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ABSTRACT: The idea to use transplants of dopa-
mine-producing cells to substitute for the lost midbrain
dopamine neurons in Parkinson’s disease (PD) goes back
to the 1970s. In this review we give an overview of the his-
tory of cell transplantation in animal models of PD, and
summarize the experience gained from the open-label and
placebo-controlled clinical trials performed so far using
intrastriatal transplants of human fetal dopamine neuro-
blasts. Further development of this therapeutic approach
face numerous challenges, for example in the develop-

ment of protocols that allow generation of fully functional
and safe midbrain dopamine neurons from stem cells.
Based on recent promising advancements, efforts are
now being made to develop standardized and efficient
protocols, and adapt these protocols to good laboratory
practice (GLP)/good manufacturing practice (GMP) condi-
tions, to move this technology closer to clinical translation.
VC 2013 Movement Disorder Society

Key Words: dopamine; transplantation; clinical trials

The idea to substitute lost dopamine neurons with
new ones, through transplantation, was first explored
in laboratories in the United States and Sweden in the
1970s. The first grafting studies were performed either
in the anterior chamber of the eye,1 in the cerebral
ventricles,2 or into the brain parenchyma.3–5 This
early work was based on 2 rather different concepts:
either delivery of dopamine released from cells
implanted into the ventricle, adjacent to the stria-
tum,6,7 or restoration of synaptic dopamine release
from dopamine neurons implanted into the brain pa-
renchyma with the goal of reinnervating the dener-
vated striatum.8,9 Rats with unilateral, 6-hydroxydo-
pamine (6-OHDA)-induced lesions of the nigrostriatal
pathway received transplants of tissue obtained from
the developing ventral mesencephalon (VM),
implanted either (1) as a solid piece in the lateral ven-
tricle6 or a cortical cavity8 adjacent to the denervated
caudate-putamen, or (2) as a crude cell suspension

injected directly into the striatal parenchyma.10 Rever-
sal of the unilateral motor deficit induced by the
6-OHDA lesion was monitored by drug-induced rota-
tion. Previous studies had shown that the survival of
brain tissue (and midbrain dopamine neurons) after
transplantation is critically dependent on the age of
the donor.4,11 In the case of nerve cells obtained from
the developing central nervous system (CNS), the opti-
mal age was shown to be at, or close to, the cell-cycle
exit. Based on these observations, the dopamine neu-
rons used for transplantation in these experiments
were neuroblasts obtained from mid-trimester rat
fetuses.

Subsequent work, carried out in collaboration with
Steve Dunnett and Susan Iversen in Cambridge, UK,
showed that the recovery of motor functions induced
by the grafted fetal dopamine neurons was well cor-
related with the extent of graft-derived reinnervation
of the host caudate-putamen. Moreover, the impact
of the grafts on different aspects of motor behavior
was found to be dependent on which part of the cau-
date-putamen was innervated by the outgrowing
axons.9,12–14 More complete behavioral recovery was
obtained only with transplants whose axonal termi-
nal network covered a large part of the denervated
striatal territory. This could be achieved with intra-
parenchymal grafting of cell suspensions, but not
with transplants placed in the ventricular space. For
this reason, intraventricular transplantation was soon
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abandoned in favor of the intraparenchymal grafting
approach.

Adrenal Chromaffin Cells and the
Early Clinical Trials

At this point the development took an unexpected
and somewhat surprising turn. Studies performed by
Olson et al.15 and Olson16 at the Karolinska Institute
in Stockholm had shown that adrenal chromaffin cells
survive and grow neurites in a neuron-like manner af-
ter transplantation into the anterior eye chamber of
rats . In an article published 1981 in Nature, Freed
et al.17 reported the results of an experiment using in-
traventricular grafts of adrenal medullary tissue in rats
with unilateral 6-OHDA lesions, showing a significant
40% to 50% reduction in apomorphine-induced rota-
tion 2 months after transplantation. In the absence of
any significant reinnervation of the striatum from the
surviving chromaffin cells, it was suggested that the
effect was due to the release of catecholamines and
subsequent diffusion of the released amines into the
adjacent striatum. Based on these observations chro-
maffin cells from the adrenal medulla were seen as an
interesting alternative to fetal dopamine neurons. The
use of fetal tissue for transplantation was widely
viewed as ethically problematic at this time, and the
possibility to use cells that could be obtained from the
patients themselves was thus very attractive. More-
over, the use of autologous grafts would have the
additional advantage of avoiding any immune reac-
tions associated with the use of allogeneic fetal brain
tissue. The Freed et al.17 study suggested that chro-
maffin cells could be just as good as dopamine neu-
rons, although they would work through a different
mechanism, diffuse catecholamine release instead of
reinnervation and restoration of synaptic dopamine
neurotransmission.

Indeed, despite the limited experimental data avail-
able at the time, the Karolinska team decided that it
was appropriate to test adrenal medullary transplants
clinically in patients. The first patient was operated in
March 1982, and over the subsequent 3 years a total
of 4 advanced PD patients received injections of adre-
nal medullary tissue (from 1 of their own adrenals)
unilaterally into either the head of the caudate nucleus
(patients 1 and 2) or the putamen (patients 3 and 4).
The results, reported in 1985 by Backlund et al.18 and
1987 by Lindvall et al.,19 were unimpressive, and in
the meantime experimental studies performed by the
Karolinska group20,21 had reported that chromaffin
cells survived poorly and only displayed very transient
reductions in drug-induced rotations when implanted
into the striatal parenchyma, probably due to their
normal dependence on nerve growth factor (NGF) for
their long-term survival.22

The results of these early trials were thus quite discour-
aging. However, the interest in adrenal medullary grafting
was powerfully rekindled by a report by a Mexican team,
led by the neurosurgeon Ignazio Madrazo, published in
the New England Journal of Medicine in 1987 (Madrazo
et al.23). They reported dramatically positive results in 2
patients that received pieces of adrenal medulla placed in
a premade cavity in the head of the caudate nucleus on 1
side using an open surgical approach rather than stereo-
taxic surgery. In a review published 3 years later,
Madrazo et al.24 summarized the results obtained in 42
consecutively operated cases followed over 1 to 3 years.
Four patients died and 4 were lost to follow-up. Of the
remaining 34, 15 showed a good response (more than 30
points on the Unified Parkinson’s Disease Rating Scale
[UPDRS] scale in the on state) and 7 a moderate response
(20–30 points). Other investigators, however, did not
observe the same dramatic improvements (see review in
Ref. 25). In a 2-year follow-up of 61 cases, comparable to
those operated on by Madrazo et al.,23,24 Goetz et al.29

reported only modest long-term improvements in about
32% of the cases, while 22% had persistent psychiatric
side effects. When global improvement was calculated for
the entire group (including deaths), signs of improvement
were seen in only 19% of the patients at 2 years. The
mechanism of improvement remains largely unknown,
and there is little evidence to suggest that the improve-
ment is due to catecholamine release from the grafted
cells. Indeed, no or very few surviving chromaffin cells
have been found in those patients that have come to au-
topsy25; although at autopsy, some limited graft-mediated
sprouting was observed in the caudate nucleus26; a
response also seen in parkinsonian monkeys.27,28

Thirteen U.S. centers contributed to the database
organized by the Rush Medical Center in Chicago. The
summaries of the results from this database, published in
1990 and 1991,29,30 played an important role in the fur-
ther development of the cell transplantation field. Over a
3- to 5-year period, several hundred patients received this
form of surgery, in the United States and elsewhere.
Many of these cases were never followed or reported
properly in the scientific literature. Overall, this upsurge
in adrenal medullary grafting was quite damaging to the
cell transplantation field. In retrospect, we can see that
the approach was ill-conceived (relying on poor and very
limited preclinical data), and the way the initial open-
label clinical trials were conducted led to overly optimis-
tic and poorly documented reports that paved the way
for disappointment and gave the skeptics good reasons to
question the credibility of the whole field.

The First Trials Using Fetal VM
Tissue Grafts

The enthusiastic endorsement of adrenal medulla
transplantation was mostly confined to non-European
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sites. This probably reflected a resistance to the use of
fetal tissue, especially in the United States, because the
use of tissues obtained from abortions was, and is, a
highly contentious and also much politicized issue. In
Europe, particularly in the northern European coun-
tries, the situation was quite different. Use of fetal tis-
sue was seen as a more interesting and a scientifically
more valid approach. Furthermore, the attitudes to
legal abortions were overall more liberal. The teams
in Lund and Stockholm joined forces to obtain permis-
sion to use VM tissue from aborted fetuses for this
purpose. In 1985, the Lund group received permission
to use human fetal tissue for preclinical studies in the
rat PD model, showing that cell suspensions prepared
from VM tissue from 6.5- to 9-week-old aborted
fetuses survived well in the striatum of 6-OHDA–
lesioned rats (using daily injections of cyclosporine to
prevent rejection), innervated the host striatum,
released dopamine, and were able to reverse the
lesion-induced motor deficits in the grafted
animals.31,32

In March 1986, the Ethical Delegation of the Swed-
ish Society for Medicine issued provisional guidelines
for the use of tissue from dead aborted fetuses for
transplantation purposes (later included in Swedish
law), which paved the way for the first trials using fe-
tal VM tissue, starting in 1987. The results obtained
in these open trials were quite promising, showing sig-
nificant and sustained improvement in a number of
clinical parameters, accompanied by marked increases
in [18F]-dopa positron emission tomography (PET)
uptake in the striatum.33–39 The recovery in [18F]-
dopa uptake is a good indicator of survival and
growth of the grafted dopamine neurons, which is
supported by postmortem data showing robust graft
survival and good reinnervation of the grafted puta-
men at various time points posttransplantation.40 Fur-
ther studies using [11C]-raclopride and H2

15O PET
have shown that transplant-derived reinnervation of
the putamen is able to restore D2 receptor occupancy,
ie, dopamine release,41 and that the transplant can
restore to normal the activation of those motor corti-
cal areas that are underactive in PD.42

The National Institutes of
Health–Sponsored

Placebo-Controlled Trials

Although promising, the observations made in these
small open-label trails could not in any way control
for investigator bias and placebo effects. Thus, to
prove efficacy, proper placebo-controlled trials were
needed. In the United States, a ban on federal funding
for fetal tissue research had been introduced by the
Reagan administration in 1988. In November 1992, 3

papers appeared in the New England Journal of Medi-

cine.36,43,44 The overall promising results reported in

these 3 studies appeared at a critical time, just before

the Clinton administration took over. These reports

generated considerable interest and debate, and may

have played a role in the new president’s decision to

lift this ban in January 1993 (the first made in his

presidency). This opened the way for the National

Institutes of Health (NIH) to provide funding for 2

placebo-controlled studies, the Colorado/Columbia

trial and the Tampa/Mount Sinai/Rush trial, that were

initiated in mid 1990s and reported in 2001 and

2003.45,46

Both of these trials failed to reach significance on
their primary endpoints and thus, as defined by clini-
cal trial procedures, were negative. Furthermore, a sig-
nificant number of patients in each trial developed an
unexpected side effect of the surgery, ie, the develop-
ment of graft-induced dyskinesias, abnormal involun-
tary movements that persisted also after removal of
levodopa medication.45,46 In retrospect, however, it is
clear that these trials may have been performed pre-
maturely. The cell transplantation approach was in a
very early stage of development and many technical
issues and problems, such as cell preparation and stor-
age, site(s) of implantation, patient selection and
immunosuppressive treatment, had not been studied
properly, and certainly not properly sorted out. Thus,
the protocols used in the 2 trials were based on very
limited or insufficient experience from human studies.
Notably, in the Colorado/Columbia study the tissue
used for transplantation was stored in culture for up
to 4 weeks, and no immunosuppression was used, and
the patients included in the Tampa/Mount Sinai/Rush
trial were quite advanced, likely due to the emergence
of another surgical treatment at that time, deep brain
stimulation. It remains questionable as to whether
such severe patients would benefit from this approach.
It is interesting to note that the secondary endpoints
in both trials revealed that younger patients (Colo-
rado/Columbia study) and less severe patients (Tampa/
Mount Sinai/Rush study) displayed statistically signifi-
cant benefit following fetal nigral grafting. Further-
more, Ma et al.,47 in a follow-up study, reported the
longer-term outcome in 33 transplanted patients from
the Colorado/Columbia trial, 14 of which were origi-
nally included in the sham control group and had
opted to receive transplants after the end of the formal
12-month endpoint. This analysis, which was per-
formed unblinded and without the original control
group, showed significant improvements in UPDRS
motor scores and [18F]-dopa PET at 2 to 4 years post-
transplantation, which is in line with what had been
reported in the open label studies that preceded this
trial. Moreover, the posttransplantation changes in
[18F]-dopa uptake in the grafted putamen were found
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to be significantly correlated with the clinical outcome
over the course of the study, while uptake in other,
non-transplanted areas (caudate and ventro-rostral
striatum) showed a progressive decline. These data
suggest that the clinical improvement induced by the
transplants develop slowly over time. This is in line
with observations made in the Lund program showing
that grafted patients continue to improve over at least
2 to 3 years.42,48,49 The reason for this protracted de-
velopment is that the grafted neurons need to become
integrated into host circuitry in order to exert their
maximal effect. This process may take months to
years. Clinical trials using a short endpoint will thus
runs the risk of missing the full impact of the trans-
planted cells.

What Next?

The overall negative outcome of the 2 NIH trials,
and the observations of troublesome dyskinetic side
effects in particular, have had a major impact in the
field, and no further trials using fetal VM tissue have
been performed since the publication of these results.
For further development of the cell therapy approach
we face 4 major challenges:

First, why is the clinical outcome so variable? It is
true that the procedures used at different centers vary
greatly, and there has so far been no attempt to stand-
ardize either tissue preparation, implantation tech-
nique or immunosuppressive treatment. All these tech-
nical parameters need to be optimized in future trials.

Second, the results obtained so far suggest that not
all patients respond equally well to transplants of do-
pamine neurons implanted into the putamen. Indeed,
there are interesting observations suggesting that good
clinical outcome in grafted patients are obtained only
in patients who have a significant sparing of the dopa-
minergic innervation outside the motor striatum, in
ventral striatum (including nucleus accumbens) in par-
ticular.47,50 Thus, selection of patients may be needed
in order to obtain consistent results, at least as long as
there is a need to limit transplantation to the striatum.

Third, graft-induced dyskinesias, as observed in the
NIH trials, have subsequently been confirmed also in
some of the patients in the open-label trials.51 This is
a major concern, and the underlying mechanisms,
whether related to the severity of L-dopa–induced dys-
kinesias prior to surgery, to the development of hot-
spots of dopaminergic innervation derived from the
grafts, or to the inclusion of other neuronal elements,
particularly serotonergic neurons, in the graft prepara-
tion, need to be sorted out (see Ref. 51). Recent stud-
ies in three patients with graft-induced dyskinesia
shown that silencing of serotonin neurons through
activation of inhibitory serotonin 1A (5-HT1A) recep-
tors (by buspirone) is efficient in blocking the involun-

tary movements,48,49 thus suggesting that serotonin
neurons included in the graft preparation may play a
role. This points to the need to standardize and
control the composition of the cell preparation used
for transplantation.

Fourth, the use of fetal tissue for grafting is unsatis-
factory and in many ways problematic. Although fetal
dopamine neurons are the only kind of dopaminergic
cell that is know to work well for cell replacement in
PD, the fetal VM tissue used to obtain these cells is
problematic in many respects. The cells are difficult to
obtain in sufficient number, and the quality and viabil-
ity of the tissue is highly variable and almost impossi-
ble to standardize. In addition, the use of tissues and
cells from dead aborted fetuses is ethically problem-
atic, and indeed not legally allowed in many countries.
For further development of the cell transplantation
approach, it will be essential to develop techniques to
generate transplantable dopamine neuroblasts from
stem cells. In this development, however, fetal dopa-
mine neurons will serve as a reference and a standard
against which stem cell–derived neurons will have to
be compared.

Generation of Transplantable
Dopamine Neurons from Stem Cells:

How Far Have We Reached?

Cells with at least some of the characteristics of
mesencephalic dopamine neurons have been produced
from stem cells of widely different origins. So far, the
most promising results have been obtained using em-
bryonic stem (ES) cells.51–62 Other types of stem cells,
such as neural stem cells (NSCs) and progenitors from
the embryonic ventral mesencephalon, adult NSCs
from the subventricular zone, bone marrow stromal
cells, fibroblast-derived induced pluripotent stem (iPS),
and fibroblast-derived induced neural (iN cells) cells,
have also been used for this purpose (for recent
reviews, see Refs. 63 and 64). Most of these protocols
have been developed for mouse cells, and it is only
recently that it has been possible to obtain efficient
generation of authentic midbrain dopamine neurons
from human ES cells. The protocols recently devel-
oped by Kriks et al.65 and Kirkeby et al.66 are particu-
larly promising. The procedure used in these protocols
involve stepwise exposure of the cells to extrinsic fac-
tors activating sonic hedgehog and wnt signaling
(which act to generate ventral midbrain progenitors),
in combination with neuronal differentiation and sur-
vival factors, such as brain-derived neurotrophic factor
(BDNF), glial cell line–derived neurotrophic factor,
ascorbic acid, and cyclic adenosine monophosphate
(cAMP). The cells generated in these protocols express
all markers of authentic midbrain dopamine neurons
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and they have been shown to survive and function af-
ter transplantation to the striatum, in both rodent and
primate PD models. Importantly, the human ES cell–
derived dopamine neurons have been shown to survive
well after grafting, without any sign of tumor
formation.

So, Are These Cells Ready
for Use in Humans?

No, not yet. Some properties which are fundamental
for successful clinical translation have not yet been
demonstrated for human ES cell–derived dopamine
neurons, such as long-term stability of the grafted cells
and long-lasting functional recovery, as assessed in
tests of both spontaneous and drug-induced motor
behaviors. Moreover, their ability to effectively rein-
nervate the striatum and restore striatal dopamine
release in vivo have yet to be demonstrated; this fea-
ture, in particular, may be critical for mediating sub-
stantial clinical benefit. Further experimental studies,
as well as generation of cells under good manufactur-
ing practice (GMP) conditions, remains to be per-
formed before human ES cell–derived dopamine neu-
roblasts can be selected as safe candidate cells for use
in patients.

A major concern in the use of cells derived from ES
cells is the risk of tumor growth. Because life expect-
ancy is virtually normal in PD patients, even a minor
risk of tumor formation associated with stem cell ther-
apy is unacceptable in this disorder. Human ES cells
can give rise to unlimited numbers of progeny, but are
associated with a risk of tumor formation. The initial
in vivo observations on the cells obtained in the Kriks
et al.65 and Kirkeby et al.66 protocols, showing no
signs of overgrowth over at least 4 to 6 months, are
quite promising in this regard. Based on these findings,
there are now efforts to improve and standardize the
protocols, and adapt them to good laboratory practice
(GLP)/GMP conditions, to move this technology closer
to clinical translation.
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