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ABSTRACT: The clinical experience with cell replace-
ment therapy for advanced PD has yielded notable suc-
cesses and failures. A recent autopsy case report of an
individual that received implants of fetal dopamine neu-
rons 16 years previously, but at no time experienced clin-
ical benefit despite the best documented survival of
grafted neurons and most extensive reinnervation of the
striatum, raises sobering issues. With good reason, a
great deal of effort in cell replacement science continues
to focus on optimizing the cell source and implantation
procedure. Here, we describe our preclinical studies in
aged rats indicating that despite survival of large num-
bers of transplanted dopamine neurons and dense rein-
nervation of the striatum, synaptic connections between

graft and host are markedly decreased and behavioral
recovery is impaired. This leads us to the hypothesis that
the variability in therapeutic response to dopamine neu-
ron grafts may be less about the viability of transplanted
neurons and more about the integrity of the aged,
dopamine-depleted striatum and its capacity for repair.
Replacement of dopamine innervation only can be fully
effective if the correct target is present. © 2019 The
Authors. Movement Disorders published by Wiley Period-
icals, Inc. on behalf of International Parkinson and Move-
ment Disorder Society.
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The clinical experience with cell replacement therapy
for Parkinson’s disease (PD) is filled with conflicting
results ranging from significant, sustained benefit to no
effect, to a noteworthy incidence of graft-induced side
effect.1,2 Taken together, these findings have resulted in
a prudent moratorium in implementing the approach

in the clinical setting, with a few recent exceptions.3 In
this opinion piece, we will use findings associated
with implantation of fetal ventral mesencephalic tissue
that contains the developing midbrain dopamine (DA)
neurons, in both animals and humans, as the most abun-
dant literature on the topic. We discuss what is known
about integration of transplanted cells, drawing attention
to the overlooked contribution of the integrity of the tar-
get striatum as a limiting factor in therapeutic efficacy.

What We Know
Dopamine Neuron Grafts in Animal Models

of Parkinsonism
For more than 35 years, the properties of

transplanted fetal DA neurons have been documented
in rodent4,5 and nonhuman primate6,7 models of par-
kinsonism. In nearly all cases, cell implants have been
studied in the context of grafting to the DA-depleted
striatum generated by the neurotoxic effects of 6-hydro-
xydopamine or MPTP. These models reproduce the
environment of severe depletion of striatal DA that is a
key feature of the motor symptoms of disease, but do
not adequately model nonmotor symptoms refractory
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to DA replacement. Accordingly, cell transplantation
studies have focused on motor symptoms of PD. In
addition, the majority of studies were conducted using
young adult animals as transplant recipients. Aging
remains the primary risk factor for PD, and, arguably,
studies of neural grafting in young adult animals may
have fostered an overly optimistic view of potential
therapeutic efficacy in a largely aged human clinical
population. These preclinical studies support the con-
cepts that: (1) fetal DA neurons survive the transplanta-
tion procedure.4-7 (2) Grafted DA neurons send axonal
projections into the surrounding host striatum.4-7

(3) Transplanted DA neurons increase levels of DA in
the surrounding striatum.8,9 (4) Grafted DA neurons
express some, but not all, of the electrophysiological
characteristics of these neurons in the adult brain.10

Differences likely reflect the immaturity of grafted neu-
rons and their ectopic placement. (5) Electron micro-
scopic images indicate that transplanted DA neurons
form synaptic connections with the host striatum that
are atypical.11-13 The vast majority of normal striatal
DA innervation forms en passant nonsynaptic associa-
tions with striatal medium spiny neurons (MSNs) with
sparse synaptic profiles that are almost exclusively
“symmetric” and on the necks of dendritic spines. Con-
tacts made by grafted DA neurons shift dramatically to
many more synaptic contacts with dendritic shafts or
the cell soma, with a high percentage of these making
“asymmetric” contacts.12 (6) Transplanted DA neurons
diminish abnormalities in motor behavior associated
with the models.4,5,14,15 In grafted rats, simple asym-
metric motor abnormalities, such as rotational behav-
ior, readily are corrected, whereas more complex
behaviors requiring fine motor control and decision
making are impacted less. In summary, DA neuron
grafting in animal models of parkinsonism indicate that
transplanted cells survive in sufficient numbers, send
axonal projections into the target striatum, synthesize
and release DA, and correct many of the sensorimotor
abnormalities associated with the models. The biggest
disconnect between DA neurons in situ and grafted DA
neurons is the structure and organization of their syn-
aptic interactions with striatal MSNs.

Dopamine Neuron Grafts in Persons With PD
Whereas the number of studies and variety of end-

points examined are necessarily limited in human stud-
ies, the conclusions are similar to those in animal
studies.16-18 Relevant to this discussion, an ultrastruc-
tural analysis conducted by Kordower and colleagues16

on grafts in PD patients found that graft-derived synap-
tic contacts onto host striatal neurons exhibited atypical
contacts similar to those found in animal studies: a shift
from primarily dendritic spine contacts of symmetric
morphology (suggestive of inhibitory signaling), to

contacts with dendritic shafts with asymmetric morphol-
ogy (suggestive of excitatory signaling). In addition, it
has been documented that immature nigrostriatal DA
axon terminals (postnatal day 15 in rats), likely similar
to grafted neurons, show double labeling for tyrosine
hydroxylase (TH) and vesicular glutamate transporter
2, suggesting corelease of dopamine and glutamate.19

Two major differences from animal studies emerged
in PD clinical trials. First, 15% to 56% of transplant
recipients developed a novel form of aberrant motor
behavior classified as graft-induced dyskinesia
(GID).17,18 This topic is beyond the scope of the present
discussion, but is covered in several reviews.20,21

Second, blinded, controlled clinical trials revealed sub-
stantial variability in the clinical response to transplan-
tation. The two trials funded by the National Institutes
of Health failed to achieve their primary endpoints, but
drew secondary conclusions: (1) Older individuals
experienced less benefit than younger individuals17; 2)
individuals with more severe disease benefited less than
those with milder disease.22 Arguably these features
may go hand-in-hand and draw attention to a poten-
tially critical role for the aged, severely DA depleted
striatum in the therapeutic response to cell therapy.

GAPS & Controversies
Aging Limits the Ability to Repair

the Parkinsonian Brain
In 1999, we published a report on fetal DA neuron

transplantation in rats, asking the question “Does the
chronological age of the transplant recipient, and/or the
length of time the striatum was DA-depleted, impact
the viability and function of the transplanted neu-
rons?”23 We found that the age of the host at the time
of transplantation (4, 17, and 24 months of age; mean
life span for this strain = 24 months), and not duration
of DA depletion (1 or 14 months), was the primary
determinant of the behavioral response to DA neuron
grafting. In this study, we held the number of
transplanted cells constant at 120,000, while varying
the age of the transplant recipient. Our behavioral read-
out was rotational behavior in response to administra-
tion of amphetamine. As discussed previously, this
behavior readily recovers in response to cell transplan-
tation, but is sensitive to graded increases in striatal DA
leading to its use in multiple studies. That being said,
improvement in this asymmetric behavior is unlikely to
translate to significant therapeutic benefit in patients,
and, over time, the preclinical toolbox for assessing
motor behavior in rodents has increased significantly in
sophistication. With this limitation in mind, we found
that young adult rats exhibited complete amelioration
of this behavior by 3 weeks postgrafting, middle-aged
animals achieved 45% to 55% recovery at 9 weeks
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postgrafting, and old-aged rats exhibited a nonsignificant
8% to 21% recovery at 9 weeks (total duration of the
experiment). The behavioral benefit produced by DA
neuron transplants in animals of varying chronological
age corresponded to the relative survival of grafted neu-
rons: approximately 50% for middle-aged rats and 20%
for old-aged rats as compared to cell survival in young
rats. These findings suggested that reduced survival of
grafted neurons in the aging brain could be responsible
for limited behavioral recovery.
With this hypothesis in mind, our subsequent report

examined the capacity of the aged, parkinsonian stria-
tum to support grafted cell survival that would result in
behavioral benefit by increasing the number of grafted
DA neurons in aged rats.24 Accordingly, young,
middle-aged, and aged parkinsonian rats received grafts
with proportionately increasing numbers of embryonic
ventral mesencephalic cells to evaluate whether limita-
tions of the graft environment in subjects of advancing
age could be offset by increased numbers of grafted
neurons. We reasoned that if survival of grafted neu-
rons was the primary factor influencing behavioral
recovery in aged hosts, then equal numbers of surviving
grafted DA neurons should provide equal behavioral
recovery, irrespective of graft recipient age. Thus,

young parkinsonian rats were grafted with 1× cells,
middle-aged rats with 2× cells, and aged rats with 5×
cells. Grafts were allowed to mature and DA-responsive
behavioral deficits were assessed, including reversal of
rotational behavior and, in addition, effects on a more
complex repertoire of behavior, levodopa-induced dys-
kinesias (LIDs). To our surprise, grafting larger num-
bers of DA neurons in rats of advancing age did not
yield equivalent survival across age groups, but far
exceeded our prediction. We found that compared to
young rats, the middle-aged rats showed roughly twice
as many surviving grafted DA neurons, and the aged
rats almost 5 times as many and twice the graft-derived
neurite outgrowth into the parkinsonian striatum com-
pared to young rats (Fig. 1). In retrospect, this outcome
was not entirely unexpected based on our previous find-
ing that increased concentration of grafted cells was
associated with increased survival in young rats, pre-
sumably related to an autocrine neurotrophic effect of
an increased density of grafted DA neurons.25 Despite
the extensive TH+

fiber outgrowth and large numbers
of grafted DA neurons in middle-aged and aged rats,
behavioral benefit in these older animals showed mixed
results. Whereas animals of all age groups now
exhibited complete recovery of amphetamine rotational

FIG. 1. The aged brain is capable of supporting survival of large numbers of grafted DA neurons and extensive graft-derived neurite outgrowth. (A,D)
DA graft in young rat; (B,E) DA graft in middle-aged rat; and (C,F) DA graft in aged rat. (G) There are significantly more grafted TH+/DA neurons in the
aged brain, (H) with significantly more TH+

fibers in the middle-aged and aged striatum proximal to the graft compared to young striatum. Proximal:
0–850 μm from the graft border; distal: 850–1,700 μm from the graft border. Asterisks denote significant differences (P < 0.05) for indicated comparison.
Images modified from Collier and colleagues.24
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behavior, recovery of behavior associated with LID was
delayed compared to the young rats and, for some indi-
vidual attributes of these more complex behaviors,
completely unchanged in aged rats (Fig. 2). We detected
a morphological correlate to the aging-related impair-
ment in graft-induced behavioral recovery. Using dual-
label immunocytochemistry for TH as a marker of
fibers from transplanted cells reinnervating the striatum
and synaptopodin as a marker for postsynaptic den-
dritic spines on host brain striatal MSNs, we found a
dramatic decline in the number of contacts associated
with grafting in the aged brain. When expressed as the
number of apparent synaptic appositions made per sur-
viving grafted DA neuron, both middle-aged and old-
aged animals displayed a decrease of approximately
75% compared to young hosts, with this morphological
index correlating with behavioral improvement (Fig. 3).
Taken together, our findings indicate that variable ben-
eficial effects of DA grafts in aging subjects is less about
the number of surviving grafted cells and more about
the capacity of grafted cells to integrate with the envi-
ronment of the aged, DA-depleted striatum.
This preclinical data are reminiscent of the autopsy

results reported in a clinical case report of a PD individ-
ual that received fetal DA neuron grafts 16 years pre-
ceding death.26

This report provided postmortem histology showing
the largest number of surviving DA neurons and the

densest, most widespread, graft-derived reinnervation
following a transplant procedure reported to date.
Despite this, there was no clinical recovery at any time
over the 16 years after grafting. The question of why
viable, healthy-appearing DA neurons that seem to pro-
vide significant replacement of DA terminals through-
out the surrounding striatum failed to provide motor
benefit in this individual remains unanswered. How-
ever, the observations suggest that the lack of clinical
benefit likely was not attriubuted to problems with the
graft, per se, but rather to host-associated pathology
such as that described here that influence the ability of
grafted DA neurons to remodel or restructure the par-
kinsonian striatum.

Striatal Neuron Architecture in PD and Aging
Our recent data suggest that inferior behavioral

recovery in aged parkinsonian rats is associated with
inferior integration between graft and host24 (Fig. 3). A
likely contributing factor is the documented decrease in
dendritic spine density on striatal MSNs associated
with PD,27 DA depletion,28,29 and aging itself.29 Den-
dritic spines are the structural element upon which corti-
cal glutamate and nigral DA afferent signaling are
integrated, a process that is necessary for normal motor
behavior. Whereas spine loss related to DA depletion can
be prevented pharmacologically with CaV1.3 calcium

FIG. 2. Behavioral impact of DA grafts decreases with increasing age of the host. DA grafts decrease severity of LID (y-axis; A,B). (A) Although the aged
brain is capable of supporting survival of large numbers of grafted DA neurons and extensive reinnervation of the striatum (see Fig. 1), improvement in
LID behaviors is delayed and/or inferior in middle-aged and aged parkinsonian rats compared to young. (B) Behavioral improvement on a per grafted
DA cell basis (%Improvement/TH+ cell) is significantly less in middle-aged and aged rats compared to young. (C) This is most evident when individual
attributes of LID behaviors are examined. Shown here is the hyperkinetic and dystonic profile referred to as right forepaw dyskinesia (RFPD). Solid line
indicates grafted subjects, dashed line indicates sham-grafted subjects. x-axis for (A) and (C): “-4, -3, -2, -1” are pregrafting time points (in weeks)
where L-dopa priming occurred; “E” early time point = 2 to 4 weeks postgrafting; “M” middle time point = 6 to 8 weeks postgrafting; and “L” late time
point =10 to 11 weeks postgrafting. In (A) and (B), asterisk (“*”) denotes significant differences (p < 0.05) at indicated time point for sham versus graft
groups; in (C) asterisk (“*”) denotes significant differences indicated. Images modified from Collier and colleagues.24
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channel antagonists,28,30 recent data from our laboratory
show that aging-related spine loss is not compensated for
through this mechanism31 (Fig. 4). These data reveal that
the aged “normal” striatum has the same density of den-
dritic spines as the young DA-depleted striatum. Striatal
DA depletion in aged rats further reduces the density of
spines. Treatment with the CaV1.3 calcium channel
antagonist, nimodipine, restores spine density related to
DA depletion in both young and aged animals, but has
no impact on spine loss specifically associated with aging
itself.31 As discussed previously, studies have demon-
strated that loss of dendritic spines in the DA-depleted
striatum is associated with abnormal synaptic appositions
between grafted DA neurons and host MSNs11-13 and
that preventing spine loss associated with DA depletion
can enhance graft function.30 This leads us to the hypoth-
esis that the variability in therapeutic response to DA
neuron grafts may be less about the viability of
transplanted neurons, and more about the integrity of the
aged, DA-depleted striatum. It is reasonable to suggest
that replacement of DA innervation may only be fully
effective if the correct structural targets are present.

Future Prospects
Taken together, clinical and preclinical evidence sup-

port the case for early intervention, a concept generally

accepted by specialists in the field. For example,
reaching the threshold of reduced striatal DA trans-
porter scan signal (DaT scan), suggestive of probable
PD, may represent a window of time in which DA
depletion has not reached a level that produces MSN
spine loss and aberrant remodeling of circuitry: a more
optimal environment for connectivity of transplanted
cells. Inhibition of CaV1.3 channels by administration
of clinically available dihydropyridine drugs during this
time interval may further slow, and potentially reverse,
morphological changes of MSNs associated with ongo-
ing DA depletion. A strong positive response to L-dopa
may be important given that intrastriatal grafts of DA
neurons are not expected to address DA-resistant symp-
toms. However, until factors are identified that render
some individuals resistant to the benefit, or susceptible
to GID side effects, cell therapy likely will remain a
choice of last resort for the foreseeable future.
In addition to addressing global factors, such as aging

or degree of DA depletion, in this era of personalized
medicine it will be pertinent to consider that a subpopu-
lation of individuals that show suboptimal responses to
grafting may have genotype specific factors that should
be considered when selecting appropriate therapeutic
interventions. One such example is the gene encoding
brain-derived neurotrophic factor (BDNF). BDNF is a
member of the neurotrophin family of secreted growth

FIG. 3. There are fewer putative synaptic contacts formed between graft-derived TH+ neurites and synaptopodin (SP)+ dendritic spines of host MSNs in
rats of more advanced age compared to young rats. SP is an actin-binding protein located in the spine neck of MSNs. We used dual-label fluorescence
immunohistochemistry, using antibodies against TH and synaptopodin, and confocal microscopy to estimate the degree to which grafted cells in rats
of varying ages were making putative synaptic connection with MSNs. Despite 5× more grafted TH+ neurons, there are significantly fewer TH/SP appo-
sitions in the aged, parkinsonian brain (A,B,D), and these appositions correlate with the degree of behavioral improvement (C). (D) TH+ neurites = green;
SP+ dendritic spines = red. The asterisk (“*”) denotes P < 0.05 for the indicated comparisons. Image modified from Collier and colleagues.24 [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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factors with well-established activity in promoting den-
dritic spine density, synaptic plasticity, and neuronal
survival. In the striatum, BDNF is known to play an
important role in spine dynamics and actin remodeling
of MSNs, sculpting the structure and function of synap-
ses.32 Striatal BDNF is primarily derived from cortical
afferents that release BDNF in an activity-dependent
manner. Upon release, the interaction of BDNF with its
high-affinity receptor, tropomyosin receptor kinase B
(TrkB), located on striatal MSNs, initiates signaling
pathways involved in spine remodeling and synapse
dynamics. Preclinical studies show that: (1) in non-
human primates, aging is associated with a significant
decline in striatal BDNF protein33; (2) in rats,
nigrostriatal lesions are associated with a compensatory
increase in striatal BDNF protein in young animals, but
this compensation fails in aged animals34; and (3) in
rats, intrastriatal infusion of BDNF in conjunction with
fetal DA neuron transplants significantly increases
graft-derived reinnervation of the striatum and
enhances recovery of motor deficits.35 In PD, postmor-
tem analysis reveals a significant decrease in BDNF
mRNA in remaining SN neurons36 and serum levels of
BDNF correlate with the severity of motor symptoms.37

In addition to alterations of BDNF related to aging
and PD, there is a compelling genetic source of altered
BDNF signaling that has not received consideration as
a potential risk factor for impaired functional benefit in

the subpopulation of PD patients that fail to show clini-
cal improvement despite an abundance of surviving
grafted DA neurons. Specifically, a common single-
nucleotide polymorphism (SNP) in the gene that
encodes BDNF is present in the human population
(rs6265; Val66Met).38 In the SNP, there is a methio-
nine (Met) substitution for valine (Val) at codon
66 (Val66Met). The Met allele of the Bdnf SNP rs6265
has a prevalence of 40.6% in the general population
(Major/Minor or Val/Met = 35.4%, Minor/Minor or
Met/Met = 5.2%, allelic frequency assuming Hardy-
Weinberg). Both the heterozygous major allele
(Val/Met) and homozygous minor allele (Met/Met) of
the Bdnf SNP results in decreased activity-dependent
release of BDNF by disruption of packaging into secre-
tory vesicles, whereas constitutive levels of BDNF
remain unaffected.38 The majority of BDNF in the adult
brain is released from neurons by the regulated,
activity-dependent secretory pathway; therefore, the
impact of the Bdnf SNP rs6265 leads to a significant
decrease in available extracellular BDNF in approxi-
mately 40% of the human population. We have
recently documented that this SNP diminishes the thera-
peutic efficacy of oral L-dopa in two distinct cohorts of
PD patients39 and posit that this genetic risk factor may
also contribute to variability in clinical response to
grafting. In combination with other clinical assess-
ments, genotyping for this and/or other SNPs could

FIG. 4. Dendritic spine dynamics in young and aged rats. (A,B) Young rats (3 months) have significantly more spines in the intact striatum compared to
aged rats (20 months). There is no difference in spine number with DA depletion (“Lesion”) in young versus aged rats (P = 0.2289; not shown on graph).
DA-depletion–related spine loss is reversible with chronic CaV1.3 calcium channel antagonism with nimodipine in both young and aged rats. (B) The
aged “normal” striatum has the same density of dendritic spines as the young parkinsonian striatum. EXP DETAILS: Young and aged rats were unilater-
ally lesioned with 6-OHDA. One cohort from each age group received vehicle pellets and a second cohort received slow-release subcutaneous pellets
containing the CaV1.3 calcium channel inhibitor, nimodipine, per Soderstrom and colleagues.30 Pellets were implanted 10 days after lesion, a time
when striatal MSNs show significant dendritic spine loss. Rats were sacrificed 3 weeks after pellet implantation for spine density analysis with Golgi
impregnation techniques. Image modified from Mercado and colleagues.31 [Color figure can be viewed at wileyonlinelibrary.com]
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provide an accessible means to provide additional infor-
mation that may prove useful in predicting response to
therapy, including cell transplantation.

Conclusions

The rationale for use of cell therapy as a therapeutic
approach in PD remains strong and essentially
unchanged during the 30+ years it has been studied: To
the extent that degeneration of a specific population of
nerve cells is responsible for features of a clinical phe-
notype, replacement of that population of cells should
provide therapeutic benefit. In fact, cell replacement
offers the only approach currently available with poten-
tial to treat motor symptoms of advanced PD in which
the neural elements potentially preserved by neuro-
protective therapies are irreversibly absent. We now
know that loss of striatal DA innervation occurs early
in PD and is virtually absent within 5 years of diagno-
sis.40 The debate surrounding the issue of why cell
transplantation does not provide benefit for every PD
individual treated with the procedure often revolves
around two issues. First, whether the cell transplanted
is the “best cell.” But, arguably at present, the fetal DA
neuron is superior to any alternative in maintaining
phenotype and innervating the DA-depleted striatum.
Second, whether the details of the transplantation pro-
cedure are “performed correctly”: tissue implanted as
pieces, noodles, suspensions, number of donors, with
and without immunosuppression and for how long,
unilateral or bilateral implantation simultaneously, or
delayed. It can be argued that none of these factors is
make-or-break for success. While identifying the opti-
mal cell for grafting and the procedure for implantation
continue to be important goals, we suggest equal con-
sideration be paid to the other side of the equation: the
target. It is unreasonable to expect that a striatum
structurally altered by aging, DA depletion, and genetic
factors that may predispose to impaired plasticity, per-
haps irreversibly, can support appropriate integration
of new DA input, uniformly producing therapeutic ben-
efit. The contributions of the target provide a less-
explored opportunity for development of approaches to
optimize the chances that the individual that receives
cell replacement therapy also is the individual that ben-
efits from cell replacement therapy.
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