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Parkinson’s disease is a widespread condition caused by the loss of midbrain neurons that synthesize the neurotransmitter
dopamine. Cells derived from the fetal midbrain can modify the course of the disease, but they are an inadequate source of
dopamine-synthesizing neurons because their ability to generate these neurons is unstable. In contrast, embryonic stem (ES) cells
proliferate extensively and can generate dopamine neurons. If ES cells are to become the basis for cell therapies, we must develop
methods of enriching for the cell of interest and demonstrate that these cells show functions that will assist in treating the disease.
Here we show that a highly enriched population of midbrain neural stem cells can be derived from mouse ES cells. The dopamine
neurons generated by these stem cells show electrophysiological and behavioural properties expected of neurons from the
midbrain. Our results encourage the use of ES cells in cell-replacement therapy for Parkinson’s disease.

Fetal midbrain precursors can proliferate and differentiate into
dopamine-synthesizing neurons in vitro, and transplantation of
these cells leads to recovery in a rat model of Parkinson’s disease1,2.
However, these precursor cells, which are derived from either rodent
or human midbrain, generate dopamine neurons for only short
periods in culture. ES cells can proliferate extensively in an undif-
ferentiated state and may provide an unlimited source of many cell
types. A related benefit of using ES cells is their accessibility for
genetic engineering, which will permit the isolation and functional
analysis of specific cell types. The isolation of human ES cells and the
related embryonic germ cells has stimulated interest in their
potential clinical value3,4. Although the use of ES cells in cell therapy
is widely discussed, there are few cases showing that ES cell
technology can be successfully applied to animal models of dis-
ease5–7. We have defined signals that improve the efficiency of
dopamine-neuronal differentiation from ES cells, but this approach
may still provide too few neurons for widespread use8. The purpose
of our study here was to develop a method of further increasing the
efficiency of midbrain-specific generation of dopamine neurons
from ES cells, and to demonstrate that these cells can functionally
integrate into host tissue as well as lead to recovery in a rodent
model of Parkinson’s disease.

Generation of midbrain CNS precursors
Previously, we developed a five-stage method that leads to the
efficient differentiation of ES cells into neurons8,9. Nuclear receptor
related-1 (Nurr1) is a transcription factor that has a role in the
differentiation of midbrain precursors into dopamine neurons10–13.
We used a cytomegalovirus plasmid (pCMV) driving expression of
a rat Nurr1 complementary DNA modified to express an antigenic
site derived from the haemagglutinin protein (HA) to establish
stable Nurr1 ES cell lines. Nurr1 ES cells were processed through the
five-stage differentiation method8. Immunoblotting was used in
stages 4 and 5 using anti-Nurr1 or anti-HA antibodies. The anti-HA

antibody shows that the introduced gene is expressed at high levels
at stage 4 but at much lower levels at stage 5. In contrast, the
endogenous Nurr1 gene was expressed at low levels in stage 4 cells
but at higher levels after differentiation at stage 5 (Fig. 1a). These
cells differentiated appropriately to cells positive for tyrosine
hydroxylase (TH) (Fig. 1a and b). The subcellular localization of
Nurr1 was monitored by immunocytochemistry using anti-HA
antibody. In undifferentiated ES cells, Nurr1 was located in a
restricted site in the nucleus (Fig. 1c). To assess whether Nurr1
induces TH expression in the appropriate neural cell types, we used
double labelling for TH and specific molecular markers for neurons
and glia. All THþ cells were double labelled with the neuronal
marker Tuj1 but not with the markers for glial lineages (data not
shown), indicating that the expression of the Nurr1 gene induced
TH expression specifically in neurons. We found no evidence of
elevated rates of cell death in Nurr1-expressing ES or neural stem
cells (data not shown), ruling out that expression of transfected
Nurr1 alters the distribution of cell fates by causing the death of
specific cell types. Also, Nurr1 expression alone could not switch the
regional identity of central nervous system (CNS) precursors, as
evidenced by the lack of Engrailed 1 (En-1) expression in Nurr1-
transfected cortical CNS stem cells positive for Bf1 (a forebrain-
specific marker) (data not shown). These results suggest that the
THþ neurons derived from Nurr1 ES cells are generated from
precursor cells that are readily responsive to the actions of the
Nurr1 protein.

Modification of the above procedure can differentiate ES cells
into insulin-secreting structures similar to pancreatic islets14. This
directly raises the important problem of enriching for specific cell
types when using ES cells as a starting point. Cells at early stages of
vertebrate development are thought to adopt mesodermal and
ectodermal differentiation paths as alternate fates. Leukaemia
inhibitory factor (LIF) inhibits the formation of cardiac meso-
derm15 and may promote neuronal differentiation at early stages of
CNS development16. The pancreatic and duodenal homeobox-1
(Pdx-1) gene is an early regulator of the differentiation of cells in the
endocrine pancreas17. LIF treatment of stage 2 cell aggregates
strongly reduces the expression of Pdx-1 and promotes the differ-
entiation of neurons.
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In the developing CNS, midbrain dopamine-producing and
hindbrain serotonin-producing neurons are generated on either
side of the isthmic organizer, a signalling centre known to influence
neuronal differentiation18,19. Both of these neuronal types are
dependent on fibroblast growth factor 8 (FGF8) and sonic hedgehog
(Shh) synthesized by the isthmic organizer18,19. In addition, pre-
cursors for serotonin-positive neurons in the ventral hindbrain are
sensitive to FGF4 (ref. 20). The number of dopamine neurons
generated from ES cells can be significantly increased when treating
cells with FGF8 and Shh8. Therefore, we assessed the ability of FGF4
to generate serotonin neurons from ES cells by substituting FGF2
with FGF4 during stage 4. Stage 4 cells treated with FGF4 for 2 days
and exposed to Shh and FGF8 for a further 4 days were analysed by
immunocytochemistry after differentiation in stage 5 (Fig. 1d).
FGF4 promoted a 2.5-fold increase in serotonin neurons and
reduced the population of THþ cells (Fig. 1e). This result indicates
that, as with endogenous mid- and hindbrain CNS precursors,
the cell population at stage 4 is responsive to developmentally
appropriate signals generated by the isthmic organizer.

To further define the cells present at stage 4, we evaluated the
expression of transcription factors that characterize precursors in
different regions of the CNS. Previous studies have shown that Otx2
expression occurs in the fore- and midbrain with a posterior limit at
the isthmic organizer21,22. Pax2 is expressed in the mid- and
hindbrain before becoming restricted to hindbrain cells21,22. At

Figure 1 Properties of neural precursors derived from Nurr1 ES cells. a, Immunoblot

analysis for transfected Nurr1 (HA), total Nurr1 and TH at the end of stage 4 and at day 8 of

stage 5. b, Differentiation of Nurr1-transfected ES cells into THþ (red) and serotoninþ

(green) neurons at day 10 of stage 5. The proportion of THþ cells was greater than that in

wild-type ES cells. c, Nurr1 overexpression was evaluated using anti-HA immunostaining

(red) at stage 1. DAPI (4,6-diamidino-2-phenylindole), blue; TH, green. Inset,

co-localization of Nurr1 with DAPI at higher magnification. d, Stage 4 cells were cultured

in the presence of Shh (500 ng ml21) and FGF8 (100 ng ml21) with 20 ng ml21 of FGF2 or

FGF4 (5, 10 and 50 ng ml21) and immunostained with TH and serotonin at day 10 of stage

5. e, The yield of THþ and serotoninþ neurons/ low power field (SEM from 40 different

fields of view). f, Nurr1-expressing stage 4 cells show markers of midbrain precursors.

En-1þ immunoreactivity co-localizes with Pax2 and Otx2. In contrast, few Bf1þ cells were

positive for En-1. After differentiation at stage 5, most THþ neurons expressed the

midbrain-specific marker En-1.

Figure 2 Characterization of THþ neurons derived from Nurr1-transfected ES cells.

a, Wild-type (WT) and Nurr1 ES cells were induced to differentiate by the five-stage

protocol described in the text. The generation of THþ and serotoninþ neurons was

measured at day 10 of stage 5. The generation of THþ neurons is enhanced in wild-type

and Nurr1 ES cells by treatment with Shh and FGF8 in stage 4. b, HPLC quantification of

dopamine release by stage 5 ES cells after depolarization in HBSS (56 mM KCl) for 15 min.

Data are shown as mean ^ s.e.m. c, Expression analysis of genes involved in midbrain

neuron development and function by RT–PCR in stage 5. Note that midbrain-specific

genes Nurr1, Ptx3, En-1 and the dopamine transporter (DAT) are expressed at low levels

in the absence of Nurr1 overexpression and Shh/FGF8 treatment at stage 4.
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stage 4, many cells positive for En-1 co-express Pax2 (65.5%) and
Otx2 (80%) (Fig. 1f). Less than 1% of the En-1þ cells label with
Bf1 (ref. 23 and Fig. 1f). No cells expressing motor neuron
transcription factors HB9 or Isl1 were seen at either stage 4 or
5 (data not shown). Also, similar to En-1 expression patterns seen
in postmitotic differentiated dopamine neurons10,24, nearly all
ES-derived THþ neurons expressed En-1 in their nucleus
(Fig. 1f). These results strongly support the view that midbrain
precursors and differentiated neurons can be efficiently generated
from ES cells.

Functional characterization of dopamine neurons
In ES cells, Nurr1 overexpression alone promoted an increase in the
proportion of THþ neurons from 5 to 50% (Fig. 2a). When Shh and
FGF8 were present at stage 4, the proportion of THþ neurons
generated from Nurr1 ES cells could be increased to 78% (mean ^
s.e.m., 78.2 ^ 3.2; Fig. 2a). In Nurr1 ES cells, serotonin-positive
neurons were increased 2.3-fold by the treatment of Shh and FGF8,
but this value is not significantly different from that in wild-type
(WT) ES cells, indicating that the differentiation of serotonin
neurons was not affected by Nurr1 (Fig. 2a). This is consistent

with in vivo data showing that deletion of Nurr1 has no effect on the
serotonin neurons13 and emphasizes that Nurr1 must act coopera-
tively with other signals specifically found in midbrain cells.

The capacity of the THþ neurons to synthesize and release
dopamine was assessed by reverse-phase high-performance liquid
chromatography (HPLC). The dopamine released by depolarization
was markedly elevated in the cultures of stage 5 Nurr1 ES cells
compared with WT ES cells (Fig. 2b). The presence of noradrenaline
and adrenaline was not observed in these cultures using an assay
with a detection limit of 70 pg ml21 and 120 pg ml21 for noradrena-
line and adrenaline, respectively.

To further characterize the dopamine-producing THþ neurons,
semi-quantitative polymerase chain reaction with reverse transcrip-
tion (RT–PCR) was used to evaluate expression of specific genes
involved in dopamine neuron development and function. Nurr1,
TH and aromatic L-amino acid decarboxylase (AADC) were all
upregulated in differentiated Nurr1 ES cells compared with WT ES
cells (Fig. 2c). Dopamine b-hydroxylase (DBH) and the transcrip-
tion factor Phox2a, selective markers for adrenaline-mediated
neurons, were not detected (data not shown). Treatment with Shh
and FGF8 increased the expression of dopamine transporter (DAT),

Figure 3 Nurr1 ES cells integrate into the striatum of hemiparkinsonian rats. The diagram

shows a drawing of a single section through a graft (G) in the striatum (LV, lateral ventricle;

AC, anterior commissure). Single confocal images after immunohistochemistry for TH

(red) are shown (a–g) from regions marked by red dots in the diagram. The distribution of

cells and processes through the thickness of the section (35 mm) is shown by the z-series

displayed in green on the right. Note the many THþ processes that extend away from the

graft into the parenchyma of the host striatum (d–f). Scale bar, 50 mm.

h, Immunoreactivity for the mouse-specific antigen M2 (green) and for TH (red, or yellow

where it overlaps green) in the dorsal striatum of grafted animals. i, Survival of THþ,

serotoninþ and GAD67þ cells in grafts at 4 and 8 weeks after transplantation. j, Lack of

immunostaining for Ki-67 (green) in a graft (M2, red). Inset shows Ki-67 staining of a rat

brain section containing glioma cells as a positive control.
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which in vertebrates is exclusively found in dopamine neurons
(Fig. 2c). The homeobox gene Ptx3, uniquely found in midbrain
dopamine neurons25, was highly expressed in cultures of Nurr1 ES
cells in the presence of Shh and FGF8 (Fig. 2c). A high level of En-1
messenger RNA was also found in Shh/FGF8-treated cells,
suggesting that exposure of precursor cells to specific factors
regulates gene expression at later stages of neuronal differentiation.
These results are strong evidence that THþ cells generated from
Nurr1 ES cells express many molecular, morphological and func-
tional features expected of midbrain dopamine neurons.

We next explored the ability of differentiated WT and Nurr1-
transfected ES cells to survive, integrate, and function in host
animals. In rodents, administration of 6-hydroxy dopamine (6-
OH-DA) in the striatum kills dopamine neurons, providing a useful
model of Parkinson’s disease. Animals lesioned with 6-OH-DA
either received a sham operation or a graft of 5 £ 105 Nurr1 ES
cells (day 3 of stage 5). The sham-grafted animals showed no THþ

elements in the ipsilateral substantia nigra or the striatum. Animals
grafted with Nurr1 ES cells were used for morphological analysis by
TH immunostaining. All grafts were easily detected in the dorsal
striatum by staining for the mouse-specific surface antigen M2 and
for TH. THþ cells in the grafts show complex morphologies (Fig. 3a–
c) and are positive for the calcium-binding protein calbindin
(relative molecular mass 28,000), which is normally expressed in a
subset of midbrain dopamine neurons that project to the striatum26

(data not shown). In serial sections, the grafts were found to extend
across 2.5 mm of the host striatum. THþ cell bodies were restricted
to the region of the graft (Fig. 3a–c) but THþ processes were found
in the parenchyma of the host striatum up to 2 mm from the graft
(Fig. 3d–g). Many of the M2þ grafted cells also expressed TH
(Fig. 3h). To characterize the phenotype of grafted cells, we
measured the number of neurons positive for TH, serotonin and
glutamate decarboxylase (GAD67) in grafts at 4 and 8 weeks after
implantation. None of the serotoninþ or GAD67þ neurons co-

Table 1 Electrophysiological characterization of TH1 neurons

THþ [A] TH2 (graft) [B] TH2 (host) [C]
...................................................................................................................................................................................................................................................................................................................................................................

Resting membrane potential (mV)* 264 ^ 3.5 (15)C 267 ^ 2.9 (21) 277 ^ 1.6 (19)A

Rectifier ratio (early/late)* 0.81 ^ 0.05 (15)B,C 0.97 ^ 0.02 (20)A 0.99 ^ 0.03 (17)A

Action potential duration (ms)* 2.23 ^ 0.17 (15)C 1.47 ^ 0.24 (20) 1.1 ^ 0.21 (17)A

Action potential amplitude (mV) 60 ^ 2.1 (15) 57 ^ 3.2 (20) 62 ^ 2.2 (17)
Current–frequency relation (Hz pA21)* 0.18 ^ 0.11 (13)B,C 0.98 ^ 0.14 (20)A 1.3 ^ 0.21 (15)A

Maximum firing frequency (Hz)* 47 ^ 8.4 (11)B,C 69 ^ 6.5 (20)A 81 ^ 6.7 (15)A
...................................................................................................................................................................................................................................................................................................................................................................

Characteristics of THþ versus TH2 neurons in vivo. There are several properties of THþ neurons, characteristic of dopamine neurons, that are significantly different from those of TH2 neurons. These
differences are phenotype dependent, regardless of the origin of the cell—that is, host derived rather than ES cell derived. Data are presented as mean ^ s.e.m. The number in parentheses is the
number of cells for each value. Letters in brackets represent the different groups.
*P # 0.025 by analysis of variance. A superscript letter denotes that the value is significantly different from the indicated group, using Tukey’s post-hoc analysis.

Figure 4 Electrophysiological properties of THþ neurons. Simultaneous recordings were

performed from neurons in the graft located on the graft–host border and neurons in the

host striatum. a, Representative current–voltage relationship for a host striatal TH2

neuron and a THþ neuron in the graft. The THþ neurons display the time-dependent

anomalous rectifier characteristic of dopamine-synthesizing cells after a hyperpolarizing

pulse. Circles, the full extent of the immediate reduction in the membrane potential;

triangles, the sustained membrane potential. b, Spike train profiles of a host striatal

neuron and a graft-derived THþ neuron. THþ neurons fired broader action potentials at a

lower frequency than TH2 neurons. c, ES-derived THþ neurons in the graft displayed a

unique evoked IPSP mediated by activation of the metabotropic glutamate receptors.

d, Extracellular stimulation in the centre of the graft resulted in an EPSP in both a graft-

derived THþ neuron and a host striatal neuron, indicating the presence of graft-to-host

and graft-to-graft synapses. e, Confocal micrograph illustrating a biocytin-filled (green)

THþ neuron in the graft in close proximity to other non-filled, graft-derived THþ neurons

(red). The neuron was filled during recording. The filled neuron extends processes well

into the host striatum. The dotted line shows the host–graft interface. Scale bar, 50 mm.
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expressed TH (data not shown). The great majority of neurons were
THþ and neuron number did not change significantly between 4
and 8 weeks (Fig. 3i). The stability of cell number in the graft is
also an important issue because undifferentiated ES cells cause
teratomas. The expression of Ki-67, a characteristic antigen found
in dividing cells, was used to search for cell proliferation in the
graft. No Ki-67þ cells were seen in the grafts (Fig. 3j) but they
were abundant in sections of human glioma cells grafted into the
adult rat brain (Fig. 3j, inset). Consistent with this finding, no
teratomas were observed in animals that had received grafts of
Nurr1 ES cells.

To test the electrophysiological properties of grafted neurons
in vivo, rats were euthanized at several time points, up to 140 days
after grafting, and brain slices (300 mm thick, and containing the
entire graft) were prepared for electrophysiological analysis. Using
an infrared differential interference contrast (IR-DIC) microscope,
neurons at the host–graft interface were preferentially targeted for
recording. The properties of the recorded cells (Table 1) demon-
strate that grafted THþ cells display electrophysiological character-
istics similar to those of mesencephalic neurons27,28. For example,
THþ neurons subjected to hyperpolarizing voltage steps showed
anomalous rectification in vivo (Fig. 4a). THþ cells also showed

action potential frequency and duration properties distinct from
TH2 neurons in the graft and in the parenchyma of the host striatum
(Fig. 4b and Table 1). These differences are similar to previous
reports comparing THþ and TH2 mesencephalic neurons27,28.

Mesencephalic dopamine neurons show a unique inhibitory
postsynaptic potential (IPSP)29. In five of six grafted THþ neurons,
a train of extracellular stimuli elicited this IPSP, which is dependent
on metabotropic glutamate receptor type 1 (mGluR1) (Fig. 4c). In
contrast, none of the five TH2 neurons showed this IPSP. Simul-
taneous recordings were performed from medium spiny neurons in
the host striatum and from candidate THþ neurons in the graft
(Fig. 4d). Of 25 pairs of cells recorded, little or no spontaneous
activity was observed and no direct synaptic connections were seen.
However, when applying extracellular stimulation to a population
of cells within the graft, excitatory postsynaptic potentials (EPSPs)
were recorded in neurons both in the graft and in surrounding host
cells up to 0.8 mm from the graft border (Fig. 4e). These results
indicate that the ES-derived neurons develop functional synapses
and show electrophysiological properties expected of mesencephalic
neurons.

We next tested the behaviour of sham-operated animals and
animals grafted with dopamine neurons differentiated to day 3 of
stage 5. Amphetamine stimulation to animals lesioned unilaterally
with 6-OH-DA induces a movement bias ipsilateral to the injection
site. The sham group of animals showed a stable rotational bias
(Fig. 5a). Animals grafted with 5 £ 105 cells derived from WT ES
cells showed a slight recovery in rotation behaviour. In contrast, the
group grafted with Nurr1 ES cells showed a marked change in this
parameter leading to consistent contralateral turning (Fig. 5a). The
turning biases were preserved in sham grafted groups and groups
grafted with Nurr1 ES cells when spontaneous rotations were
measured (Fig. 5b). In addition, the recovery of these animals was
evaluated with a battery of non-pharmacological tests that provide a
more direct measure of motor deficits analogous to those found in
human Parkinson’s disease. We observed a significant improvement
in the Nurr1 group in the adjusting step, cylinder and paw-reaching
tests (Fig. 5c–e). Anatomical analysis showed that dopamine neur-
ons were present in all the animals grafted with neurons derived
from WT and Nurr1-expressing ES cells. Further studies are
required to determine the relationship between the number of
dopamine neurons and the behavioural response. However, the
recovery observed in the behavioural tests shows that neurons
derived from Nurr1 ES cells function in response to both pharma-
cological stimulation and also in spontaneous integrative tasks.

Discussion
The low efficiency of generation of dopamine neurons from
primary cultures of fetal, neonatal cells or adult stem cells limits
their therapeutic potential as donor cells. We report here that ES
cells can efficiently generate midbrain precursors and dopamine
neurons. The functional analysis of the ES-cell-derived neurons was
conducted by anatomical, neurochemical, electrophysiological and
behavioural tests. ES-cell-derived THþ cells release dopamine,
extend axons into the host striatum, form functional synaptic
connections and modulate spontaneous and pharmacologically
induced behaviours. Grafted fetal midbrain-specific dopamine
neurons innervate the striatum and improve motor asymme-
try1,30,31. In contrast, hypothalamic dopamine neurons or nor-
adrenaline neurons, which also express TH, did not innervate the
striatum in a rat model of Parkinson’s disease32–34. Our data support
the notion that ES-cell-derived neurons survive and function after
grafting into the lesioned striatum.

Although the results presented here encourage the development
of strategies involving neurons derived from ES cells in the treat-
ment of neurological disease, further studies are needed both in
rodent and primate systems to address the long-term safety and
efficacy of these cells. Inappropriate cells may be included along

Figure 5 Behavioural effects of grafted Nurr1 ES cells. a, Analysis of amphetamine-

stimulated rotations in animals grafted with neurons derived from wild-type (WT) (n ¼ 10)

or Nurr1 ES cells (n ¼ 15) and sham controls (n ¼ 18). b–e, Non-pharmacological

evaluation of the animals grafted with either WT or Nurr1 ES cells (mean ^ s.e.m.).

b, Nine weeks after grafting and one week after the last injection of amphetamine,

spontaneous turning behaviour was evaluated for 5 min. c, The results in the adjusting

step test are expressed as a percentage of the lesioned side relative to the number of

steps with the non-lesioned paw. d, In the paw-reaching test, the number of pellets eaten

with the lesioned paw were normalized by the total number of pellets eaten during the

7-day test period. e, In the cylinder test, the use of each limb was measured when rearing

and landing. The percentage of use of the lesioned-side limb relative to the total number of

landings after rearing is expressed, Asterisk, P , 0.05; double asterisk, P , 0.001,

compared with sham group.
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with the midbrain dopamine neurons. For example, tumour for-
mation is a problem associated with ES cell grafting in models of
Parkinson’s disease35. Under our conditions, differentiated neurons
were enriched and dividing cells were not seen in a series of grafts
that were analysed up to 8 weeks after transplantation; however,
additional long-term data are needed to show that ES-derived cells
do not divide in vivo. The dopamine and serotonin neurons of the
mid- and hindbrain are also important in mood disorders and
schizophrenia36,37. Our results justify the continued study of the
therapeutic benefits that can be derived from the use of ES cells, with
the ultimate goal being the successful application of therapies based
on ES cells in the treatment of neurological and psychiatric
disease. A

Methods
Generation of Nurr1 ES cells and differentiation
A full-length cDNA fragment for rat Nurr1 was cloned into pCMVb vector (Clontech) by
replacing b-galactosidase with a HA-tagged Nurr1 cDNA (HA-Nurr1) generated by fusing
the HA tag (YPYDVPDYA) in frame at the 5 0 end to the Nurr1 cDNA. Mouse ES cells (R1)
were co-transfected with pCMV-HA-Nurr1 and the neomycin resistance plasmid
(pcDNA3.1; Invitrogen) by electroporation (0.25 kV, 500 mF), and transfected clones were
selected by growth in the presence of G418 (200 mg ml21). The selected clones were
screened for expression of HA-Nurr1 by immunoblot analysis, and five clones showing the
highest levels of expression were chosen for differentiation experiments. Wild-type R1 ES
cells were used as controls. To induce differentiation, ES cells were cultured as described8

or processed with Mouse Dopaminergic Neuron Differentiation Kit (R&D Systems)
except for treatment with LIF at stage 2, during embryoid body (EB) formation.

Immunostaining of cultured cells and cryosections
Cultured cells were fixed in 4% paraformaldehyde in PBS. Perfused brain tissue was soaked
in 20% sucrose overnight, frozen in isopentane cooled by solid CO2 and cut on a cryostat
at 35 mm. The following antibodies were used: En-1, 1:50; M2, 1:100 (monoclonal, all from
Developmental Studies Hybridoma Bank); Otx2 polyclonal38, 1:1,000 (provided by
G. Corte), Bf1 polyclonal23, 1:1,000 (provided by E. Lai), Pax-2 polyclonal, 1:200
(Covance); TH polyclonal, 1:400 (PelFreeze), or monoclonal, 1:1,000 (Sigma); serotonin
polyclonal, 1:4,000 (Sigma); HA monoclonal, 1:200 (Santa Cruz Biotechnology); Nurr1
monoclonal, 1:1,000 (BD Transduction Laboratories); GAD67 polyclonal, 1:1,000
(Chemicon); and Ki-67 polyclonal, 1:200 (Novocastra). Appropriate fluorescence-tagged
(Jackson ImmunoResearch Laboratories) or biotinylated (Vector Laboratories) secondary
antibodies were used for visualization. Specimens were examined on Zeiss Axioplan or
Zeiss LSM 510 confocal imaging system. Stacked optical sections were merged using
Maximum Projection Software (Zeiss). Quantitative immunocytochemical data were
expressed as means ^ s.e.m.

Reverse-phase HPLC determinations of catecholamine
Catecholamine levels were determined after 15 days of differentiation. Dopamine release
was stimulated in Hank’s balanced salt solution (HBSS) containing 56 mM KCl (evoked
release, 15 min incubation). Dopamine extraction and HPLC analysis have been described
previously1.

RT–PCR and immunoblot analysis
Total cellular RNA purification and RT–PCR was carried out as previously described8. The
following primers were used to amplify target cDNA: Nurr1, 5 0 -TAAAAGGCCGGAGA
GGTCGTC-3

0
and 5

0
-CTCTCTTGGGTTCCTTGAGCC-3

0
; TH, 5

0
-CCTCCTTGTCTC

GGGCTGTAA-3 0 and 5 0 -CTGAGCTTGTCCTTGGCGTCA-3 0 ; Ptx3, 5 0 -AGGACGGCTC
TCTGAAGAA-3

0
and 5

0
-TTGACCGAGTTGAAGGCGAA-3

0
; En-1, 5

0
-TCAAGACTGAC

TCACAGCAACCCC-3
0

and 5
0
-CTTTGTCCTGAACCGTGGTGGTAG-3

0
; c-Ret, 5

0
-

GCGCCCCGAGTGTGAGGAATGTGG-3 0 and 5 0 -GCTGATGCAATGGGCGGCTT
GTGC-3

0
; DAT, 5

0
-GGACCAATGTCTTCAGTGGTGGC-3

0
and 5

0
-GGATCCATGGGA

GGTCCATGG-3 0 ; AADC, 5 0 -CCTACTGGCTGCTCGGACTAA-3 0 and 5 0 -
GCGTACCAGTGACTCAAACTC-3 0 ; Phox2a, 5 0 -TGGCGCTCAAGATCGACCTCA-3 0

and 5
0
-CGTTAGGGTGGGATTAGCGGT-3

0
; DBH, 5

0
-TTCCAATGTGCAGCTGAGTC-

3 0 and 5 0 -GGTGCACTTGCTTGTGCAGT-3 0 ; GAPDH, 5 0 -ACCACAGTCCATGCCAT
CAC-3

0
and 5

0
-TCCACCACCCTGTTGCTGTA-3

0
. Immunoblot analysis was performed

as previously described39.

Electrophysiology
Striatal slices (coronal, 300 mm) were prepared and recordings were performed as
previously reported40. Briefly, grafted animals were euthanized at time points from 30 to
140 d after grafting, and slices were recorded in a submerged slice chamber at 30–32 8C,
superfused at a rate of ,2 ml min21 with artificial cerebrospinal fluid (ACSF).
Extracellular stimulation was delivered through a bipolar stainless steel electrode. For
recording of the mGluR1-mediated IPSPs, slices were bathed in ACSF containing
picrotoxin (100 mM), strychnine (1 mM), eticlopride (100 nM), CNQX (25 mM) and
saclofen (10 mM), as described29.

Biocytin (0.2%) was added to the intracellular medium daily. Recordings were
performed under visual guidance using an upright microscope. Voltage clamp
recordings were performed at holding potentials of 260 to 270 mV, signals were

amplified using an Axopatch 200B amplifier, current clamp recordings were performed
with a second amplifier (AxoClamp 2B), and all data were acquired and analysed on a PC
running pClamp 8 (Axon Instruments). Drugs were applied by perfusion.

Transplantation and behavioural testing
Adult female Sprague–Dawley rats lesioned with 6-OH-DA were purchased (Taconic
Farms). All surgical procedures were done according to guidelines of the National
Institutes of Health (NIH) and National Institute of Neurological Disorders and Stroke
(NINDS). WT and Nurr1 ES cells were trypsinized at day 3 of stage 5, and re-suspended at
a density of 160,000 viable cells per ml. Three microlitres of the cell suspension were grafted
into the lesioned striatum of hemiparkinsonian rats (0.0 mm anteroposterior, þ3.0 mm
mediolateral and 25.0 mm dorsoventral of bregma and the meninges). In sham animals,
3 ml of N2 medium was injected. The number of animals studied were: sham, 18; WT, 10;
and Nurr1, 15. All animals were immunosuppressed with cyclosporine A (Neoral,
Novartis, 10 mg kg21 d21, intraperitoneally, i.p.) starting 24 h before grafting.
Amphetamine-induced (2.5 mg kg21, i.p.) rotational behaviour was evaluated for 70 min
as described1, before and after ES cell grafting, in animals with stable scores of .6
ipsilateral turns per min. To quantify neuronal survival after grafting, immuno-
histochemical analysis was performed 4 and 8 weeks after grafting in the Nurr1 group.
Several non-pharmacological tests were done as described, starting 9 weeks after grafting,
as follows. (1) Spontaneous rotations31. (2) Adjusting step test41. Animals were moved in
the backhand direction by a blind experimenter. The test was made three times per session,
two sessions per day during three consecutive days. The results are expressed as a
percentage of steps in lesioned compared with non-lesioned sides. Number of adjusting
steps with the non-lesioned paw were: sham, 13.2 ^ 0.3; WT, 13.0 ^ 0.3; Nurr1,
12.6 ^ 0.5. (3) Paw-reaching test. Animals were kept on a restricted diet until they lost
10–15% of their initial weight and then tested for 7 d in the appropriate chambers as
described42. The results are given as the average fraction of pellets eaten by the lesioned side
relative to the total number per day. In five naive animals, the fraction of pellets eaten by
the right side was 0.51 ^ 0.02. (4) Cylinder test43. An observer, blind to the treatment,
quantified two parameters: the number of wall contacts with each forelimb when rearing,
and the number of times the rat used either forelimb for landing in at least 15 rearing–
landing cycles. We expressed data as the percentage of use of the lesioned forepaw. For
rearing, the percentages of contacts with the lesioned limb relative to the total number of
contacts were not statically different between groups: sham, 4.4% ^ 2.4; WT, 4.6% ^ 5.2;
Nurr1, 31.9% ^ 20.0. For landing, the animals used almost always the non-lesioned paw
either alone or together with the lesioned limb (sham and WT animals used the non-
lesioned limb 100% of the time and Nurr1 used it 91.7 ^ 8.3%). The significant increase
(P , 0.05 relative to sham animals) in use of the lesioned side by the Nurr1 animals
correlated with a significant decrease (P , 0.05) in the exclusive use of the non-lesioned
paw. For these non-pharmacological tests, we studied five sham-operated, four WT and
four Nurr1-grafted rats, in which the presence of dopamine neurons was also confirmed in
the grafts. In all experiments, mean ^ s.e.m is represented. Statistical analysis was done by
analysis of variance (ANOVA) followed by Fisher’s test.
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