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Abstract

Parkinson disease (PD) is a neurodegenerative disorder that provides a useful model for testing cell replacement
strategies to rejuvenate the affected dopaminergic neural systems, which have been destroyed by aging and the
disease. We first showed that grafts of fetal dopaminergic neurons can reverse parkinsonian motor deficits
induced by the toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), validating the feasibility of cellular
repair in a primate nervous system. Subsequent clinical trials in Parkinson patients showed encouraging results,
including long-term improvement of neurological signs and reduction of medications in some patients. However,
many experienced little therapeutic benefit, and some recipients experienced dyskinesias, suggesting a lack of
regulated control of the grafts. We have since attempted to improve cell replacements by placing grafts in their
correct anatomical location in the substantia nigra and using strategies such as co-grafting fetal striatal tissue or
growth factors into the physiologic striatal targets. Moreover, the use of fetal cells depends on a variable supply of
donor material, making it difficult to standardize cell quality and quantity. Therefore, we have also explored
possibilities of using human neural stem cells (hNSCs) to ameliorate parkinsonism in nonhuman primates with
encouraging results. hNSCs implanted into the striatum showed a remarkable migratory ability and were found in
the substantia nigra, where a small number appeared to differentiate into dopamine neurons. The majority became
growth factor–producing glia that could provide beneficial effects on host dopamine neurons. Studies to deter-
mine the optimum stage of differentiation from embryonic stem cells and to derive useful cells from somatic cell
sources are in progress.

Introduction

Parkinson disease (PD) is a progressive neurode-
generative disorder that results from a loss of dopamine-

producing neurons in a small region of the rostral
mesencephalon termed the substantia nigra. These dopami-
nergic neurons project to distant sites in the subcortical grey
matter known as the neostriatum, which is a critical area for
the control of voluntary movement. Epidemiological studies
have demonstrated that aging is the strongest risk factor for
developing PD, with approximately 30% of persons with a
mean age of 75 years1,2 and more than 50% of persons older
than 85 years exhibiting parkinsonian signs.1 The typical signs

of PD, namely bradykinesia, rigidity, motor freezing, resting
tremor, difficulty in initiating movement, postural instability,
incoordination, and difficulty with speech and swallowing
are common in older persons with and without idiopathic
PD.1–3 Corresponding to these changes, there is loss of the
nigrostriatal dopamine system integrity with age,4–6 with a
linear decline in the number of pigmented (i.e., dopamine)
neurons in the substantia nigra,5,7–9 with greater losses in
patients with the disease. Although the mechanisms under-
lying the death of dopamine neurons are not fully known,
several have been suggested, including mitochondrial
DNA deletions10–12 and complex 1 mutations,13 subtelomeric
methylation,14 decreased vascular endothelial growth factor
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(VEGF)15 and Nurr1 levels16, increased a-synuclein,17,18 and
decreased estrogen levels,19,20 to provide some examples. All
of these are associated with aging.

PD has been treated pharmacologically with the amino acid
precursor of dopamine, L-3,4-dihydroxyphenylalanine (L-
DOPA, Levodopa), which crosses the blood–brain barrier and
is converted to dopamine in residual neurons of the substantia
nigra to activate dopamine receptors in the neostriatum. The
drug can be effective for many years, but eventually some
patients become refractive to therapy due in part to the con-
tinuing loss of dopamine neurons and associated changes in
receptors. After prolonged exposure to L-DOPA, dyskinesias
and other side effects such as hallucinations often develop and
the treatment has diminished efficacy.21–23 The loss of effec-
tiveness of L-DOPA may be compounded by further effects of
aging as well as some unfortunate effects of L-DOPA me-
tabolism that may increase metabolic and oxidative stress and
exacerbate neuronal loss.24

Efforts have been made to develop "cell replacements" for
the missing and damaged dopamine neurons as an alternative
that might fully restore function, consistent with strategies
for engineered negligible senescence. Although pathological
processes and aging might eventually have deleterious effects
on replaced cells, they offer the prospect of full restoration of
the functional losses and potential rejuvenation. The earliest
reported effort to transplant adult neural tissue (in 1890) was
completely unsuccessful.25 Slow progress began with the
discovery in 1917 that embryonic tissue could survive grafting
into the brain.26 Neural grafts of primary fetal dopamine
neurons and immediate precursors have been tested as an
experimental approach for therapy in PD since 1979, when the
first encouraging results were reported in dopamine-depleted
rodents.27,28 Our first work in nonhuman primates established
an encouraging degree of efficacy in severely debilitated an-
imals,29 proving that functional brain cell transplantation was
not unique to rodents. We used the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) to induce all of the
classic signs of parkinsonism and create a model for study.
Animals that received multiple grafts of carefully dissected
fetal dopamine neurons demonstrated a remarkable reversal
of motor signs. Survival of grafted dopaminergic neurons
was robust and was characterized by the presence of exten-
sive neuritic outgrowth into the host striatum and increased
dopamine in the vicinity of the grafts.30 The survival of
cryopreserved human fetal neural tissue transplanted into
monkeys, with careful respect for the various ethical concerns,
paved the way for human studies.31

Several clinical trials were conducted and some positive
effects were seen in reducing the symptoms of the disease
(for reviews, see refs. 32 and 33). Importantly, many subjects
showed a reduction in L-DOPA requirements, reduced
dyskinesias, and fewer on–off fluctuations during pharma-
cotherapy. However, other subjects failed to show substan-
tial improvement, which has led to efforts to provide a more
consistent number and type of cells implanted. This has been
technically difficult to accomplish due to the variability and
availability of human fetal donor tissue. Although there are
many disadvantages to primary fetal tissue, including the
association with elective abortions, several reports of long-
lasting functional benefits after 9–16 years are encourag-
ing.34–36 The presence of some changes associated with PD in
the transplanted cells in 4 of the 9 patients suggests an on-

going pathological process that might be prevented by future
interventions.

Stem cells offer a unique opportunity to implant cells of
known characteristics and in numbers that can be determined
based on the severity of the disorder. Neural stem cells also
are known to be prolific producers of neuronal growth factors
such as glial-derived neurotrophic factor (GDNF), nerve
growth factor (NGF), and others that promote survival of
neurons in the central nervous system (CNS).37 Accordingly,
they offer another opportunity for cellular repair in addition
to cell replacement. The present contribution reviews our re-
cent work in this area and offers suggestions for future trials
based on findings in a translational model that is highly rel-
evant to human trials. We briefly describe our efforts to de-
velop strategies for more physiologic circuit restoration of the
nigrostriatal system using different combinations of fetal cells
and gene therapy, as well as our studies using neural stem
cells in nonhuman primates.

Almost all of the preclinical and clinical studies of trans-
plantation for PD have placed the grafts directly into the
putamen and=or the caudate, the presumed targets of the
dopamine-producing cells of the substantia nigra (SN). This
placement was due to the belief that the distances between
the structures were too great for grafted cells to bridge, es-
pecially in the absence of the various factors that directed such
outgrowth during fetal development. Grafts placed into the
SN were shown to have functional effects and projections to
the striatum at postnatal days 3 and 10, but not by day 20 in
the neonatal rat,38 confirming the belief that placements in the
SN would not be effective in adult animals or patients. Men-
dez and Hong39 and Mendez et al.40 have suggested that the
double ventral mesencephalon (VM) grafts were producing
unknown growth factors and that the presence of the VM
grafts in the SN added to the functional benefits, a procedure
that has also been taken into the clinic.41 It was still believed
unlikely, however, that any improved results were due to
outgrowth of cells from the SN, especially because dopamine
precursors were also placed directly into the striatum.

Our group has used fetal lateral ganglionic eminence (an-
lagen of the striatum) in a series of experiments to determine
the potential attractant effect of placements at increasing
distances from VM grafts into the SN. Beginning with graft
placements in close proximity, it was apparent that the
"striatal" grafts attracted outgrowth from the VM tissue. In a
series of studies,42 we showed that neurites from grafted do-
paminergic neurons extended 5–7 mm, almost the full dis-
tance to the caudal portion of the caudate in the St. Kitts green
monkey43 (see Fig.1A–D).

In studies of GDNF, which is essential for the survival and
outgrowth of developing midbrain dopamine neurons, we
confirmed prior studies that GDNF elicits directional neuritic
outgrowth of fetal VM neurons grafted into the striatum when
GDNF overexpression was induced by an adeno-associated
virus (AAV2) vector harboring the GDNF gene.44 Because
GDNF is released into interstitial fluid, we wondered whether
this effect might be sufficient to attract neurite outgrowth over
the distance from the SN to the rostral caudate.

We then studied adult male monkeys (Chlorocebus sabaeus),
with different combinations of VM tissue placed immedi-
ately dorsal to or within the SN and either striatal co-grafts
or injections of the AAV2=GDNF vector into the target
regions.45 In this experiment, 7–20 days prior to sacrifice, the
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retrograde tracer Fluoro-Gold (FG) was injected into the
identical striatal targets on the ipsilateral and contralateral
sides to the SN grafts in 2 animals. Several animals received
striatal and nigral co-grafts at increasing distances along
the trajectory of the ascending pathway to the striatum from
the SN. After 6 months, the animals were killed and the
brains were studied using immunohistochemical methods
with unbiased stereological counting. FG-labeled tyrosine
hydroxylase–positive (marker for dopamine neurons) cells
were found in the host SNs as well as labeling small numbers
of cells in the grafts, but not in control animals. There was no
FG labeling of any of the co-grafts, suggesting that the at-
tractant effect did not extend beyond the striatal co-grafts
location substantially into the striatum where the FG injec-
tions were made. These results, we believe, support the in-
terpretation that VM grafts placed in the region of the SN
have the potential to extend neurites to their physiological
targets in the striatum, if growth factors and other conditions
are suitable (see Fig. 1E–H).

In parallel to these studies, we have also studied human
stem cells, derived from a neuroectoderm-derived structure,
the telencephalic ventricular zone of an early second-trimester
human cadaver, as an alternative to primary fetal cells
(human neural stem cells [hNSCs]). These cells have the po-
tential to be maintained and expanded in culture and to dif-
ferentiate into all of the cell types of the CNS. Implanting
stem=progenitor cells constitutively capable of multiple ac-
tions, including differentiation into various cells and secreting
cytokines, might allow them to develop in a parkinsonian

brain to yield the most appropriate types, numbers, and lo-
cations of cells as determined by the host milieu.37 We studied
27 adult male monkeys (Chlorocebus sabaeus) in several cohorts
with different outcome periods up to 8 months after injection
into the nigrostriatal system of MPTP-injected and uninjected
normal monkeys.46–48 Briefly, we found three categories of
effects: (1) Differentiation of some NSCs into cells that show
classic markers of dopamine neurons; (2) significant migra-
tion of hNSCs; and (3) normalizing effects of hNSCs on
MPTP-induced abnormalities in the host, as illustrated in
Fig. 2. In addition to these potentially normalizing effects, we
found a substantial improvement in the parksonian behaviors
induced by MPTP in 5 severely affected monkeys, compared
with 3 controls. This improvement did not result in a complete
recovery from parkinsonism, although it was highly signifi-
cant statistically as well as functionally, allowing animals to
move and feed themselves, which previously they had been
unable to do. It is also not clear from these studies which of
the mechanisms might be responsible—the homeostatic and
normalizing effects observed in the host brain associated with
the various types of hNSCs present or the small number of
apparently dopamine cells that had differentiated from the
hNSCs in the SN.

We and our collaborators are working now to derive
therapeutic cells from embryonic stem cells differentiated to
the "neural" stage or to a larger percentage of dopamine cells
in culture. Several methods have been reported, with func-
tional improvements in rodent models, but the results have
been less successful than had been hoped.49–53 Several studies

FIG. 1. (A and B) Co-grafts of fetal ventral mesencephalon (asterisks) and striatum (arrows) implanted at 2.5 mm (A) and
5.0 mm (B) apart show survival of dopaminergic neurons (arrows), seen to advantage in C, and outgrowth of neurites (arrows
in D) preferentially to the striatal grafts. Similar extension of dopamine positive neurites resulting in dense patterns of terminal
fibers was not seen as extensively when the grafts were separated by 7.5 mm (not shown). (E) Injection of adeno-associated
virus=glial-derived neurotrophic factor (AAV2-GDNF) directly into the host striatum (arrows) resulted in enhanced survival
and neuritic outgrowth from grafts of dopaminergic neurons (GR) with a prominent polarity of the neurites extending toward
the region of the vector as seen in detail in rectangles A and B. (F–G) Images of a grafted dopaminergic neuron that shows
granules (arrows) of Fluoro-Gold transported in a retrograde direction from the site of injection in the target region, i.e., the
striatum, to the graft in the mesencephalon. F is stained for tyrosine hydroxylase alone, G is fluorescence of Fluoro-Gold alone,
and G is a combined view of E and F. (A–D are adapted from Sladek et al. 200843; E is reprinted with permission from Elsworth
et al. 2008,44 and F–H are unpublished images from Redmond et al. 200945).
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FIG. 2. Over the course of three studies, spontaneous human neural stem cell (hNSC) differentiation (A–C), hNSC mi-
gration (D–E), and the mitigating effects of hNSC on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced effects
were studied. MPTP-treated monkeys were implanted bilaterally with undifferentiated hNSCs in the caudate and unilaterally
in the substantia nigra (SN). hNSCs were labeled with nuclear bromodeoxyuridine (BrdU) prior to implantation. To evaluate
spontaneous differentiation, confocal microscopic analysis of TH and BrdU staining in the SN revealed host nigral neurons
that were TH-ir (tyrosine hydrolase-immunoreactive) in the cytoplasm but negative for BrdU in the nucleus (*)(A). A
subpopulation of TH-ir cells were BrdU-ir (* red nuclei)(B). Red and blue lines indicate corresponding points in the or-
thogonal planes, confirming localization of the label within the pictured cell after the summation of serial optical sections. (C)
Some donor-derived BrdU-ir cells in this region were also immunoreactive for a secondary marker of dopamine neurons,
dopamine transporter (DAT) (closed arrow). These cells were juxtaposed with host DAT-ir neurons, indicated by the lack of
black BrdU staining in the nucleus (open arrow). Migration of hNSCs was indicated by the fact that very few BrdU-ir cells
were found in the caudate nucleus, which was bilaterally implanted 4 or 7 months prior to analyses (D). There were
significantly more BrdU-ir cells found along the nigrostriatal pathway (ST (striatal) end and SN end) than in the caudate
nucleus, an area specifically implanted with hNSCs. As many cells were found in the thalamus, an unimplanted site, as were
found in the caudate nucleus. (*) Significantly greater than the same region in the 4-month-old animals; (^) significantly
different from the other brain areas. Significance level p< 0.05. Parasagittal section of a monkey brain, stained for TH, with
boxes depicting the four areas in which counts of BrdUþ cells were made (E). The caudate nucleus was implanted bilaterally
with BrdU prelabeled hNSCs, whereas the SN was implanted unilaterally only. Most BrdU-positive cells appeared in the
areas between the caudate and the SN, along the nigrostriatal pathway (boxes St end and SN end). The thalamus also was
included as a control area. Cx, Cerebral cortex; Cd, caudate; ac, anterior commissure; Th, thalamus; SN, substantia nigra.
Many apparently undifferentiated BrdU-ir hNSCs (circle indicates some of these black cells) were found intermingled with
host Th-ir nigral neurons (brown cells, arrows) in both the implanted and unimplanted sides of the SN (F). After MPTP
lesioning, TH-ir neurons found in the caudate nucleus increase in number (G), a compensatory but abnormal change induced
by MPTP. TH-ir neurons in the caudate nucleus are typically small bipolar cells with long varicose processes. In MPTP-
exposed brains implanted with hNSCs, the number of TH-ir cells in the caudate nucleus decrease to near normal control
parameters, even though the hNSCs migrated away from the caudate nucleus (H). (A, B, C, and H are modified and
reproduced, with permission, from Redmond et al.46 D and E are modified and reproduced, with permission, from Bjugstad
et al.47 F and G are previously unpublished.)
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in primates nonetheless support the idea that improved
methods can be found in the future to fully restore function to
the level seen after the best fetal precursor grafts.50,54 We hope
to identify an optimal level of differentiation, in which cells
remain migratory and have sufficient supportive factors to
sustain them during a more physiologic circuit restoration,
such as we saw with AAV2=GDNF injections in the target
regions with fetal precursor cells. We now have cultures with
about 10% of THþ cells, which also release dopamine into
the medium (see Fig. 3). We are presently investigating such
dopamine-enriched cultured cells in MPTP-treated monkeys.
We hope soon to study parkinsonian monkeys injected with
cells derived from adult fibroblasts (induced pluripotent so-
matic cells [iPS cells]) that have been differentiated into neural
and dopaminergic cells.55

There is much yet to do before stem cell–derived and
reprogrammed cells are ready for rational and controlled
clinical trials, including additional studies of toxicity, inap-
propriate migration, cell overgrowth, and immune rejection.
Improved reliability of efficacy and more physiologic circuit
reconstruction using tropic and trophic factors are also im-
portant goals. Future studies of brain repair and rejuvenation
will also benefit from new discoveries of the genetic pro-
grams for brain development and improved tools for
reprogramming cells, which will make it possible in the

future to repair and replace the broken circuits in neurode-
generative diseases.
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FIG. 3. Dopaminergic neurons differentiated from human embryonic stem (hES) cells release dopamine into medium. Briefly,
human embryonic stem cells (H1 from Wicell) (passages P44–P54) were cultured in an undifferentiated state on feeder-free and
serum-free conditions. They were differentiated into neural precursor cells (NPCs) by culturing them as floating cell aggregates
(embryonic bodies) for 3 weeks in a medium supplemented with recombinant human Noggin and basic fibroblast growth
factor (bFGF). The NPCs exhibited columnar morphology, formed neural rosettes (arrows, A) and expressed Pax6, immature
neuronal marker (E). The selected neural structures were then cultured in suspension for 1 week to generate neurospheres (B).
The majority of cells in the spheres stained positively for the neural precursor marker nestin (F). The spheres were then
differentiatied into dopaminergic neurons according to the method of Yang et al.53 (C). The number of TH (green)=bIII-tubulin
(red)–positive neurons (arrowheads) increased from 1 week (G) to 4 weeks (H) of the differentiation protocol. To explore
whether the hESC-derived THþ neurons were truly dopaminergic, hESC-derived dopaminergic neurons were analyzed for the
release of dopamine (D). Cultures containing dopamine-differentiated cells were incubated in neural differentiation medium
(NDM, control conditions) or in the same medium supplemented with KCl (which causes activity-dependent dopamine release)
for 30 min. The media were then collected and dopamine levels were assayed by reverse-phase high-performance liquid
chromatography (HPLC). As the percentage of THþ cells in each plate varied somewhat (20–50%), examples of the potassium-
stimulated release into the media from the cells are shown (D). In control conditions, 60 and 300 pg�mL�1 dopamine were
detected. The dopamine levels were elevated when the neurons were depolarized with potassium (72 and 450 pg�mL�1,
respectively).
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