The specific markers for
forebrain (Foxg1), diencephalon (Irx5), hindbrain (Hoxb1),
and spinal cord (Hoxb9) were determined to test for un-
wanted central nervous system populations. Expression
levels of these markers at each stage of differentiation are
presented in the Supplementary Table S4. No significant
differences were detected between ( + ) and ( - ) experiments
(P > 0.05), but a trend of increasing in non-neural (Brachyury,
Gata4) differentiation was observed in the ( - ) experiments
(Supplementary Table S4).

Based on these results, we propose quantitative milestones
for marker gene expression, which can be used to monitor
the positive outcome for the mDAergic neuronal differenti-
ation in multistep differentiation protocols (Fig. 3E). For each
stage-related milestone, expression values for positive
markers are combined with values for markers indicating
undesired or untimely cellular differentiation. In our exper-
iments, the expression of milestone markers did not signifi-
cantly differ in experiments conducted with 2 different
pluripotent lines (Supplementary Fig. S2).

To validate the profiles and the milestones, 3 additional
experiments were performed and monitored, based on our
strategy (Supplementary Table S3). In all 3 experiments, Th
expression values met the a priori criterion for a successful
experiment.

Quantitative comparison of gene expression profiles
during midbrain differentiation in vitro and in vivo

In the next step, we compared the expression profiles at
stage IV and V of 4 ( + ) experiments from the B6G-eGfp line
to profiles obtained from ex vivo VM, collected at E11.5,
E12.5, and E13.5. Regarding the pan-neuronal markers, the
level of mRNA for Tau at stage V (DCt: 3.7 – 0.4) was similar
to the levels in VM at E13.5 (DCt: 3.7 – 0.2), while the Dcx
levels at stage V (DCt: 3.3 – 0.7), were matched better to those
identified in VM at E11.5 (DCt: 4.2 – 0.1) (Fig. 4A). For the
glial markers Gfap and Osp, which are low abundantly ex-
pressed during stage IV (DCt: 12.6 – 0.1 and 10.7 – 0.6, re-
spectively), expression increased substantially during stage
V (P = 0.001) (Fig. 4A). These glial markers were very low
abundant or not detectable in VM at all embryonic ages
analyzed (Fig. 4A) indicating that gliogenesis in vitro occurs
early and massively compared to in vivo.

In respect to midbrain markers, high expression of Otx2
was detected after stage III (DCt: 5.3 – 0.2) with relatively
unchanged expression in stages IV and V. Slightly higher
levels were determined in VM at all 3 stages of in vivo de-
velopment, but did not differ significantly from stage IV
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(P > 0.05), and reached significance in comparison to stage V
(Fig. 4B). En1 mRNA was *10-fold higher in stage V (DCt:
5.6 – 0.2) as related to stage IV (DCt: 7.4 – 0.2). The compari-
son with the VM showed no significant difference from VM
E11.5 (DCt: 5.0 – 0.2, P = 0.2) or E12.5 (DCt: 4.5 – 0.3, P = 0.1),
while the significance was reached as compared to VM E13.5
(DCt: 3.0 – 0.2) (Fig. 4B). Expression of the floor plate mark-
ers, Foxa2 and Lmx1a, increased in stage V (DCt: 6.0 – 0.3 and
7.3 – 0.2) as compared to stage IV (DCt: 7.2 – 0.6 and 8.6 – 0.2),

reaching significance for Lmx1a. Foxa2 expression at stage V
was not different from VM E11.5. Lmx1a expression was
*20-fold higher in vivo for all ages than in vitro at stage V
(Fig. 4B).

To additionally test for alternative midbrain patterning
and specification fates, the dorsal marker, Pax7, and the basal
plate markers, Nkx6-1, Nkx2-2, Brn3a, and Isl1 were added to
the profile [49–51]. Pax7 was very low expressed in stage V
(DCt: 12.5 – 0.4) or was not detected, as it was in the

FIG. 3. A stage-related comparison of gene expression between the experiments with ( + ) and ( - ) outcome regarding the Th
expression revealed milestones with predictive potential. (A) mRNA expression levels of neural progenitor markers, Pax6,
Sox1, Nestin, and Ncad, VM markers, En1, Otx2, Foxa2, and Lmx1a as well as pan-neuronal markers, Tau and Dcx, in negative
( - ) experiments, relative to positive ( + ) experiments. Mean – SEM; n = 3. *P < 0.05 (Student t-test). (B) Immunostaining for
Nestin in stage II, Tau and Nestin in stage III, Otx2 in stage IV, and Th in stage V in 2 representative ( + ) and ( - ) experiments.
(C) Relative mRNA levels in stage V of the ( + ) experiments as compared to the ( - ) ones for the dopaminergic (Vmat2, Girk2,
and Calbindin), GABAergic (Gad1), glutamatergic (vGlut2), cholinergic (Vacht), and glial (Gfap and Osp) markers. Mean – SEM;
n = 3. *P < 0.05, **P < 0.01 (Student t-test). (D) Immunostaining for Tau, Th, Gfap, Osp, GABA, Glutamate, and Vacht con-
firmed their expression in stage V in one representative ( + ) experiment. (E) Schematic representation of 5-stage protocol
showing the gene expression levels in each stage that predict positive ( + , green) and negative ( - , red) end point outcome
regarding the Th expression. The milestones are represented as mean DCt values (related to GAPDH). When a milestone is not
reached, the prediction for a ( - ) outcome is followed by stopping the experiment (STOP). (B, D) Nuclear staining with DAPI (blue);
scale bar: 20mm. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DAPI, 4¢, 6-diamidino-2-phenylindole. Color images
available online at www.liebertpub.com/scd
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embryonic VM (DCt > 14). The basal plate markers, Nkx6-1
and Nkx2-2, were found to be expressed in vitro, starting
with stage III (DCt: 7.1 – 0.5 and 11.3 – 0.4, respectively), and
a significant upregulation was detected in stage V for Nkx6-1
(*3-fold) and Nkx2-2 (*22-fold). Similar levels of Nkx6-1
expression in stage V in vitro compared with VM E11.5,
E12.5, and E13.5 were identified (P = 0.9, P = 0.3, and P = 0.8,
respectively), whereas Nkx2-2 expression was *20-fold
higher at stage V compared to E11.5, 12.5, and 13.5 (Fig. 4B).

These data indicate that in vitro patterning induces not
only a floor plate phenotype expressing Foxa2 and Lmx1a,
but also basal plate-like cell identity characterized by ex-
pression of Nkx6-1 and Nkx2-2. Although some VM markers
(Foxa2, En1, and Nkx6-1) had similar expression as age-
matched embryonic VM tissue, Lmx1a expression was lower,
whereas Nkx2-2 expression was higher in vitro than in vivo.

The level of expression of the mature mDAergic markers
was very low in stage IV: Th (DCt: 11.5 – 0.4), Vmat2 (DCt:
10.7 – 0.9), Girk2 (DCt: 11.3 – 0.1), and Calbindin (DCt: 9.3 – 0.3).
Their expression significantly increased in stage V (Th *20-
fold, Vmat2 *10-fold, Girk2 *4-fold, Calbindin *20-fold) as
compared with stage IV, reaching similar levels as in mouse
VM: Th and Vmat2 expressions were not different from VM
E11.5 (DCt: 7.1 – 0.1, P = 0.1 and 7.6 – 0.2, P = 0.5), Girk2 ex-
pression was comparable to VM E13.5 (DCt: 8.2 – 0.2, P = 0.07),
and Calbindin expression was also similar to VM E13.5 (DCt:
5.8 – 0.7, P = 0.1) (Fig. 4C). The late mDAergic marker, Dat, was
still barely detectable in stage V (DCt: 12.9 – 0.9).

Regarding alternative neuronal markers, vGlut2 showed
low expression in stage IV (DCt: 9.5 – 0.3), its expression was

significantly upregulated in stage V (*5-fold), but its levels
in vitro were at least *20-fold lower compared to all 3 VM
stages (Fig. 4C). For Gad1, levels increased *6-fold in stage V
as compared to stage IV (DCt: 5.6 – 0.4) reaching expression
levels not different with VM E13.5 (DCt: 3.9 – 0.1) (P = 0.2)
(Fig. 4C). For the specific GABAergic marker, Brn3a, the low
expression at stage IV (DCt: 11.6 – 0.5) increased during stage
V (*6-fold, P = 0.002) to reach levels similar to VM E11.5
(DCt: 8.2 – 0.2), but significantly lower than VM E12.5
(P < 0.001) or VM E13.5 (P = 0.02). Vacht showed low ex-
pression in stage IV (DCt: 11.5 – 0.3), while in stage V, levels
were significantly upregulated (*10-fold) and comparable
to in vivo VM E12.5 (DCt: 10.7 – 0.2) and E13.5 (DCt: 9.9 – 0.2)
(Fig. 4C). A similar observation was made for cholinergic
marker, Isl, showing similar expression levels for stage V,
E11.5 (DCt: 7.3 – 0.1) and E13.5 (DCt: 7.2 – 0.2) (Fig. 4C). The
synaptic marker, Syn1, was significantly upregulated in
stage V as compared to stage IV (*6-fold) at even higher
levels than determined in VM E13.5 (DCt: 5.3 – 0.2) (Fig. 4C).

When the expression of the extended set of midbrain
markers was applied to the groups of positive ( + ) and
negative ( - ) experiments, Brn3a expression was found to be
3-fold higher in the ( + ) experiment as compared to the ( - )
experiments (Supplementary Fig. S3), while for Nkx2-2,
Nkx6-1, and Isl1 the differences were not significant (P = 0.08,
0.09 and 0.2, respectively).

We conclude that neural differentiation and specification
in the successful in vitro experiments not only lead to gen-
eration of mDAergic floor plate-derived neurons expressing
Th, Vmat2, Girk2, and Calbindin, but also to the formation of

FIG. 3. (Continued).
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FIG. 4. Molecular profiling for the neural patterning and differentiation markers in vitro and in vivo. (A) Neuronal and glial
differentiation. Relative mRNA expression levels of the neuronal (Tau and Dcx) and the glial (Gfap and Osp) markers after
neural patterning and differentiation in all experiments presenting ( + ) milestones and in the mouse embryonic VM at
embryonic (E) day 11.5, E12.5, and E13.5. Levels of expression are compared with stage IV and presented as mean – SEM;
n = 3–4. (B) VM patterning in vitro and in vivo. Relative mRNA expression levels of the midbrain (Otx2 and En1), floor plate
(Foxa2 and Lmx1a), and basal plate (Nkx6-1 and Nkx2-2) markers after neural patterning and differentiation in all experiments
with ( + ) milestones and in the mouse VM at E11.5, E12.5, and E13.5. Levels of expression are compared with stage III and
presented as mean – SEM; n = 3–4. (C) Neuronal specification in vitro and in vivo. Relative mRNA expression levels of the
dopaminergic markers (Th, Vmat2, Girk2, and Calbindin), the glutamatergic marker (vGlut2), and the GABAergic markers
(Gad1 and Brn3a) as well as the cholinergic markers (Vacht and Isl1) and the synaptic marker (Syn1) after neural differen-
tiation in the 5-stage protocol experiments with ( + ) milestones and in the mouse VM at E11.5, E12.5, and E13.5. Mean – SEM;
n = 3–4; *P < 0.05; **P < 0.01 significantly different from stage IV by Student t-test. #P < 0.05; ##P < 0.01 significantly different
from stage V by Student t-test. ND, not detected.
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GABAergic, glutamatergic, and cholinergic basal plate neu-
rons, expressing Gad1, vGlut2, Vacht, Isl1, and Brn3a. How-
ever, although the neuronal markers, Tau and Dcx, were
expressed at similar levels in cultures and age-matched em-
bryonic VM, an overshooting high rate of gliogenesis was
observed in vitro compared to in vivo, identified by the high
expression values of Gfap and Osp.

Profiles for signaling pathway components reveal
their modulation in vitro and in the developing VM

Next, we analyzed the expression of genes encoding
components of signaling pathways, including the Hh path-
way (Shh, Gli1, Gli2, Gli3, Ptch1, and Smo), Fgf signaling
(Fgf8, Fgf2, and Fgfr3), and Wnt signaling (Wnt1, Wnt3a, and
Wnt5a). Again the expression in cell culture was compared to
the expression in the developing VM at E11.5, E12.5, and
E13.5 (Fig. 5). The mRNA expression was analyzed in cul-
tures treated in stage IV with a combination of agonists for
these pathways (purmorphamine + Fgf2 + Fgf8) and com-
pared to untreated (control) cultures. Shh was abundantly
expressed before treatment at stage III (DCt: 5.3 – 0.5). This
expression remained similar in the untreated cultures during
the subsequent stages. Treatment with patterning factors
increased expression levels of endogenous Shh significantly
in stage V to reach levels comparable with the VM E11.5
(DCt: 4.2 – 0.1, P = 0.2) and E12.5 (DCt: 4.9 – 0.2, P = 0.7). Gli1
expression after stage III (DCt: 7.4 – 0.3) decreased in the
untreated cultures (DCt: 10.9 – 0.1 in stage V). Agonist
treatment increased Gli1 expression in stage V, similar levels
were present in VM E11.5 (DCt: 5.6 – 0.1). Gli2 and Gli3 ex-
pression levels were low in the control conditions (DCt:
9.8 – 0.9 and 12.2 – 0.1, respectively), and their expression
was not influenced significantly by the treatment (Fig. 5).
Transcripts of the Smo and Ptch1 Hh receptor genes were
present at similar levels in untreated cultures at stages III
(DCt: 5.1 – 0.8 and 5.5 – 0.2), IV (DCt: 4.6 – 0.1 and 4.2 – 0.1),
and V (DCt: 5.1 – 0.5 and 4.7 – 0.4) and embryonic VM at all
stages. Remarkably, their levels increased in stage V after
treatment, *3-fold for Smo (P = 0.009) and *10-fold for Ptch1
(P = 0.03), overcoming their levels in vivo (Fig. 5).

Endogenous Fgf8 expression was high in stage III (DCt:
6.3 – 0.3) and levels decreased subsequently in both treated
and untreated conditions. In contrast, Fgf2 expression was
low in stage III (DCt: 10.8 – 0.5) and stage IV (DCt: 10.2 – 0.4).
A *20-fold increase was observed in the treated cultures in
stage V (P = 0.004), reaching levels higher than in embryonic
VM (P < 0.01) (Fig. 5). The patterning treatment caused also a
significant increase (*10-fold, P = 0.006) in the expression of
Fgfr3 in stage V, with expression higher, but approaching the
level in VM E11.5 (DCt: 3.8 – 0.2) (Fig. 5).

Wnt1 was moderately expressed after stage III (DCt:
9.4 – 0.5) and its expression decreased in both control and
treated cultures at later stages. Wnt3a was barely detectable
both in vitro and in vivo (data not shown). In contrast, Wnt5a
was significantly upregulated after patterning treatment in
stage V (*10-fold, P = 0.02) to similar levels as in VM E11.5
(DCt: 4.6 – 0.3, P = 0.4) (Fig. 5).

We conclude that mouse ES cell-derived neural popula-
tions respond to Hh and Fgf pathway stimulation with in-
creasing the levels of components of the corresponding
signaling pathways. The regulated transcripts reach similar

FIG. 5. Molecular profiling for the Hh, Fgf, and Wnt
pathways in vitro versus in vivo. Relative mRNA expression
levels of the Hh pathway (Shh, Gli1, Gli2, and Gli3) and re-
ceptors (Smo and Ptch1), Fgf signaling (Fgf2, Fgf8, and Fgfr3)
and Wnt signaling (Wnt1 and Wnt5a) in protocol of mouse
ES differentiation toward dopaminergic neurons in treated
(Tr., purmorphamine + Fgf2 + Fgf8) and untreated (Untr.)
experimental conditions of mouse ES differentiation and in
the mouse VM at embryonic (E) day 11.5, E12.5, and E13.5.
Mean – SEM; n = 3–4; *P < 0.05; **P < 0.01 significantly differ-
ent from stage V untreated by Student t-test. #P < 0.05;
##P < 0.01 significantly different from stage V treated by
Student t-test. Hh, Hedgehog.
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levels (for Shh, Gli1, Fgfr3, and Wnt5a) or even higher levels
(for Fgf2, Smo, and Ptch1) as detected in the developing VM.

Monitoring of the effect of Hh signaling on in vitro
cell fates

To test whether the gradient in Hh modulation during
stage IV exerts an influence on in vitro cell heterogeneity and
midbrain patterning, the Hh agonist purmorphamine at 3
different doses (1, 2, and 3mM) combined with Fgf2 (10 ng/
mL) and Fgf8 (100 ng/mL) were applied after reaching the
milestones at stage III. Expression of the neuronal markers,
Tau and Dcx, and the glial markers, Gfap and Osp, were
compared between purmorphamine treated and untreated
cultures at stage V together with VM, floor plate (Th, En1,
Lmx1a, and Foxa2), and basal plate markers (Nkx6-1, Nkx2-2,
Isl1, and Brn3a) (Fig. 6). A dose-dependent increase in the
expression of Tau, Dcx, Gfap and the floor plate markers Th,
En1, and Lmx1a was observed, peaking at 2mM with a de-
crease at 3 mM. For Foxa2, no difference was observed be-
tween 2 and 3mM. Compared to controls, expression levels
increased for the basal plate transcription factors, Nkx6-1 and
Nkx2-2, at 1, 2, and 3mM for Nkx6-1 (*10-fold, P = 0.03) and
at 1 and 2 mM for Nkx2-2 (P < 0.001). A peak at 2mM was seen
for the neuronal basal plate markers, Isl1 and Brn3a. Osp
expression was unaffected by the treatment.

Therefore, a dose of 2mM purmorphamine was optimal for
stimulating neuronal and floor plate mDAergic differentia-
tion, whereas 1mM of purmorphamine was sufficient to
stimulate expression of the basal plate markers. Expression
of glial markers could not effectively be reduced by varying
Hh signaling.

Expression profiles are useful for the investigation
of cell fates in stem cell-derived grafts in 6-OHDA
models of PD

Next, we applied the established profiles to grafted stem
cell derivatives, following their in vivo differentiation. ES
cells expressing eGfp constitutively were differentiated to
neural cells in vitro (Fig. 7A1) and were grafted into the
striatum of 6-OHDA lesioned rats. Gfp expressing grafts
were dissected from the host tissue 6 weeks after grafting. In
6 out of 12 transplanted rats, eGfp expression was readily
detectable in the grafts. Tumor formation was not observed.
The graft core was integrated within the striatum and sur-
rounded by neuronal fibers extending into the host tissue
(Fig. 7A2, A3). Then, we analyzed the expression levels of
marker genes in the grafts and compared them with the
population of pregrafted cells and the striatum of sham-
operated animals. Values were obtained for the VM devel-
opmental markers, Foxa2, En1, Lmx1a, Nkx6-1, Nkx2-2, Isl1,
and Brn3a. In addition, markers for various neuronal line-
ages (Th, Dat, Girk2, Calbindin, Vmat2, Gad1, and vGlut2) and
glial cells (Gfap, Osp) were analyzed (Fig. 7B, C). *5-fold higher
transcript levels for Th were detected in grafts compared to the
pregrafted population (P = 0.04). Dat expression levels post-
grafting increased *22-fold (P = 0.005). Midbrain progenitor
markers, Foxa2, En1, Lmx1a, Nkx6-1, and Nkx2-2 were down-
regulated during the differentiation in vivo. Together, these
indicate a robust further maturation and mDAergic differenti-
ation of the grafted population (Fig. 7B, C). In contrast to the

FIG. 6. Molecular profiling for the VM patterning, neuronal
and glial specification related to Hh modulation in vitro. Re-
lative mRNA expression levels of the floor plate markers Th,
Foxa2, En1, and Lmx1a, and the basal plate markers Nkx6-1,
Nkx2-2, Isl1, and Brn3a, the neuronal markers Tau and Dcx and
the glial markers Gfap and Osp at the end point of the 5-stage
protocol treated with purmorphamine concentrations of 1, 2,
and 3mM, as compared to untreated controls (0mM). Mean –
SEM; n = 3; *P < 0.05; **P < 0.01 significantly different from 0mM
purmorphamine by Student-Newman-Keul’s post hoc test.
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mDAergic neuronal markers, the expression of the basal plate
neuronal markers was decreased postgrafting. Isl1 expression
was reduced after transplantation and Vacht expression was not
detectable in the grafts. The mRNA levels of Brn3a were re-
duced postgrafting to levels similar to those found in the
striatum of the sham-operated animals. No difference was ob-
served pre- and postgrafting for Gad1 (Fig. 7C). vGlut2 was very
low expressed (DCt > 11) or not detectable in the transplants.
The glial marker, Gfap, was *2-fold less abundant in the grafts
and Osp levels remained unchanged compared to the preg-
rafted population (Fig. 7C). These results indicate that the VM
floor plate mDAergic neurons were selectively supported by
the host environment in comparison to the basal plate-derived
neuronal populations.

To investigate the molecular mechanisms involved in the
integration and survival of the transplanted neural popula-
tions, the expression of signaling molecules Shh, Fgf2, Fgfr3,
and Wnt5a were analyzed in grafted tissues, since we had
observed significant changes for these genes during in vitro

patterning (Fig. 7C). The analysis of the grafts revealed a
strong loss of Shh transcripts (*30-fold, P < 0.001) after
transplantation. Similar low levels were detected in the
striatum of sham animals (DCt: 9.8 – 0.1). Wnt5a levels were
slightly reduced after transplantation, but remained detect-
able at moderate to high levels (DCt: 4.6 – 0.2). No difference
was determined for Fgfr3 expression between pre- and
postgrafting, whereas expression of Fgf2 was *7-fold higher
after transplantation and exceeded the levels in the striatum
of sham-operated animals (P = 0.002).

Concluding, the postgrafted cells express significant levels
of signaling molecules, in particular, Fgf2 and Wnt5a, which
are likely to support the specification of grafted cells toward
the mDAergic phenotype compared to alternative fates.

Discussion

The exciting potential of stem cells for cellular models and
therapeutics for PD [52] is an essential motivation for

FIG. 7. Molecular profiling
for the neural, midbrain, and
signaling pathway markers in
the cells grafted in an animal
model of Parkinson’s disease.
(A) Fluorescent cells detected
before transplantation (A1)
and in the striatum (A2, A3)
of a 6-hydroxy-dopamine-le-
sioned rat model. Scale bars:
20 mm (A1), 1 mm (A2),
200 mm (A3). (B) Relative
mRNA expression levels of
Th, Dat, Foxa2, En1, Lmx1a,
and Nkx6-1 of the mouse
eGfp-ES cell-derived grafts 6
weeks after transplantation,
as compared to pregrafted
cells at the end point of the 5-
stage protocol. Levels of ex-
pression are normalized to
eGfp and presented as
mean – SEM; n = 6 at 6 weeks
after grafting; *P < 0.05;
**P < 0.01 significantly differ-
ent from pregrafting by Stu-
dent t-test. (C) Relative
mRNA expression levels of
Nkx2-2, Isl1, and Brn3a as
well as Tau, Gad1, Gfap, Osp
and Shh, Fgf2 and Fgfr3. Le-
vels of expression are nor-
malized to Gapdh, compared
to the levels in the striatum of
sham animals and presented
as mean – SEM; n = 6;
*P < 0.05; **P < 0.01 signifi-
cantly different from preg-
rafting by Student-Newman-
Keul’s post hoc test. #P < 0.05,
##P < 0.01 significantly differ-
ent from postgrafting by
Student-Newman-Keul’s post
hoc test. eGfp, enhanced
green fluorescent protein.
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research on the developmental keys that govern patterning
and specification of the VM. Recently, the generation of in-
duced pluripotent stem cells from PD patient fibroblasts and
their differentiation into mDAergic neurons has been
reported, a finding that further spurs on hopes in patient-
derived neurons [53]. However, major challenges still remain
to be addressed: for replacement strategies the undesirable
heterogeneity of cell populations obtained in vitro, the var-
iable survival of mDAergic neurons within the grafts, and
the risk of tumor formation.

One way to address these problems is to establish a strict
quantitative comparison of critical steps of in vitro differen-
tiation with in vivo development. To this end, we have
established expression profiles of specific marker genes.
These profiles were put to a test in a well-established 5-stage
protocol of neural differentiation of mouse ES cells. This
particular protocol lends itself well for this kind of study,
since the prototypical difficulties of the in vitro neural dif-
ferentiation methodology are displayed, in particular, a high
variability of outcome and heterogeneity of the generated
populations. Our profiles include positive markers, genes
which are expected to be expressed at specific stages in a
successful experiment, as well as negative markers. Ex-
amples of negative indicators include the non-neural mark-
ers, Afp, Gata4, and Brachyury. Other markers in our profiles
are dynamic that is, they are expected to be expressed at
specific stages, but not at others. For example, the pluri-
potency markers, Nanog and Oct4, should be expressed at
stage I, downregulated during neural induction, and absent at
the end point of the protocol. The neural progenitor markers,
Pax6, Sox1, Nestin, and Ncad, should be gradually upregulated
during neural induction (stages II and III) reaching high levels
during the neural patterning (stage IV) as a consequence of an
efficient selection of neural progenitors.

Successful experiments in our study were defined com-
bining quantitative expression values for the Th mRNA level
with the percentages of Th immunoreactive neurons. Ap-
plying these criteria, we grouped experiments regarding
their positive and negative outcome and compared the dif-
ferences in the proposed profiles at each stage (Fig. 3). This
strategy allowed us to establish milestones with predictive
value. It became evident that the patterning treatment must
be started before the expression of Dcx and Tau reaches
specific values at the end point of stage III, when neural
progenitor markers, Pax6, Sox1, and Nestin, need to be ex-
pressed at high levels indicating efficient neural induction.
The same neural progenitor markers expressed earlier in
stage II are correlatives for negative outcome and indicate
premature neural induction typically resulting in undesirable
high expression of Tau in stage III. These results can hence-
forth be used to replace the classical way to follow a strict
timing of experiments based on days in vitro paying tribute
to the difficulty to precisely time differentiation processes.

Neurogenesis and gliogenesis in vitro versus in vivo

We have referenced the progress of the cells in vitro
against parallel ex vivo mouse embryonic VM samples from
relevant embryonic stages E11.5–E13.5, when patterning and
specification occur in vivo. This comparison points to sub-
stantial differences in the timing of gliogenesis versus neu-
rogenesis in vivo and in vitro. While for neurogenesis, we

found that the expression levels of neural progenitor and
neuronal markers in stage V reached similar levels as de-
tected in VM, for gliogenesis, the glial markers were highly
expressed, comparing to their very low levels in VM (Fig. 4).
Therefore, it appears important to control premature and
overshooting gliogenesis in cell cultures.

VM patterning in vitro versus in vivo

Expression levels of the midbrain floor plate markers, En1
and Foxa2, were comparable between in vivo VM (E11.5–
E13.5) and cell cultures, whether Lmx1a levels were low
in vitro compared to in vivo. It has been reported that re-
combinant overexpression of Lmx1a promotes in vitro for-
mation of mDAergic neurons [23,54,55]. In view of our
finding, a high level of recombinant Lmx1a might be viewed
as a correction of an Lmx1a deficit in vitro compared to de-
veloping progenitors in vivo.

In our study, we have complemented mDAergic markers
with markers for alternative progenitor and neuronal midbrain
related populations. These markers were selected based on
recent developmental studies regarding molecular mechanism
of patterning and specification in the midbrain. In addition to
substantia nigra, the VM contains other specific regions, in-
cluding the oculomotor complex and the red nucleus, com-
prising specific glutamatergic, GABAergic, and cholinergic
neurons. During development, these populations are formed
from different progenitor domains in the basal plate, expres-
sing specific markers, including Nkx6-1/2 [50,51] and Nkx2-2
[17–19]. Nkx6-1 was expressed in our cultures at similar levels
as in developing VM, while Nkx2-2 expression in stage V was
high compared to in vivo levels (Fig. 4B). Markers character-
istic of basal plate-derived neuronal populations were found in
vitro as well as in embryonic VM at similar (vGlut2 and Isl1) or
different (Vacht, Brn3a, and Gad1) levels (Fig. 4C). Nkx6-1 was
shown to suppress floor plate marker expression, especially
Foxa2 [9]. Hence, it would be important to decrease its ex-
pression in vitro, to facilitate mDAergic differentiation.

Interestingly, Otx2 was expressed differentially in stage IV
between the experiments with ( + ) and ( - ) outcome. Its ex-
pression level constitutes a valuable milestone at this stage.
This result, combined with recent studies showing the dy-
namics of Otx2 at the VM levels, indicates that Otx2 should
be expressed at high levels in vitro to confer neurogenic ac-
tivity to the floor plate cells and determine a mDAergic fate
[9]. This could possibly be achieved by blocking the Fgf
pathway at an early step of in vitro neural differentiation,
since this treatment was shown to increase the expression of
Otx2 and mDAergic specification [56].

Molecular profiling of the Hh, Fgf, and Wnt
pathways revealed novel dynamics in their
in vitro and in vivo expression

Previous studies have demonstrated that Hh, Fgf, and
Wnt pathways are essential and sufficient for induction of
mDAergic neurons [12,17,57–60]. Shh is a major factor for
dorsal–ventral patterning of the neural tube, including the
midbrain [17,60]. Here, we addressed the direct stimulation
of the Hh pathways by the Smo agonist purmorphamine [40–
42]. We found that levels of the Shh ligand and Gli1 were
specifically increased, while no effect was observed for Gli2
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and Gli3 during in vitro patterning. In addition, Smo and
Ptch1 receptor transcript levels were also highly enriched by
the purmorphamine treatment. Compared with the devel-
oping midbrain, Shh and Gli1 expression levels in vitro
reached similar levels as in VM E11.5, while Smo and Ptch1
expression levels surpassed the levels found in VM between
E11.5 and E13.5 (Fig. 5).

Fgf signaling controls cell proliferation and differentiation
of specific neuronal cell types during midbrain development.
Fgf8 overexpression can induce the development of ectopic
midbrain structures [61]. In a rat midbrain explant culture
model, Fgf8 promoted the development of mDAergic neu-
rons, whereas inhibition of Ffg8 signaling had an inhibitory
effect [12]. Fgf2 is involved in the development, maintenance,
and survival of many cells in the nervous system and, as one
of the most potent survival factors, exerts neurotrophic ac-
tivity on mDAergic neurons in vitro and in vivo [62,63]. In
our experiments, purmorphamine and Fgfs treatment did
not affect endogenous expression of Fgf8, but exerted a
strong stimulatory effect on Fgfr3, in agreement with previ-
ous studies [64,65], providing evidence for dynamics of Fgfrs
in midbrain development in vivo and in vitro.

Wnt family members are important regulators of mDAergic
development [16,17,58,59,66]. A severe mid-hindbrain pheno-
type was described for the Wnt1 KO [67]. In addition, Wnt3a
stimulated proliferation of precursor cells and Wnt5a increased
the maturation and differentiation of mDAergic precursors into
neurons [16,66]. In our study, Hh and Fgf pathway stimulation
prolonged expression of Wnt1 in vitro and stimulated the ex-
pression of Wnt5a, in agreement with recently published
studies proving an interaction between Wnt signaling and Hh
to regulate the generation of mDAergic neurons [57,59].

The set of experiments in which we have studied the effect
of different doses of Hh agonist, purmorphamine, revealed
that 1mM was sufficient to induce a peak expression of the
basal plate markers, Nkx6-1 and Nkx2-2, whereas higher
concentrations (2 mM) stimulated expression of floor plate
progenitor and neuronal markers. This result is in concor-
dance with studies indicating a gradient role of Shh in VM
specification in vivo [68,69]. No reduction was observed at
high doses of purmorphamine for markers of unwanted
cells, including the glial cells (Fig. 6).

In summary, our in vitro versus in vivo comparison pro-
vided proof that VM patterning and specification have oc-
curred in vitro generating similar populations as present
in vivo. However, our expanded profile pinpoints quantita-
tive differences by showing that the selective generation and
maintenance of the floor plate populations occur in vitro only
if the related signaling is available at a proper time for
neurogenesis and at a proper concentration.

Cell fate analysis of ES cell-derived populations
after transplantation in a rodent model of PD

Extending previous studies of mDAergic cells within
transplants into the striatum of 6-OHDA lesioned rats, we
have analyzed the expression not only of mDAergic markers,
but also of an array of floor plate and basal plate markers, as
well as components of signaling pathways. We found that
mainly Th and Dat were increased in the grafts, indicating
that mDAergic cells further maturated after transplantation.
At the same time, the progenitor markers, Foxa2, En1, and

Lmx1a, were decreased, as well as the basal plate markers,
Nkx2-2 and Brn3a, and the astrocytic marker, Gfap. No ex-
pression was detected for graft-derived Vacht and vGlut2
after transplantation, whereas Gad1 and Osp levels remained
unaltered. Therefore, it appears that a highly selective spec-
ification or selection process occurs in the grafts leading to
decreasing expression of markers for progenitor cells, basal
plate, and astrocytes, whereas for the GABAergic and oli-
godendrocyte markers the levels did not change before and
after transplantation.

On the one hand, these results can be explained by the lack
of extrinsic signals provided by the host striatum that support
the survival and differentiation of the midbrain basal plate-
like cells, and by the presence of extrinsic signals supporting
the survival and differentiation of the midbrain floor plate-like
cells on the other hand. We addressed this question by testing
the expression of signaling pathway molecules previously
shown to be upregulated during in vitro differentiation and in
the developing embryonic VM. We found that high levels of
Th and Dat correlated with high Fgf2 and Wnt5a levels, while
the Shh level decreased after transplantation.

Conclusion

Taking all together, our new profiling methodology cor-
related with the quantitative ex vivo analysis of the devel-
oping brain, open new opportunities to explore and improve
cell culture protocols for midbrain fates differentiation of
pluripotent stem cells and to study cell fate decision and
signaling in different stem cell-derived neuronal grafts.
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24. Sgadò P, L Albéri, D Gherbassi, SL Galasso, GMJ Ramakers,
et al. (2006). Slow progressive degeneration of nigral dopa-
minergic neurons in postnatal Engrailed mutant mice. Proc
Natl Acad Sci U S A 103:15242–15247.

25. Andersson E, U Tryggvason, Q Deng, S Friling, Z Alek-
seenko, et al. (2006). Identification of intrinsic determinants
of midbrain dopamine neurons. Cell 124:393–405.

26. Smidt MP, CH Asbreuk, JJ Cox, H Chen, RL Johnson, et al.
(2000). A second independent pathway for development of
mesencephalic dopaminergic neurons requires Lmx1b. Nat
Neurosci 3:337–341.

27. Yan CH, M Levesque, S Claxton, RL Johnson and S-L Ang.
(2011). Lmx1a and lmx1b function cooperatively to regulate
proliferation, specification, and differentiation of midbrain
dopaminergic progenitors. J Neurosci 31:12413–12425.

28. Lin W, E Metzakopian, YE Mavromatakis, N Gao, N Ba-
laskas, et al. (2009). Foxa1 and Foxa2 function both upstream
of and cooperatively with Lmx1a and Lmx1b in a feed for-
ward loop promoting mesodiencephalic dopaminergic neu-
ron development. Dev Biol 333:386–396.

29. Kittappa R, WW Chang, RB Awatramani and RDG McKay.
(2007). The foxa2 gene controls the birth and spontaneous
degeneration of dopamine neurons in old age. PLoS Biol
5:e325.

30. Lee H-S, E-J Bae, S-H Yi, J-W Shim, A-Y Jo, et al. (2010).
Foxa2 and Nurr1 synergistically yield A9 nigral dopamine
neurons exhibiting improved differentiation, function, and
cell survival. Stem cells 28:501–512.

31. Di Porzio U, A Zuddas, DB Cosenza-Murphy and JL Barker.
(1990). Early appearance of tyrosine hydroxylase immuno-
reactive cells in the mesencephalon of mouse embryos. Int J
Dev Neurosci 8:523–532.

32. Kawasaki H, K Mizuseki, S Nishikawa, S Kaneko, Y Ku-
wana, et al. (2000). Induction of midbrain dopaminergic
neurons from ES cells by stromal cell-derived inducing ac-
tivity. Neuron 28:31–40.
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