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Parthenogenetic dopamine neurons from primate
embryonic stem cells restore function in
experimental Parkinsons disease
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The identity and functional potential of dopamine neurons derived in vitro from embryonic stem cells are critical
for the development of a stem cell-based replacement therapy for Parkinson’s disease. Using a parthenogenetic
primate embryonic stem cell line, we have generated dopamine neurons that display persistent expression of
midbrain regional and cell-specific transcription factors, which establish their proper identity and allow for
their survival. We show here that transplantation of parthenogenetic dopamine neurons restores motor function
in hemi-parkinsonian, 6-hydroxy-dopamine-lesioned rats. Exposure to Wnt5a and fibroblast growth factors
(FGF) 20 and 2 at the final stage of in vitro differentiation enhanced the survival of dopamine neurons and,
correspondingly, the extent of motor recovery of transplanted animals. Importantly for future development of
clinical applications, dopamine neurons were post-mitotic at the time of transplantation and there was no
tumour formation. These data provide proof for the concept that parthenogenetic stem cells are a suitable
source of functional neurons for therapeutic applications.
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Introduction

Embryonic stem (ES) cells are largely seen as a potential
source of specific cells for replacement therapies (McKay,
2000) and disease modelling. Parkinson’s disease is a likely
candidate for stem cell therapy because of the selective
nature of the degenerative process and the feasibility of
functional cell-replacement, as shown by foetal transplants
in some Parkinson’s disease patients (Mendez et al., 2005).
Moreover, in vitro and in vivo, mouse ES cells can
differentiate into functional DA neurons and upon
transplantation improve motor deficits in animal models
of Parkinson’s disease (Bjorklund et al., 2002; Kim et al.,
2002; Rodriguez-Gomez et al., 2007). However, in vivo
studies using human and non-human primate ES cells have
been disappointing. In several studies, the transplantation

of early or poorly specified neurons or progenitors (to
overcome the limited survival of mature neurons) has
resulted in graft overgrowth and teratoma formation (Roy
et al., 2006; Sonntag et al, 2007) and incomplete or
questionable motor benefit in parkinsonian animals (Ben-
Hur et al., 2004; Takagi et al., 2005; Ferrari et al., 2006; Roy
et al., 2006; Sonntag et al., 2007). We have undertaken a
stepwise approach to overcome these problems, focusing
first on the derivation of DA neurons with a correct
regional and cellular identity, using a sequential inductive
protocol based on the developmental signals that guide
the differentiation of floor plate neuroepithelial cells during
embryogenesis (Perrier et al., 2004; Sanchez-Pernaute et al.,
2005; Ferrari et al., 2006). In the brain, several neu-
ronal populations express tyrosine hydroxylase (TH)
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the rate-limiting enzyme in DA synthesis and different
classes of TH+ neurons can be derived from ES cells,
including forebrain neurons (Yan et al., 2005) and neural
crest derivatives (Lee et al., 2007; Elkabetz et al., 2008).
Some of these TH+ neurons produce DA but have different
axonal connectivity and physiology from those in the
midbrain substantia nigra (SN) that are lost in Parkinson’s
disease.

Parthenogenesis has attracted attention as an alternative
way to derive pluripotent stem cell lines that does not
involve the destruction of viable embryos. However,
parthenogenetic cells lack paternal imprinting and dis-
orders related to aberrant monoparental imprinting
affect the brain prominently (Wilkinson et al., 2007). A
recent study suggested that parthenogenetic mouse ES
cells were less efficient in producing terminally differen-
tiated neuronal phenotypes (Hikichi et al., 2007), but,
remarkably, this defect could be overcome without inducing
significant changes in the methylation pattern at the
H19/IGF2 region [which is imprinted during spermatogen-
esis and is critical for parthenote embryo viability (Leighton
et al., 1995; Lucifero et al., 2002; Kono et al, 2004)].
Furthermore, fertilized ES cell lines often show abnormal
imprinting (Humpherys et al., 2001) and a recent study of
17 primate fertilized ES cell lines, (Mitalipov et al., 2007)
found abnormal hypermethylation of the IGF2/HI19
imprinting centre in all the tested lines. Although imprint-
ing defects affect the viability of the embryo and the
capacity to form chimeras, the impact on the phenotype of
the cell lines is unclear (Kim et al., 2007a), in a similar way
to ES cell lines derived by somatic nuclear transfer (Dean
et al., 1998; Humpherys et al., 2001; Mitalipov et al., 2007).
Parthenogenetic ES cell lines from mouse (Kim et al.,
2007a) and primate origins are pluripotent and can
generate neurons that show physiological properties
in vitro (Cibelli et al., 2002). Recently, efficient derivation
of human parthenogenetic cell lines has been reported
(Revazova et al., 2007) and analysis of the recombination
pattern of the disputed human somatic nuclear transfer line
has shown it to be parthenogenetic (Kim et al., 2007b).
New advances in the generation of parthenogenetic and
ES cell lines under good manufacturing practice quality
conditions (Skottman et al., 2006) should make it possible
to derive neurons suitable for clinical applications in
the future.

Here, we report successful restoration of motor function
in hemi-parkinsonian rats mediated by midbrain-like DA
neurons generated from parthenogenetic primate ES cells.
We demonstrate that post-mitotic DA neurons born in vitro
are viable and have the capacity to re-establish synaptic
contacts in the host striatum. Furthermore, we found that
late in vitro exposure to specific signalling factors, normally
expressed by midbrain glia, like fibroblast growth factor
(FGF) 2 (Timmer et al, 2007), FGF20 (Ohmachi et al,
2000) and Wnt5a (Castelo-Branco et al, 2006), have a
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positive effect on the maturation and in vivo survival of
DA neurons.

Material and Methods

In vitro differentiation

All experiments were performed using a non-human primate
parthenogenetic stem cell line, Cynol (Cibelli et al., 2002). Neural
differentiation was induced by co-culture on a stromal feeder cell
line (MS5) as described (Barberi et al., 2003) with the addition of
noggin during the first week (see Supplementary Fig. 1). At day
20, rosette structures were manually picked, plated on coated
dishes as monolayer cultures and expanded in the presence of
brain-derived neurotrophic factor (BDNF) and ascorbic acid
(0.2mM, Sigma-Aldrich) for 2 weeks. At the end of this period,
cultures were differentiated by removing sonic hedgehog (SHH)
and FGF8 and by adding dibutyryl cAMP (1 mM, Sigma—Aldrich),
TGFP3 and glial cell-derived neurotrophic factor (GDNF) (BCTG,
control differentiation) and Wnt5a, FGF2, FGF20 alone or
in combination. SHH (200ng/ml), FGF8 (100ng/ml), BDNF
(20 ng/ml), GDNF (20 ng/ml), TGFB3 (1 ng/ml), FGF2 (20 ng/ml),
FGF20 (100ng/ml), Wnt5a (100 ng/ml) were all purchased from
R&D Systems.

Cell preparation and transplantation procedures
Five days after changing into the final differentiation media, cells
were lightly tripsynized (0.025% trypsin/EDTA in HBBS for
4min) into a cell suspension. Acridine orange/ethidium bromide
staining was used to assess cell viability. Cells were counted
and re-suspended at ~25000 viable cells/ul in media. The
same cell suspension was re-plated for further immunocytochem-
istry characterization and sister cultures were used for RNA
collection.

All animal procedures were performed following NIH guidelines
and were approved by the IAUCC at McLean Hospital and
Harvard Medical School. Female Sprague-Dawley rats (200-250 g)
with 6-OHDA lesions were purchased from Taconic, and housed
under standard conditions, with three to four per cage, in the
animal facility at McLean Hospital. Transplantation was per-
formed as described (Sanchez-Pernaute et al., 2001; Bjorklund
et al., 2002). A total of 4 pul (~100000 cells in the same media they
were differentiated in) were deposited in two sites in the right
striatum (AP + 0.6, lat —2.8, VD 5.5-4 and AP —0.6, lat —3.2, VD
5.5-4 (0.5 ul/0.5 mm/min). To prevent rejection of grafted primate
cells, rats were immunosupressed with cyclosporin A (15 mg/kg/
day, Sandimmune, Sandoz, East Hannover, NJ) starting prior to
surgery. After 10 weeks, the dose of cyclosporin was reduced to
10 mg/kg/day. Four months, or 4 weeks for the short-term
experiments, after implantation, animals were terminally anesthe-
tized by an ip. overdose of pentobarbital (150mg/kg), and
perfused intracardially with heparinized saline (0.1% heparin in
0.9% saline) followed by paraformaldehyde (4% in PBS). Brains
were removed, post-fixed for 4h in 4% paraformaldehyde,
equilibrated in 20% sucrose and sectioned on a freezing
microtome in 40 pm slices that were serially collected.

Behavioural tests
The rotational response to apomorphine (0.05mg/kg, 30 min)
was examined 3 weeks after the 6-OHDA lesion and 3 weeks
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later to amphetamine (4 mg/kg, 90 min) as described previously
(Ferrari et al., 2006). Post-transplantation the response to
apomorphine was evaluated at 15 weeks and the response to
amphetamine was tested at 6, 9, 12 and 16 weeks (Fig. 1C). The
spontaneous use of the forelimbs was analysed using the cylinder
test as described (Sanchez-Pernaute et al., 2004). Rats were placed
individually in a plastic cylinder (21 x 34cm) and videotaped for
5min. The number of contacts on the cylinder wall during rearing
was counted for each side. Data are shown as percentages of left
forelimb (contralateral to 6-OHDA and graft) contacts over total
contacts. A group of lesioned-only rats matched for the severity
of baseline amphetamine rotation served as control (n=6).
These animals did not receive cyclosporin A. Cyclosporin A
does not appear to modify the response to DA agonists (Schwarz
et al., 2006).

BrdU administration

To label TH neurons born in vivo from immature precursors, we
administered BrdU in the drinking water (2.5mg/ml for a daily
dose of 250mg/kg). To avoid cumulative toxicity rats were
randomly allocated into three groups to receive BrdU for 2 weeks
post-transplantation: 0-2 weeks (Bl, N=9 3/6), 2-4 weeks
(B2, N=9 3/6) and 4-6 weeks (B3, N=7 3/4).

Immunohistochemistry and stereological
procedures

Immunohistochemistry was performed on free-floating coronal
sections as previously described (Sanchez-Pernaute et al., 2001;
Bjorklund et al., 2002). Donor cells were identified in the rodent
by using primate-specific monoclonal antibodies against human
nuclear antigen (HNA), human-specific synaptobrevin (hVAMP),
and primate-specific neural cell adhesion molecule (NCAM).
Characterization of the grafted cell phenotypes was performed
using multiple immunofluorescence labelling (primary antibody
sources and concentrations are listed in Supplementary Table 1).
For light microscopy, a biotinylated secondary antibody (Vector
Laboratories, Burlingame, CA; 1:300) was used to detect anti-TH
(Pel-Freeze, AK, 1:1000), followed by incubation in streptavidin—
biotin complex (Vectastain ABC Kit Elite, Vector Laboratories) for
60min at room temperature and visualized by incubation in
3,3’-diaminobenzidine (DAB) solution with nickel enhancement
(Vector Laboratories). For detection of BrdU, sections were first
digested with 0.2-0.5% Triton-X, denaturated 2040 min in 2N
HCI at 37°C and incubated overnight in anti-BrdU.

Confocal analysis was performed using a Zeiss LSM510/Meta
station (Thornwood, NY). Qualitative analysis was performed
by systematic evaluation of series of sections spanning the grafts.
For identification of signal co-localization within a cell, optical
sections were kept to a minimal thickness and orthogonal
reconstructions were obtained with automated 2D-deconvolution
(LSM software, Carl Zeiss Microlmaging Inc., Thornwood, NY)
for high power images.

Quantification of TH+ neurons was performed on DAB-stained
sections in every section where a graft was identifiable (1/6th
section) in 22 animals, because one brain from the control group
and two from the +Wnt5a/FGF2/FGF20 group were poorly fixed
or processed and were not included in the analyses. Cell counts
from serial sections were corrected and extrapolated for whole
graft volumes and cell diameters using the Abercrombie method
(Abercrombie, 1946). All other quantitative analyses were
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performed using Stereolnvestigator (MicroBrightField, Williston,
VT) and a Zeiss Axioplan microscope. Graft volumes were
calculated using the Cavalieri estimator probe on HNA-stained
sections (N=14). Double-labelled cell counts were performed
using the optical fractionator probe with either a 40x or a 63x
(for nuclear staining) lens. For the estimation of the expression of
BrdU and Ki67 over HNA, counts were done using the optical
fractionator probe in randomly chosen fields containing the graft
core within one series (500-1500 Hoechst+ nuclei) in two to four
representative animals for each condition and results were
expressed as percentages.

Quantitative-polymerase chain reaction (Q-PCR)
RNA extraction and ¢cDNA syntheses were performed as described
(Sonntag et al., 2005). For Q-PCR, ¢cDNA samples (~25-50 ng/pl
mRNA equivalent) were analyzed using the SYBR Green PCR
MasterMix (ABI, Foster City, CA) and an Opticon MJ thermo-
cycler (BioRad, Hercules, CA) in total volumes of 25ul with
40nM primers for each reaction. Linearity and detection limit of
the assay were performed in 10-fold serial dilutions (linear curves
r=0.9 or better) to determine the optimal template amounts.
Quantification was performed at a threshold detection line
(‘threshold cycles’, C, value). The C; of each gene product was
normalized against that of the housekeeping gene B-actin, which
was run simultaneously for each marker. Data were expressed as
mean £+ SEM. The AC; and AAC, for each candidate were
calculated according to the methods of Livak and Schmittgen
(2001) and plotted as relative levels of gene expression using the
control differentiation as reference. Data were analyzed by a two-
tailed Student’s t-test and statistical significance was set at
P<0.05. (Primers used are listed in Supplementary Table 2).

Statistical analysis

Results are shown as mean + standard error. Repeated-measure
ANOVA was used to evaluate treatment effects on rotational
behaviour over time; unpaired two-tailed Student’s t-tests or one-
way ANOVA were performed to make comparisons between the
groups (by graft type or BrdU administration). Simple regression
analyses were performed to evaluate correlation between volumes
and cell types. Significance was considered for P<0.05. Statistical
analyses were made using Statview software (SAS Institute Inc,
Carny, North Carolina).

Results

For this study we used an in vitro differentiation protocol
(Perrier et al., 2004; Sanchez-Pernaute et al., 2005; Ferrari
et al, 2006), implemented by the addition of noggin
[a bone morphogenetic protein antagonist that favours
neural induction (Sonntag et al., 2007)] and early exposure
to SHH protein (Supplementary Fig. 1A). Following
the withdrawal of SHH and FGEFS, at in vitro day 37, we
applied two differentiation conditions. Cells in the control
condition were exposed to BDNF, GDNF, TGF-33, ascorbic
acid and cAMP, as in our previous studies (Perrier et al.,
2004; Sanchez-Pernaute et al., 2005; Ferrari et al., 2006).
In the second condition, cells were exposed, in addition to
the above, to a combination of Wnt5a, FGF2 and FGF20.
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Fig. | (A) Engrailed (red) and TH (green) expression in differentiated Cynol cells 2 days before transplantation, after 3 days in control
(BCTG) or BCTG +Wnt5a/FGF2/FGF20 conditions (in vitro day 39). (B) Engrailed expression was higher in the presence of Wnt5a/FGF2/
FGF20 (see also Supplementary Fig. I). Sister cultures were harvested 2 days later for transplantation into 6 -OHDA lesioned rats (n =25).
(C) Time line of in vivo studies. (D) Amphetamine response was examined before and at 6, 9, 12 and 16 weeks post-transplantation. Animals
in both groups showed a progressive decline in ipsilateral rotation (CW) and an increase in contralateral (CCW) rotation (ANOVA
repeated-measures over time P <0.000l). Lesion-only animals (1 =6, not shown) did not show significant change in rotation over time
(1069 +/— 71). (E) The net (CW-CCW) rotation was significantly correlated with the number of TH+ neurons in the grafts (n =22,

P <0.05). (F) Apomorphine response was tested at 15 weeks and both groups showed a significant reduction in the response compared to
pre-transplantation scores (t = —7, P <0.00l; t = —25, P <0.000l). (G) There was a significant improvement in the use of the contralateral
paw in the cylinder test in the group of animals receiving cells treated with Wnt5a/FGF2/FGF20 (n = |4, 33 4= 4%) compared to lesion-
only animals (h =6, 14+ 5%, t =2.44, P <0.05). Amp = d-amphetamine; Apo = apomorphine; Ctrl = control (BCTG); Cyl = cylinder paw
reaching test; CW = clockwise (ipsilateral to lesion); CCW = counter-clockwise (contralateral to lesion).
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Transplantation of parthenogenetic DA
neurons into 6 -OHDA-lesioned rats
restores motor function

Cells differentiated in control and (+)Wnt5a/FGF2/FGF20
conditions were harvested after 5 days (in vitro day 42) and
transplanted into the striatum of 6-OHDA-lesioned rats
(n=25). Sister cultures were stained 2 days before harvest-
ing to verify expression of engrailed (Enl/2) and TH
(Fig. 1A). The expression of Enl was higher in the
(+)Wnt5a/FGF2/FGF20 condition by immunocytochemistry
and RT-PCR analysis (Fig. 1B). Further in vitro character-
ization of the cells used in this grafting experiment is
available in Supplementary information (Fig. SI).

A total of 100000 cells in 4 pl were transplanted into the
right striatum of 6-OHDA-lesioned hemi-parkinsonian rats
(n=9 for control cells, n=16 for (+)Wnt5a/FGF2/FGF20).
All the rats displayed severe motor asymmetry in response
to DA agonists (apomorphine and d-amphetamine) in
pharmacological rotational tests before transplantation.
These pharmacological tests were repeated at different
time points (Fig. 1C) to evaluate the effect of the grafted
neurons that typically require several weeks to complete
maturation in vivo. The response to d-amphetamine (an
indirect DA agonist) was evaluated at 6, 9, 12 and 16 weeks
post-transplantation (Fig. 1D). Animals in both groups
showed a progressive decline in amphetamine-induced
ipsilateral rotation (clockwise, CW) [ANOVA repeated-
measures over time, F(4,18) =34; P<0.0001] and many of
them displayed contralateral (counter-clockwise, CCW)
rotation, that increased over time [ANOVA repeated-
measures, F(3,16) =5, P<0.01]; and was more pronounced
in the group of animals receiving cells treated with Wnt5a/
FGF2/FGF20, although the differences between the groups
did not reach significance (P=0.07 at 16 weeks). Non-
grafted animals (lesion-only, n=6) did not show any
improvement over time (average rotation at 16 weeks was
1069 £71). Taking both transplanted groups together, the
net (CW—CCW) number of rotations in the last test before
sacrifice was significantly correlated with the number of
TH+ neurons present in the grafts in the post-mortem
analysis (N=22, r=0.55, P<0.05, Fig. 1E).

The post-synaptic supersensitivity induced by the
6-OHDA denervation, as measured by the rotational
response to apomorphine (0.05mg/kg, a direct DA agonist)
was significantly attenuated at 15 weeks post-transplanta-
tion in both groups (t=-7, P<0.01 and t=-15,
P<0.0001 for control and (+)Wnt5a/FGF2/FGF20-treated
cells, respectively) (Fig. 1F). This effect on apomorphine
response indicates that grafted DA neurons function
towards normalization of basal DA striatal levels and
post-synaptic receptor state.

The positive effect of the grafted neurons on motor
behaviour was manifested in an increased use (reduced
akinesia) of the forelimb contralateral to the 6-OHDA
lesion, during spontaneous exploration in the cylinder
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test (Fig. 1G). The use of the contralateral paw in the group
of rats receiving (4+)Wnt5a/FGF2/FGF20 treated cells
(0.33£0.04) was significantly better than that of lesioned-
only animals (0.14 £0.06, PLSD P<0.05). Overall, these
behavioural effects demonstrate that grafted DA neurons
derived from parthenogenetic Cynol stem cells are func-
tional in vivo.

Analysis of dopamine neurons in the grafts

TH+ cells in the grafts had a mature morphology and were
typically located at the host—graft interface in both groups
(Fig. 2A). The number of TH+ neurons was significantly
higher in the grafts from cells differentiated in (+) Wnt5a/
FGF2/FGF20 conditions (Fig. 2B). Because in this group the
grafts appeared to be larger, we performed stereological
estimation of the graft volumes using the expression of
HNA+ to identify the core of the graft. The difference in
graft volumes between the groups was significant (P <0.001)
and there was a direct correlation between the number of
TH+ neurons and the graft volumes (R*=0.87, P<0.01)
(Fig. 2C). The density of TH+ neurons (TH+/mm?) was
similar in the two groups (781 and 798 TH+/mm’,
respectively, P=0.3) which represents ~40% of the TH+
cell density reported in functional human foetal ventral
midbrain grafts (Mendez et al., 2005). Therefore, the
addition of Wnt5a/FGF2/FGF20 at the end stage of the
differentiation (and importantly in the cell suspension)
improved the survival of the grafted cell population, but
did not result in a selective enrichment in TH+ neurons
in vivo. We next examined the phenotype of TH+ neurons
and found no differences between groups in the expression
of characteristic midbrain transcription factors such as
Pitx3, Foxa2 (HNF3f) (Fig. 2D-F) and Enl/2 (not shown
and Ferrari et al., 2006). Both the morphology and the
expression of regional-specific transcription factors were
similar to that of host DA neurons in the contralateral SN
(Fig. 2D and E). Importantly, these transcription factors
may be involved not only in specification but also in
survival of midbrain DA neurons (Alberi et al., 2004; Sgado
et al, 2006; Kittappa et al., 2007). We examined the
co-expression of calbindin (CB) and Girk2 in TH+ neurons
(Fig. 2G). CB is expressed preferentially by the medial DA
neurons subpopulations projecting to limbic territories and
not in the ventral subpopulation mostly affected in
Parkinson’s disease, the ventral tier of the SN pars compacta
(Mendez et al., 2005) and, in vitro, FGF20 enhances TH+
CB- neuron survival (Murase and McKay, 2006). In the
grafts, the proportion of TH+ CB+ neurons was similar in
both groups (49.5+5, N=5 and 47.8 £5%, N=8, P=0.8).
Girk2 is expressed by the TH+ neurons in the ventral tier
of the SN. Girk2 was also expressed by TH+ neurons in the
grafts (Fig. 2G). In summary, the addition of Wnt5a/FGF2/
FGF20 increased overall grafted cell survival including that
of TH+ neurons without noticeable modification of DA
phenotypes in vivo.
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Fig. 2 (A) Confocal reconstruction of representative grafts from control and cells treated with Wnt5a/FGF2/FGF20. Grafted cells are
identified by expression of the human-specific nuclear antigen (HNA, green). Scale bars: 200 pm. Insets show higher magnification of TH+
neurons. (B) Total number of TH+ neurons was significantly higher in grafts from cells treated with Wnt5a/FGF2/FGF20 (P <0.0l) than in
control grafts. (C) The number of TH+ neurons in the grafts was directly correlated with the graft volume (n = 14; r =0.93, P <0.0l). (D-F)
TH+ neurons expressed the midbrain transcription factors Pitx3 (green in D), Foxa2 (green in E) and Enl (not shown) as do host midbrain
DA neurons in the contralateral (unlesioned) SN (E and F lower panels). Scale bars: 50 um. There was no difference in the proportion of
TH neurons expressing these transcription factors between the two cell conditions (n =3/4 per group). (G and H) TH+ neurons in the
grafts expressed the calcium-binding protein, CB D-28k, and Girk-2. Scale Bar: 50 um.

Neurite outgrowth and synaptic formation

TH+ fibres from the grafted neurons grew several hundred
microns into the host striatum (Fig. 3A—C), and established
synaptic contacts on striatal medium spiny neurons,
identified by PSD-95 immunostaining at the post-synaptic
level (Fig. 3D and E). PSD-95 immunoreactivity was

reduced in the grafted (lesioned) striatum (Fig. 3D), in
concordance with the 75% decrease of PSD-95 in striatal
membrane homogenates reported in 6-OHDA-lesioned rats
(Nash et al.,, 2005). PSD-95 is an abundant post-synaptic
density protein in glutamatergic synapses that regulates
maturation and synaptic strength. In the striatum the DA
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Fig. 3 Neurite outgrowth. (A—C) Low power microphotographs demonstrated TH+ fibres extending from the graft into the host
striatum. Scale bars: 200 um. (D) Using confocal microscopy TH axons (red) were observed in contact to host DARPP-32 neurons (blue),
closely apposed to PSD-95 (green) post-synaptic buttons, in a similar pattern to that observed in the control, contralateral striatum

(E) Scale bars: 10 um. (F=H) Grafted TH+ axons were identified by the co-expression of hVAMP (green). The graft profile outlined

by the hVAMP immunoreactivity (red line) in the axons spread out of the graft bed, marked by the border of host DARPP-32
immunoreactivity (blue line), revealing a halo of dense primate axonal arborisation extending ~200 um from the core. (G and H) High
magnification confocal images taken at the graft—host interface showing the localization of VAMP on TH+ fibres (red in G and H)

and in the host striatum synapsing on DARPP-32 neurons. Contacts are shown on the cell soma for clarity. Scale bars: 10 um.

synapses on D1 DA receptors, located in the neck of the
dendritic spines of medium spiny neurons, are in close
spatial association with cortical glutamate synapses, forming
a functional synaptic triad that appears to be required for
the converging actions of these pathways on striatal
transmission (Yao et al, 2004). Confocal microscopy
allows for the identification of synaptic contacts defined
by the apposition of pre- and post-synaptic processes and
the presence of specific synaptic proteins using multiple
fluorescence labelling (Wouterlood et al., 2003). We found
that TH+ fibres grew out from the graft and established
contacts on DARPP-32+ neurons, closely apposed to PSD-
95 immunoreactive synapses (Fig. 3D), thus appearing
able to re-establish normal synaptic architecture. TH+
fibres expressed pre-synaptic proteins such as synapsin

(not shown) and synaptobrevin (VAMP) (Fig. 3F-H). We
confirmed that the TH+ axons were derived from grafted
primate neurons (not remaining host axons) by co-labelling
with a monoclonal antibody against human (h)VAMP that
does not recognize the rat protein (Fig. 3F-H).

Dopamine neurons were born in vitro

To determine whether DA neurons present in the grafts
were generated in vitro and survived transplantation or
were born in vivo from transplanted progenitors, we admin-
istered BrdU to the rats for the first 6 weeks after trans-
plantation. In order to avoid BrdU toxicity, animals were
allocated into three groups to receive BrdU in the drinking
water for 2 weeks (0-2 weeks post-transplantation, Bl,
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N=9; 2-4 weeks, B2, N=9 and 4-6 weeks, B3, N=7)
(Fig. 4A). BrdU labelled cells were present in all animals in
the graft and in other brain regions, including the sub-
ventricular zone and endothelial cells in blood vessels.
Within the core of the grafts, the majority of BrdU+
labelled cells were derived from the graft and co-expressed
the primate marker HNA (HNA+, 88 +5%) and 22 48%
of the graft HNA+ were BrdU+ (Fig. 4B). There were no
significant differences in the percentage of labelled cells
between cell differentiation conditions (Fig. 4B). Taken
together there were no significant differences in the
percentage of BrdU labelled cells between the three periods
of administration (Fig. 4C). Regardless of the period of
BrdU administration, we never observed TH+ neurons
labelled by BrdU in any group (Fig. 4D). During devel-
opment midbrain DA neurons are born between days 35
and 42 in macaques (Levitt and Rakic, 1982) and in short-
term experiments (see the Effects of Wnt5a, FGF20 and
FGF2 section that follows) TH+ mature neurons were
present at 4 weeks and were Ki67 negative (Fig. 5E). Thus
the absence of labelling within the 6-week period of BrdU
administration indicates that DA neurons present in the
grafts were not born in vivo. BrdU + labelled doublecortin
(Dcx+) neurons were observed in the group receiving BrdU
from 4 to 6 weeks post-transplantation (B3, Fig. 4E and F),
suggesting that, in contrast to DA neurons, Dcx+
neuroblasts were born in vivo during the second month
post-transplantation. These results also suggest that it was
unlikely that the regime of BrdU administration caused
significant neurotoxicity, as during neurogenesis cortical
neurons are more vulnerable than mesencephalic neurons
(Kuwagata et al., 2007) to BrdU genotoxicity. There was
no difference in the intensity of DCx labelling and chain
formation at the edge of the grafts, between cell conditions,
and the core of the grafts was intensely positive for this
neuronal protein while nestin was only weakly expressed
(see Supplementary Figs S2 and S3). To evaluate whether
there was ongoing proliferation in the grafts at the time of
sacrifice (4 months post-transplantation) we examined Ki67
immunoreactivity in the brain of representative animals
from both groups (n=4). Most cells in the ventricular
lining were positive (Fig. 4G) and mitotic figures were
easily identified in host cells (inset). A few HNA+ cells were
observed close to the SVZ (Fig. 4G) as described previously
(Sanchez-Pernaute et al., 2005; Tabar et al., 2005). Within
the grafts, between 1-4% of HNA+ cells were Ki67+ (and
~40% of Ki67+ were HNA+) and there were no differences
between the two conditions (Fig. 4H and I). These results
demonstrate that the majority of transplanted cells were
terminally differentiated in vivo by 4 months.

Effects of Wntba, FGF20 and FGF2

To examine the contribution of these factors to the increase
in number of DA neurons in the grafts, we performed a
short-term (4 week) in vivo transplantation experiment in
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which the cells were exposed at the last stage (3742 in vitro
days) to either FGF2, FGF20, Wnt5a or FGF20/Wnt5a (in
addition to BCTG) and compared the effects on TH+ cells
in the grafts with control and Wnt5a/FGF2/FGF20 differ-
entiation conditions (Fig. 5). We examined the expression
of DA transcription factors and phenotypic markers by
Q-PCR at the time of harvesting (day 42, Fig. 5A and B).
The profile of gene expression (over control differentiation,
Fig. 5A) revealed a 3-fold increase in engrailed for Wnt5a/
FGF20 and FGF2/FGF20/Wnt5a, which is consistent with
the results of the long-term experiment (Fig. 1B) and our
preliminary data (Supplementary Fig. 1). The conditions
using a combination of Wnt5a and FGF20 appeared to be
the most favourable for DA differentiation and maturation
with increases in specific proteins necessary for synthesis,
storage and regulated release of DA (TH, DAT, VMAT2
and AADC) with respect to the control condition. In the
post-mortem analysis of the grafts (n=4-7 per condition),
the number of TH+ neurons was significantly higher in
conditions including Wnt5a (alone or in combination)
[F(1,26)= 6.89, P < 0.01]; relative to control differentiation
all conditions except FGF20 tended to increase the number
of TH+ neurons in the grafts (Fig. 5). TH density
(+cellsymm® of HNA+ volume) was highest in the
Wnt5a/FGF20 condition (815+200) and not different
from the long-term study. TH+ neurons were negative for
the proliferation marker Ki-67 at 4 weeks post-grafting
(Fig. 5E), corroborating the data collected using BrdU
labelling in the long-term study, while some Dcx+
neuroblasts were positive at this time (see Supplementary
Fig. S2). Taken together our data strongly suggests that the
absence of BrdU labelling in the long-term study was not
due to neurotoxicity, but to a lack of mitotic activity in the
TH population post-transplantation. The proportion of
TH+ CB+ neurons in the grafts did not differ between
conditions. Based on these results we conclude that the
addition of Wnt5a and FGF20 at the end of the
differentiation enhances the yield of grafted TH+ neurons
generated in vitro that can survive in vivo.

Discussion
The functional effects of neurons derived from human and
primate ES cells in wvivo have been inconsistent.

Furthermore, no previous studies have shown that parthe-
nogenetic cells function in vivo. In this study we show for
the first time a robust motor recovery in hemi-parkinsonian
rats that was directly correlated with the number of
parthenogenetic ES-derived DA neurons present in the
grafts. Modifications of our in vitro differentiation protocol
led to an increase in the number of DA neurons and to an
improved survival, which in turn resulted in a sufficient
number of midbrain-like DA neurons in the grafts (Ferrari
et al.,, 2006) to mediate a reversal of typical parkinsonian
motor deficits. In addition to the remarkable effect on
amphetamine-induced rotation, which is a useful indicator



Functional neurons from parthenogenetic stem cells Brain (2008), 131, 2127-2139 2135

A  BrdU administration m=
wk 2 4 8 10 12 14 1

» l

f {
J

6-OHDA Tx sacrifice
Ki67-1R
B (ocontrol  m+Wntsa/FGF2/FGF20 C Leims2mes
100 ' 100 1
80 80
60 60
% % 40

40
(1] 0

BrdU+HNA+ /HNA+  BrdU+HNA+ /BrdU+ BrdU+HNA+ [HNA+ BrdU+HNA+ /BrdU+

D TH BrdU HNA E Dex BrdU HNA

graft B1
F
B1 B2 B3
HNA*  (0-2wk) (2-4wk) (4-6wk)
THBrdU+ - - -
DexBrdU+ - 5 +
G Ki67 HNA Hoechst H Control | +Wnt5a/FGF2/FGF20

Fig. 4 (A) Schematic representation of the time of BrdU administration in the drinking water. (B) There was no significant difference in
BrdU labelling between control and +Wnt5a/FGF2/FGF20 conditions (quantification was performed for n =4 per group, P =0.I5) in the
relative percentage of cells in the graft core that incorporated BrdU (BrdU+ HNA+ over HNA+, 22 + 8%) or in the percentage of
proliferating cells that were graft derived (BrdU+ HNA+ over total BrdU+, 88 £ 5%). (C) There were no significant differences in labelling
between times of administration. (D) TH neurons did not incorporate BrdU in vivo. Confocal orthogonal reconstruction showing BrdU+
(green) and HNA+ (blue, nuclear co-expression appears cyan) cells in a representative graft from an animal that received BrdU during the
first 2 weeks post-transplantation. TH+ (red) HNA+ neurons were not labelled (white arrows). Scale bar: 40 pm. (E and F) In the group
receiving BrdU 4—6 weeks post-transplantation (B3) a few grafted neurons expressing doublecortin (Dcx, red) were labelled by BrdU
(green, white arrows) Scale bar: 20 um. (G and H) Ki67 immunoreactivity was used to evaluate active proliferation at the time of sacrifice.
(G) Expression was ubiquitous in the ventricular lining/sub-ventricular zone (shown is the lateral ventricle ipsilateral to the grafted
striatum) in mitotic host cells (inset) Scale bar: 100 um. (H) Representative view of the grafts revealed low proliferation and no differences
between the two cell conditions in the percentage of HNA+ cells expressing Kié7 (I-4%) at this time. Scale bar: 200 pm.
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Fig. 5 (A) Five differentiation conditions were compared for the effects on DA specification in vitro (A and B) and DA neuronal survival
in vivo (C-E). (A) Q-PCR analyses of midbrain transcription factors, Foxa2, Lmxla and Enl/2 and the dorsal marker Paxé, calculated

over the levels in the control differentiation condition (BCTG only) and (B) DA phenotypic markers necessary for DA neurotransmission
(TH, AADC, VMAT-2, DAT) and CB expression in the differentiation conditions examined, with reference to control differentiation
(BCGT). (C) Representative confocal image of TH+ neurons in a graft from the Wnt5a/FGF20 differentiation condition at 4 weeks post-
transplantation. Scale bar: 50 um. (D) Number of TH+ cells in vivo 4 weeks after transplantation into rat striatum relative to control
differentiation suggested that all tested conditions, except FGF20 alone, enhanced survival of TH+ neurons in vivo. (E) TH+ neurons had a
mature morphology and did not express Ki-67 at 4 weeks. DCx was highly expressed in the grafts. Scale bar: 200 um

of the presence of mature DA neurons in the graft, because
it requires localization of the DA transporter to the cell
membrane and the synthesis and release of DA, we also
observed a significant attenuation in apomorphine-induced
rotation and, importantly, an improvement in spontaneous
exploratory behaviour to the same extent reported for
L-DOPA in the cylinder test (Mela er al., 2007). These
behaviours are indicative of a substantial degree of graft
integration, because basal (spontaneous) release of DA by
grafted neurons is necessary to attenuate the post-synaptic
adaptations that mediate apomorphine-induced rotational
response and to restore symmetric exploratory behaviour
(Dunnett et al., 1988; Nikkhah et al., 1993). Axonal out-
growth and synaptic contacts between grafted DA neurons
and host DARPP-32 striatal neurons was confirmed by the
post-mortem analysis at the cellular level, using confocal
imaging. Other factors, in particular compression, or lesion

of striatofugal fibres, may indeed diminish the rotational
response to apomorphine (Marshall and Ungerstedt, 1977;
Christophersen and Brundin, 2007), but such complications
were never observed in these animals. Analysis of graft cell
composition revealed uniform expression of neuronal
proteins such as neural cell adhesion molecule and Dcx,
with little expression of nestin within the grafts at 16 weeks
post-transplantation and no evidence of teratoma forma-
tion in any of the experimental groups. While nestin
expression was low, the presence of uncommitted cells
within the grafts is still a matter of great concern and
emphasizes the need for selection procedures.

Another fundamental contribution of this study is the
demonstration of the absence of BrdU incorporation by DA
neurons after transplantation. Knowing whether DA
neurons present in the grafts are the ones differentiated
in vitro, or are born in the transplants is relevant for
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implementing selection and transplantation methods, in
particular for negative selection of proliferating cells and
cell dose optimization. Indeed, the developmental stage is
crucial in terms of predictability of graft composition and
phenotypic stability based on in vitro characterization of the
cells (on which transplantation parameters are necessarily
based). Because post-mitotic neurons are fragile, many
in vivo studies have been performed using minimally
differentiated neural progenitors or spheres from human
(Ben-Hur et al., 2004; Roy et al., 2006; Ko et al., 2007) or
primate (Takagi et al., 2005) ES cells for transplantation
into parkinsonian animals. In those studies, the TH+
neurons identified in the grafts were most likely born
in vivo (see Discussion in Brederlau et al., 2006) and the
regional phenotype was not established. Moreover, while
such an approach sometimes enhances grafted cell survival,
the lack of control over proliferation and differentiation
makes it unsuitable for therapeutic applications, because of
the development of teratomas or graft overgrowth (Roy
et al, 2006). In our study, administration of BrdU was
designed specifically to detect DA neurons born in vivo and
our results demonstrate that there were none. The absence
of BrdU labelling in TH+ neurons in the grafts indicates
that these neurons were born in vitro. It is very unlikely
that there were proliferating DA precursors that died
because of BrdU neurotoxicity, as we found doublecortin+
neurons that were BrdU+. The fact that very few cells were
Ki67+ at the end of the study supports the idea that the
cells that are proliferating in vivo are not stem cells but
committed precursor cells, close to their developmental
cell-cycle exit. Consistently, many double-labelled HNA+/
BrdU+ cells expressed Dcx. Importantly, our results
demonstrate that it is feasible to harvest and transplant
in vitro born post-mitotic DA neurons that function in vivo;
this post-mitotic stage would be preferable in terms of
safety and reproducibility for clinical applications. Notably,
the low numbers of Ki67+ cells in the graft, together
with the fact that some BrdU labelled cells were detect-
able 10 to 14 weeks post-oral administration emphasizes the
low proliferation rate when ES cells are differentiated
for long time periods in vitro, like in the present study
(6 weeks).

We found here that the addition of factors (Wnt5a/
FGF20/FGF2), which are normally secreted by mesencephalic
glia, resulted in a significant increase of TH+ neurons and
enhanced survival. In vitro (Murase and McKay, 2006),
FGF20 has been shown to promote survival of the
CB- subpopulation of DA neurons when the cells were
subjected to oxidative stress. Although we did not observe a
effect on the TH+CB- population, the presence of FGF20 in
the last stage of differentiation may have contributed to the
enhanced survival to transplantation. In a recent publication
(Correia et al., 2007) FGF20 appeared to promote DA
differentiation from hES cells in vitro, using PA6 co-culture
inductive protocols. FGF2 trophic support appears to be
critical for post-mitotic DA neurons while it maybe
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redundant (i.e. compensated by other trophic factors)
during development (Timmer et al., 2007). Our data suggest
that Wnt5a had a strong effect in vitro and in vivo. Wnt5a
promotes the differentiation of Nurr-1+ precursors to DA
neurons and has been shown to induce a significant increase
in TH+ neurons in vitro, in primary ventral midbrain DA
cultures (Castelo-Branco et al., 2006; Castelo-Branco et al.,
2003) and in locus coeruleus noradrenergic cultures (Holm
et al., 2006). Interestingly, in those in vitro studies, the effect
of Wnt5a (at late developmental stages that roughly
correspond with the time of in vitro exposure in our
study) was hypothesized to be due to direct TH induction or
phenotypic stabilization in post-mitotic progenitors (Holm
et al., 2006). In addition, this group has recently shown that
Wnt5a over-expression in foetal ventral midbrain neurons is
related to better survival of transplanted DA neurons and to
faster functional recovery in vivo (Parish et al., 2008), like in
our study, without having a direct impact on either
proliferation or cell death. While Wnt5a promotes matura-
tion, transcriptional stabilization and cell-cycle exit of DA
precursors (Castelo-Branco et al, 2003) and probably
enhanced the generation and/or maturation of DA neurons
in our paradigm in vitro, it is likely that FGFs acted
synergistically to improve overall survival to transplantation.
It is possible that this particular trophic factor combination
enhanced not only survival, but also proliferation of non-DA
cells in vivo, early after transplantation, yet additional
labelling studies would be required to identify such effects.

Our results here demonstrate that parthenogenetic stem
cell lines could be utilized to derive functional DA neurons
for cell therapy in Parkinson’s disease patients. Recent
studies have pointed to substantial differences between
hES cell lines upon differentiation (Wu et al, 2007).
Whether a propensity to generate neurons, or, more
specifically, ventral neuronal phenotypes may be related to
the parthenogenetic origin is currently under investigation
(for example, there may be maternally imprinted genes
involved in the patterning, differentiation or maturation of
these neuronal populations or lack of paternally imprinted
genes facilitating it). Nevertheless, while we acknowledge
that further enrichment and purification of neurons derived
from ES cells is required (Hedlund et al., 2008), this study
conclusively demonstrates that is feasible to restore motor
function in parkinsonian animals using DA neurons derived
in vitro from primate parthenogenetic stem cells.

Supplementary material
Supplementary material is available at Brain online
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