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Abstract
In spite of partial success in treating Parkinson's disease using ectopically placed grafts of dopamine-
producing cells, restoration of the original neuroanatomical circuits, if possible, might work better.
Previous evidence of normal anatomic projections from ventral mesencephalic (VM) grafts placed
in the substantia nigra (SN) has been limited to neonatal rodents and double grafting or bridging
procedures. This study attempted to determine whether injection of a potent growth promoting factor,
glial cell line-derived neurotrophic factor (GDNF), into the target regions or placement of fetal striatal
co-grafts in the nigrostriatal pathway might elicit neuritic outgrowth to the caudate nucleus. Four
adult St. Kitts green monkeys received embryonic VM grafts into the rostral mesencephalon near
the host substantia nigra, and injections of AAV2/GDNF or EIAV/GDNF into the caudate. Three
adult monkeys were co-grafted with fetal VM tissue near the substantia nigra and fetal striatal grafts
(STR) 2.5 mm rostral in the nigrostriatal pathway. Before sacrifice, the striatal target regions were
injected with the retrograde tracer fluorogold (FG). FG label was found in tyrosine hydroxylase-
labeled neurons in VM grafts in the SN of only those monkeys that received AAV2/GDNF vector
injections into the ipsilateral striatum. All monkeys showed FG labeling in the host substantia nigra
when FG labeling was injected on the same side. These data show that grafted dopaminergic neurons
can extend neurites to a distant target releasing an elevated concentration of GDNF, and suggest that
grafted neurons can be placed into appropriate loci for potential tract reconstruction.
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Introduction
Reconstruction of the pathway that connects the dopamine-producing neurons of the substantia
nigra with their targets in the striatum has been a goal for anatomic and functional repair for
Parkinson’s disease. This goal has been elusive, and almost all of the functionally successful
experiments in rodents, primates, and humans have placed tissue in various locations in the
striatal target regions. In part, this was due to pessimism that the adult brain was no longer
capable of eliciting and directing axonal outgrowth over such distances, and the optimism that
local presynaptic feedback controlled dopamine release in the target regions would be effective
in the absence of regulatory inputs in the substantia nigra. In fact, significant functional effects
have been shown with these placements (Bjorklund and Dunnett, 2007; Redmond, 2002), and
some patients have shown significant benefits and cell survival over many years (Kordower et
al., 2008; Li et al., 2008; Mendez et al., 2008). In the neonatal rat, grafts placed into the SN
were shown to have functional effects and projections to the striatum at postnatal day 3 and
10, but not by day 20 (Bentlage et al., 1999), confirming the suspicion that placements in the
SN would not be effective in adult animals or patients.

The only successful efforts in older animals have required the placement of double VM grafts
(in the SN and the striatum) or "bridging grafts, " both of which have functional benefits and
demonstrate retrograde transport of FG to label grafts in the SN. Mendez and his group (Mendez
et al., 2000; Mendez and Hong, 1997; Mendez et al., 1996) suggested that the double 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 which has also been taken into the clinic (Mendez
et al., 2002). Brecknell et al. showed that long oblique "bridge" grafts of fibroblast growth
factor-4-transfected RN-22 schwannoma cells stretching from the site of the neuronal grafts
to the striatum led to successful labeling of VM graft cells with FG, an increase in neuronal
graft survival, and improved functional effects in 6OHDA treated rodents (Brecknell et al.,
1996a; Brecknell et al., 1996b).

Our group has used a number of methods to augment graft survival and to attempt to elicit
axonal outgrowth in MPTP-parkinsonian monkeys. In our initial study showing successful
placement and survival of VM grafts in the vicinity of the SN, we did not see convincing
anatomical evidence of rostral projections toward the striatum, but we did not use any special
retrograde tracing techniques (Collier et al., 2002). In several studies, we used fetal lateral
ganglionic eminence (anlage of the striatum) selected to be more developed than the source
for VM tissue in various co-grafting paradigms. The timing of the two sources (i.e E 44–45
for SN and E 50–55 for striatum) was influenced by the later development of the striatum as
the target for dopaminergic neurites from the SN. If taken from the same donor the striatal
anlagen likely would be too primitive for optimal graft survival. We recently demonstrated the
potential for VM grafts placed in the SN to extend neurites into the diencephalon and striatum
to reach more distant grafts of embryonic striatal tissue in adult monkeys. The latter were
utilized as “helper or bridge grafts” in an attempt to create attractant steps to guide the growth
of neurites from grafted dopaminergic neurons. Axons appeared to be attracted to the striatal
co-grafts and extended 5–7 mm, almost the full distance to the caudal portion of the caudate
in the St. Kitts green monkey (Sladek et al., 2008), but these extensions were not confirmed
with any retrograde tracing method.

The glial derived neurotrophic factor, GDNF, is essential for the survival and outgrowth of
developing midbrain dopamine neurons (Lin et al., 1993). Consistent with this role, GDNF is
highly expressed in the fetal striatum (Stromberg et al., 1993), with lower levels in the mature
brain (Barroso-Chinea et al., 2005; Choi-Lundberg and Bohn, 1995). It was soon shown that
GDNF injections into the nigrostriatal tract of 6-hydroxydopamine lesioned rats improved
functional recovery and increased dopamine release, but without specific retrograde labeling
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of nigral grafts (Tang et al., 1998). We have also found and confirmed that GDNF has an effect
to elicit directional neuritic outgrowth of fetal dopamine neurons, grafted into the striatum, and
was enhanced when GNDF overexpression was induced at an adjacent site in the monkey
striatum by injection of an AAV2 vector harboring the GDNF gene (Elsworth et al., 2008).
Based upon these results, it seemed possible that a similar effect could occur over the relatively
longer distances between the SN and the striatum, as an increasing concentration gradient of
GDNF resulted from release from cells in the target regions into interstitial fluid.

The present experiment was designed to determine whether these concentrations of GDNF,
released from the striatum, were effective in attracting the dopaminergic axons of the grafted
VM cells placed in the SN, as determined by retrograde transport of FG injected into the mid
to rostral portion of the caudate nucleus.

Methods
Experimental subjects consisted of seven adult male St. Kitts/African green monkeys
(Chlorocebus sabaeus) from the colony at the St. Kitts Biomedical Research Foundation, St.
Kitts, West Indies. All studies were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee. To produce a dopamine-depleted host environment, all of
the monkeys were treated with five 0.4 mg/kg intramuscular doses of MPTP over a five day
period, as described in detail (Redmond et al., 2007). Tissue for grafting into the SN was
obtained and dissected freshly from fetuses of embryonic age 44 days, and for striatal co-
grafting from embryonic age 52–56 (Sladek, 1995) based upon ultrasonography and direct
measurements after hysterotomy vs prior morphometric tables. Four monkeys (Group1: X222,
X200, X092, and X104) received unilateral small solid grafts of ventral mesencephalic tissue
(VM) into the rostral mesencephalon immediately dorsal to or within the host substantia nigra.
Kopf Instruments stereotaxic devices (Tujunga, CA, USA) were used to target coordinates AP
11.1, Lateral 3.5, and Vertical 12.1 mm from actual ear bar zero), and vector delivered GDNF
was injected in the ipsilateral striatum via a 22 gauge needle attached to a Hamilton Syringe
(Reno, NV, USA) driven by a microprofusion pump (Stoelting Instruments, Wood Dale IL,
USA) at a rate of 1 µl/minute (Figure1). Two of these animals also received GDNF in the
contralateral striatum (X222, X200). Prior to sacrifice FG was injected into the identical striatal
targets on the ipsilateral and contralateral sides to the SN grafts in these two animals, but only
into the contralateral side in the other two animals to serve as controls (X092, X104) for
potential spread of the label. Three additional animals (Group2: W586, W587, W626) received
striatal and nigral co-grafts at increasing distances apart. The nigral grafts were positioned
similarly to those in the first group whereas the striatal grafts were located more rostral along
the trajectory of the ascending pathway to the striatum from the SN (each 2.5 mm more rostral
and 1 mm more dorsal). Two of these three animals received FG injections bilaterally into the
striatum, the remaining animal received a single FG injection as a control for the contralateral
nigral graft (Figure 2).

All of the monkeys were without any observable signs of parkinsonism at the time of the
grafting experiments and remained asymptomatic throughout the experiment, but based upon
prior data of a large number of monkeys treated with identical MPTP doses, had dopamine
depletions in the striatum of at least 50% of normals. Group 1 was sacrificed at approximately
6 months after graft implantation while brains for Group 2 were removed after 22 months.

The GDNF gene was delivered using two different vectors – modified adeno-associated virus,
serotype 2/, with mouse phosphoglycerate kinase 1 promoter/GDNF (rAAV2/PGK-GDNF)
vector, constructed as previously described (Rabinowitz et al., 2002), or the same PGK/GDNF
cassette delivered by a modified lentiviral vector derived from equine infectious anemia virus
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(rEIAV/PGK/GDNF) (Deglon et al., 2000). The AAV2 vector was confirmed to express GDNF
in vivo in this species for at least two years, whereas the expression of GDNF from the EIAV
vector was significantly attenuated after 3 months. Injections were made bilaterally in the mid
to rostral portion of the caudate (stereotaxic coordinate, AP 23.1, Lateral 4.0 mm, vertical 19.0
from ear bar zero), at a rate of 1 µl/minute) at the same surgery when fetal VM tissue was
implanted. X200 and X222 were injected bilaterally into the caudate with 5 µl rAAV2/GDNF,
and X092 and X104 were injected with 10 µl EIAV/GDNF into the right caudate (ipsilateral
to the VM graft in the SN) and near the SN on the left side (see Figures 1–2). The titers of the
AAV2 batch (10e11 vg/ml) and EIAV batch (3x10e8 transducing units/ml) were roughly
comparable assuming one transducing unit per 300 physical particles for AAV2.

For Group1, FG was injected 7 to 20 days before sacrifice, 10 µl of a 2% solution, infused at
a rate of 0.5 µl/minute standard targets for the caudate and putamen.. The striatal/VM co-graft
monkeys in Group2 were injected with 5 µl of 2% FG into anterior and middle caudate, and
10 µl into posterior caudate and posterior putamen. Stereotaxic target coordinates for FG
injections were for caudate, AP 23.0, 21.0, and 19.0, Lateral 4.0, Vertical 19.0, and for putamen,
AP 21.1, Lateral 10.0, Vertical, 19.0.

Animals were killed by pentobarbital overdose and perfused with ice-cold physiological saline,
followed by buffered 4% paraformaldehyde solution before brain removal, 12 hours post
fixation in paraformaldehyde solution, and storage in 30% sucrose., Brains were then frozen
and sectioned into 50 µm thick parasagittal sections using a sliding blade microtome and stored
in a cryoprotectant solution. Sections were processed immunohistochemically using double
fluorescence labeling for tyrosine hydroxylase (TH) and fluorogold (FG). Sections were
incubated with TH antibody (1:1000, Millipore Cat.#MAB318, mouse monoclonal against TH
purified from PC12 cells) and FG antibody (1:5000, Millipore Cat.#AB153, rabbit polyclonal
against fluorogold). Visualization for FG-labeled cells was with Cy2-conjugated Goat Anti-
Rabbit IgG (Jackson Immunoresearch Cat.#111-225-144) and for TH-labelled cells was with
Texas Red Anti-Mouse IgG (Vector Laboratories Cat.#TI2000). TH staining was consistent
with the classic morphology and distribution of dopamine cells in primate tissue and Cy2
fluorescence was absent in tissue that had not been exposed to FG labeling.

Cell counts were performed using an unbiased optical fractionator sterological method whereby
digital images were obtained in selected areas using an Olympus AX-70 microscope equipped
with an automated z-stage and MicroSuiteBiological software. Visualization of TH- or FG-
labeled cells was done immunohistochemically with diaminobenzidine-nickel sulfate as the
chromagen.

Results
Nigral grafts (VM) in all animals appeared similar to those reported in our prior studies. They
were distinct and easily identified, even when in apposition with the host SN. These grafts were
characterized by a general elongate shape with a longer vertical than horizontal axis (Figure
3). Two animals in Group 1 had grafts in apposition to the rostral pole of the SN, while the
other two were located within the rostral one-third of the host SN. VM grafts for all animals
in Group 2 were located immediately dorsal to the rostral pole of the host SN. The grafts
contained variable numbers of TH positive multipolar neurons with shapes that were
characteristic of phenotypes found in the host SN. Neuritic extensions ramified throughout
the grafts and were seen to extend into the surrounding neuropil of the ventral mesencephalon.

FG label was seen in many TH positive neurons in the host SN and in the VM grafts. The
variable sized granules were localized to the perinuclear cytoplasm and also extended into
proximal portions of neuronal processes (Figures 4, 5 & 6). Retrograde labeled neurons were
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seen in abundance in the SN on the side of the brain that received intrastriatal injections of FG
in all four graft plus vector animals in Group 1 although small numbers of labeled neurons
were observed in the contralateral substantia nigra in two animals that did not receive bilateral
injections. The host SN of monkey X222 (left side) had 2,233 TH/FG+ labeled of 50,641 total
TH+ cells (4.4%), and the graft had 13 TH/FG+ cells labeled of 663 total TH+ cells (2.0%).
The second monkey X200 (left side) had 460 TH/FG+ of 42,231 TH+ in the host SN, with 25
TH/FG+ of 2,194 TH/FG+ cells (1.1%) in the VM graft. The label was distinct and confirmed
by comparative analysis of host SN neurons that also showed substantial numbers of dual-
labeled TH positive neurons on the side that received FG injections. The two animals (i.e.
X092, X104) that received FG in the contralateral striatum to the nigral grafts were devoid of
FG label in the SN grafts (0 TH/FG+ of 1164 TH+ cells in the graft in S092, right side, and
X104, right side, had 0 TH/FG+ of 2765 TH+ in the VM grafts. Moreover, in these control
animals FG label was seen only in host dopaminergic neurons on the same side of the brain
that received the injection (see Table 1).

The vector and FG injection sites were preserved incompletely during frozen section
microtomy and tended to break apart when the tissue was exposed to subsequent fixation due
to some necrosis of small to moderate size that was observed at the striatal injection site.
Consequently some tissue was absent from the host striatum, primarily about a cubic millimeter
emanating from the center of the FG injection site. Several, TH negative neurons also were
seen to sequester the FG label, primarily in the mesencephalon rostral and dorsal to the VM
grafts, within the noradrenergic locus coeruleus, and also within the more caudal diencephalon.
Small, presumably medium spiny neurons of the striatum also were labeled with FG.

Due to the fixation/necrosis or toxicity induced by the FG injections in the striatum, we did
not visualize the GDNF. Data reported elsewhere with this same AAV2/GDNF vector has
shown that identical injections of the striatum in the same locations will label 35,606 ± 4,387
cells and cover an average volume of 53.393 µm3 ± 11.1 (at 6 months) and will continue to
show GNDF expression for up to 24 months (Leichtle et al., 2009) The EIAV/GDNF vector
showed a similar number of cells labeled, but a smaller area of expression which lasted only
up to three months.

In the Group 2 monkeys that received striatal co-grafts (W586, W587, and W626) at a distance
of 2.5 mm from the VM graft in the nigra and that had 4 injections of FG distributed in the
striatum, no label was seen in the VM grafts in the SN. The SN grafts were well developed and
positioned properly. They had numerous TH positive neurons throughout their rostro-caudal
extent. The TH neurons were found both at the periphery as well as the center of the grafts
(Figure 7). There were numerous FG labelled neurons in the host striatum, but the striatal co-
grafts were devoid of FG even though FG-labeled host neurons were in the immediate vicinity
of the striatal grafts. There were some TH/FG labeled neurons in the host SN itself.

Discussion
The finding of FG label in 1 – 2% of grafted dopaminergic neurons in a VM graft in the
substantia nigra is evidence of efferent fibers that have reached the striatal injection site. This
result was obtained after only 6 months and exclusively in the monkeys that received ipsilateral
injections of a AAV2 vector that produces overexpression of GDNF in the target region. The
result is consistent with our prior data which produced definite directional outgrowth in VM
cells over much shorter distances within the striatum. The FG label was found consistently in
cells of the host substantia nigra itself and other locations expected based upon the described
anatomy of the nigrostriatal system (Jimenez-Castellanos and Graybiel, 1987; 1989; Langer
et al., 1991). The number of cells in the VM grafts which were FG labeled is similar to the
number of host SN TH+ neurons that were also labeled, indicating the area from which FG
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could be transported retrogradely to normally developed nigrostriatal projections. The
diffusion of GDNF from overexpression from the vector injection sites seems likely to have
covered a larger area than the FG injections, which we were unable to confirm in this study.
More extensive labeling with FG and detailed measurements of GDNF concentrations will be
needed to evaluate the full extent of reinnervation by the VM grafts as well as the mechanism
(diffusion vs. retrograde transport) by which GDNF has an effect on cells placed dorsal to the
SN. Further studies are needed to determine whether any other characteristic of the two
recombinant vector systems might have contributed to the result beyond their differences in
quantity and duration of GDNF expression.

Injection of vector on the opposite side from the graft did not elicit outgrowth based upon the
absence of FG labeling. In addition, three co-grafted monkeys which showed evidence of
outgrowth from a VM graft in the SN to a striatal graft placed 2.5 mm in the direction of the
striatum did not show FG labeling or other evidence that neuritic extensions reached the
striatum in spite of evidence that FG labeled the endogenous cells of the striatum and the SN,
as expected. Although there is direct anatomical evidence of extension of neurites to the striatal
graft at 2.5 mm (and similar extension to striatal grafts placed at 5 mm and 7 mm), this attractant
effect was not successful for attracting outgrowth beyond the striatal grafts into the striatum.

It is somewhat unexpected that striatal grafts, which intuitively might be expected to contain
or release the necessary factors for building the nigrostriatal projections and circuitry, do not
apparently have the ability to direct outgrowth beyond their own location. It is possible though
that the obvious reinnervation in the area of the striatal co-grafts stops at the co-grafts
themselves. It seems very likely that, if the FG injections had been at the level of the co-grafts
(at 2.5 mm distance), the VM grafts would very likely have been labeled. The striatal placed
VM grafts reported by Mendez et al, which appear to elicit outgrowth from VM grafts in the
SN, may also release GDNF as well as other growth factors. The double grafting strategy,
however, by hedging the bet, may be less physiological than one which depends upon full
reinnervation of the striatum from the region of the SN, a situation in which the grafted DA
neurons may potentially be more normally regulated. Placing double grafts into both the
striatum and the SN may produce earlier dopamine delivery and functional effects, but at the
risk of disturbances to the normal function of those regions which may lead to dyskinesia (Ma
et al., 2002).

The effect we report in this study adds to the evidence that grafted VM cells in the adult
mesencephalon have the capacity to reinnervate their normal target cells, if a GNDF signal is
supplied. It remains unknown whether synaptic connections would be more appropriate
(Leranth et al., 1998), whether afferent regulation might take place within the SN, and whether
such a reconstruction might have functional effects that were the same or superior to ectopic
graft placements within the striatum. The study does illustrate a reconstruction plan that
involves the use of specific genes to elicit effects which might recapitulate normal development
and achieve a wider distribution throughout the target areas.

Used alone, the over-expression of GDNF has been shown to have strong dopaminergic-
neuroprotective effects in rodents (Choi-Lundberg et al., 1997; Dowd et al., 2005) and primates
(Gash et al., 1996; Kordower et al., 2000; Kordower et al., 2006), and a Phase II clinical study
for Parkinson's disease was recently carried out using a closely related growth factor, neurturin
(Marks et al., 2008), but was discontinued due to lack of efficacy. In addition to mechanisms
previously described, it is possible that GDNF overexpression in those animal models and
patients acts by also inducing sprouting and re-growth of neurites from damaged, but surviving
dopamine neurons. If the potential benefits of growth factor monotherapy are due to
neuroprotective effects on surviving dopamine neurons and axons and the prevention of disease
progression, then the combination of GDNF delivery with cell replacements (in the SN) might
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significantly extend the benefits to include patients with more severe disease and greater
damage to the dopamine system. Future studies in primates need to replicate the finding
reported here and also show greater functional benefits than ectopic graft placements into the
striatum or GDNF delivery alone. In the absence of toxicity or side effects (Hovland et al.,
2007; Tatarewicz et al., 2007), such a combination treatment might be studied in a clinical
Phase I safety trial reasonably soon.

More basic future studies of brain repair will no doubt benefit from greater knowledge of the
genetic programs for brain development, additional growth factors, better tools for gene
delivery, and a wider array of cells derived and programmed from embryonic and adult sources.
Such cells will be programmed (or re-programmed) to the precise level to migrate, reconnect,
and synapse appropriately to repair the broken circuits in neurodegenerative disease.
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Figure 1.
The positions of graft, vector and retrograde tracer injection are illustrated schematically for
Group 1 animals. The cerebrum is shown as an oval while the rostral brain stem is represented
by a tube. In this and the following diagram the presence or absence of FluoroGold (FG) label
is designated by plus or minus signs at the graft site. Rostral is to the top of the diagram in this
dorsal view.
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Figure 2.
Group 2 animals are shown schematically as in figure 1. The relative distances between the
co-grafts and the FG injections are indicated. MGE medial ganglionic eminence, LGE lateral
ganglionic eminence.
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Figure 3.
A. This low power parasagittal view of the rostral brain stem shows the relative position of the
VM graft in the SN (VMg) and the host substantia nigra (SN) in a group 1 animal (X200).
Rostral is to the left and the injection site for FG is to the left out of the field of view. The VM
graft is elongated in the dorso-ventral axis and contains many TH positive neurons which are
shown in Figures 4 – 6 at higher power.
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Figure 4.
A and B show two examples of dual-labeled neurons in the host substantia nigra that are
characterized by the presence of variably sized FG granules in the perinuclear cytolasm and
proximal shafts of neurites (arrows) in X200, also representative of X222. C and D show
dopaminergic neurons in the VM graft; a dual labeled neuron similar to that seen in the host
SN is shown in C, while unlabeled neurons in the same graft are shown in D.
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Figure 5.
Dual immunofluorescence staining for tyrosine hydroxylase reveals a heavily labeled
dopaminergic neuron within a VM graft in animal X200. In A, a low power view shows multiple
neurons that are stained for tyrosine hydroxylase, and one that also contains fluorogold granules
located within the perinuclear cytoplasm and extending into proximal neurites as seen in greater
detail in B (arrows) and C which is fluorogold immunofluorescence alone. Fluorescence of
tyrosine hydroxylase alone is shown in D.
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Figure 6.
Immunofluorescence of tyrosine hydroxylase (A,D, in red) and fluorogold (B,E, in green) is
shown for two neurons within VM grafts in animal X200. Both neurons exhibit shapes that are
characteristic of nigral neurons. The combined views are seen in C and F and clearly
demonstrate retrograde label in grafted dopaminergic neurons. The two TH positive neurons
in D that do not contain FG granules demonstrate that the retrograde label was specific to only
some TH positive neurons in the grafts and SN and was not seen ubiquitously throughout the
brain.
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Figure 7.
In one of the Group 2 (co-grafted monkeys), A shows the position of a VM graft relative to
the host substantia nigra (SN) in a parasagittal plane . Rostral is to the left. The striatal co-graft
is located lateral to this histological section. The boxed areas are seen to advantage in B and
C. B. The graft contains a dense collection of TH positive neurons and an extensive array of
neurites (arrows). In C, many of these neurites (arrows) are seen to exit the graft from its rostral
surface, closest to the FG injections which labeled the host substantia nigra, but none of the
grafts. OC optic chiasm.
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