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The poor survival of dopamine grafts in Parkinson’s disease is one of the main obstacles to the widespread application of this th
ypothesis is that implanted neurons, once removed from the embryonic environment, lack the differentiation factors needed to d
opaminergic phenotype. In an effort to improve the numbers of dopamine neurons surviving in the grafts, we have investigated the
denoviral vectors to deliver the differentiation factor sonic hedgehog or the glial cell line-derived neurotrophic factor GDNF to dopa
rafts in a rat model of Parkinson’s disease. Adenoviral vectors containing sonic hedgehog, GDNF, or the marker gene LacZ were in

he dopamine depleted striatum of hemiparkinsonian rats. Two weeks later, ventral mesencephalic cell suspensions were prepared f
f donor ages E12, E13, E14 or E15 and implanted into the vector-transduced striatum. Pre-treatment with the sonic hedgehog vecto

hree-fold increase in the numbers of tyrosine hydroxylase-positive (presumed dopaminergic) cells in grafts derived from E12 donors,
ffect on E13–E15 grafts. By contrast, pre-treatment with the GDNF vector increased yields of dopamine cells in grafts derived from E1
onors but had no effect on grafts from younger donors. The results indicate that provision of both trophic and differentiation factors ca

he yields of dopamine neurons in ventral mesencephalic grafts, but that the two factors differ in the age and stage of embryonic dev
hich they have maximal effects.
2005 Elsevier Inc. All rights reserved.
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. Introduction

The primary deficit in Parkinson’s disease (PD) is the pro-
ressive loss of dopamine cells in the substantia nigra pars
ompacta and the ventral tegmental area, resulting in a loss of
opamine innervation to the caudate-putamen (striatum) region
f the brain. The loss of striatal dopamine and the subsequent
isruption of striatal outputs to the globus pallidus, subthala-
ic nucleus and substantia nigra pars reticulata, are thought to
ccount for the main clinical symptoms of PD which include
igidity, bradykinesia and tremor. The principal therapy for PD

∗ Corresponding author. Tel.: +44 2920 874115; fax: +44 2920 876749.
E-mail address: torresem@cf.ac.uk (E.M. Torres).

is the re-supply of dopamine to the striatal target area, by
administration of the dopamine precursorl-DOPA. In the early
stages of the diseasel-DOPA is a highly effective treatment a
is able to ameliorate clinical symptoms dramatically. Howe
as the disease progresses,l-DOPA treatment becomes less a
less effective, in part because of the decreasing availabil
residual dopamine neurons to maintain conversion ofl-DOPA
to dopamine. As degeneration continues, the dose ofl-DOPA
needs to be increased to maintain the same level of effi
and the duration of effective drug action diminishes. In the
term, many patients develop side effects, mainly in the for
uncontrollable limb movements (dyskinesia), which becom
problematic as the disease itself. Supplementation of the
regime with dopamine receptor agonists such as ampheta
and dopamine re-uptake inhibitors is able to prolong

361-9230/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
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therapeutic window ofl-DOPA but many patients reach an end
stage, wherel-DOPA treatment fails and an alternative form of
treatment is required[10,45,76].

The implantation of embryonic dopamine-rich tissue to
replace striatal dopamine innervation offers a complemen-
tary strategy for the restoration of dopamine function in the
Parkinsonian brain. In rat models of PD, dopamine-rich grafts
derived from the ventral mesencephalon (VM) of 14 days post-
gestation embryos (E14) are able to completely reverse the drug
induced rotational behaviours caused by a unilateral lesion of
the dopamine system and to ameliorate behavioural deficits in a
number of other tests[6,18,21]. In non-human primates too, VM
grafts produce significant amelioration of the deficits induced
by dopaminergic lesions[2,33,63]. On the basis of these animal
studies, there have been a limited number of trials in patients,
from which it is apparent that dopamine-rich transplants of the
correct age, implanted using a well defined surgical protocol,
can provide considerable therapeutic benefits in at least a subset
of patients. Many such patients can reducel-DOPA intake to a
fraction of the normal dose, in some cases coming offl-DOPA
altogether. However, the response is variable, with some patients
showing dramatic and long-lasting improvements[43,56] and
others showing little benefit. More critically, in recent clinical
trials some patients have developed significant side affects, in
particular ‘runaway’ dyskinesias which in some cases persisted
even whenl-DOPA was withdrawn fully[24,25]. These results
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tors with deletions or substitutions in the E1 and E3 regions
of the viral genome[30,69]. The resulting virus particles are
replication deficient, but capable of infecting a wide range of
cell types including non-dividing brain cells. Co-workers have
described the expression of�-galactosidase encoded within the
recombinant Ad vectors RAD35 and RAd36 in the rat brain and
these results indicated that RAd36 was capable of transducing
striatal cells in vivo with almost 100% efficiency (i.e. a single
viral particle is capable of transducing a cell)[30]. The thera-
peutic vectors used in this study encode the cDNAs for either
Shh, or GDNF driven by cytomegalovirus-derived promoters.

In pilot studies, several different methods of application of
adenoviral vectors to embryonic ventral mesencephalic grafts
were investigated. Application of the vectors directly to the
embryonic dopamine cell suspension embryo prior to implanta-
tion into the host brain, and transduction of accessory cells for
co-grafting with embryonic VM, yielded only low transduction
efficiencies. More effective was direct injection of the vectors
into the host striatum, prior to the implantation of the dopamin-
ergic graft. Using this method, large numbers of striatal neurons
and glia take up the vector, such that the transgene product is
expressed in the precisely the region of host brain into which the
graft is to be placed. This was the route of delivery chosen for
the current study.
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ave not yet been fully explained[32], although advances a
eing made in developing animal models of the neurobio
al basis ofl-DOPA and graft associated dyskinesias[41,66],
ith optimism that the interaction between chronicl-DOPA

reatment and dopamine-rich grafts can be understood an
equently managed to avoid this side effect.

One of the main factors limiting the development of V
ransplantation as an effective therapy for PD is the relat
oor survival of dopaminergic neurons following implanta

nto the host brain. Although survival rates of up to 40% h
een reported using factors to enhance dopamine cell sur

n untreated primary grafts typically only 5–10% of implan
mbryonic dopamine neurons survive, both in experimenta
als[9] and in human patients[39,44,52]. Poor dopamine ce

urvival and/or failure of the integration of the grafts into the
rain are likely to be a major factors in the incomplete re
ry seen in many clinical trials. There is correlation betw

he number of dopaminergic cells surviving implantation
he degree of functional recovery seen in experimental an
21]. As a result, in patients, up to six embryos per hemisp
re now considered to be necessary for optimal therapy[43],
xacerbating the logistical difficulties of obtaining sufficient
ue of suitable quality and at the correct age of developm
s a consequence strategies to enhance the yields of dop
eurons in VM grafts have emerged as a major topic for res

9,64].
The aim of the current work was to investigate the po

ial of the dopamine cell differentiation factor sonic hedge
Shh) and the glial cell line-derived neurotrophic factor (GDN
elivered using an adenoviral-vector, to promote the surviv
M grafts. We have used “second generation” adenoviral
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. Methods

.1. Design

A total of 150 rats, received unilateral 6-hydroxydopamine (6-OH
esions of the median forebrain bundle and, were allocated to 18 ma
roups based on rotational testing. Rats then received striatal injections o
Ad/Shh, RAd/GDNF[35], RAd/LacZ[69] or physiological saline (to contr

or the effects of surgical trauma). Two weeks later, all rats received a VM
erived from embryos of donor ages E12, E13, E14, or E15. To control fo
ible effects of viral vector expression on amphetamine induced rotation,
wo control groups received 6-OHDA lesions followed by injections of RAd
r RAd/GDNF, but received no subsequent VM grafts.

.2. Experimental animals

Adult, female Sprague–Dawley rats were used, weighing 200–250 g
ime of first surgery. Rats were housed under standard conditions wit
ccess to food and water. All experiments were conducted in accordanc
equirements of the UK Animal (Scientific Procedures) Act 1986.

.3. Adenoviral vectors

The construction and characterisation of the adenoviral vectors us
he work have been described previously[30,35,69]. The backbone consis
f an adenovirus type 5 in which deletions or substitutions have been

n the E1 and E3 regions of the genome. The vectors are produced u
rans-complementing cell line established from human embryonic kidney
EK293 and purified by caesium chloride gradient centrifugation to titres

o 4× 1011 IU/ml [65]. The resulting virus particles are replication deficient,
apable of infecting a wide range of cell types including non-dividing brain c
he therapeutic vectors used in the present work encoded the cDNAs for
onic hedgehog (SHH-N amino terminal fragment) or glial cell line-derived
otrophic factor (GDNF). In the control vector, the�-galactosidase gene La
as used. All transgenes were driven by a cytomegalovirus-derived prom
f human origin[69,72](seeTable 1).
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Table 1
Summary of adenovirus vectors used

Vector Transgene Promotera Final titre (IU/�l)

RAd35 Lac Z MIEhCMV/ 1 × 107

RAd Shh Shh-N MIEmCMV/ 1 × 106

RAdGDNF GDNF MIEhCMV/ 1 × 107

a Promoters are derived from cytomegaloviruses of either human (hCMV) or
murine (mCMV) origin.

2.4. Surgery

All surgery was performed under gaseous anaesthesia (60% oxygen/40%
nitrous oxide containing 2–3% isoflurane). Animals were placed in a stereotaxic
frame and cannula placements determined using the co-ordinates of Paxinos and
Watson[54].

2.4.1. Nigrostriatal lesions
Lesions were carried out by injection of 6-OHDA (hydrobromide salt, Sigma

Chemicals, UK) unilaterally into the median forebrain bundle using a 30-gauge
cannula connected to a 10�l Hamilton syringe in a microdrive pump set to
deliver at 1�l/min. The toxin was used at a concentration of 3�g/�l (calculated
as the free base weight) dissolved in a solution of 0.2 mg/ml ascorbic acid in 0.9%
sterile saline. The stereotaxic co-ordinates used for injection were;A =−4.4 mm
from bregma,L =−1.0 mm from midline,V =−7.8 mm below dura, with the
nose bar set at−2.3 mm below the interaural line. Injections were carried out
over 3 min with a further 3 min allowed for diffusion before slow withdrawal of
the cannula from the brain, and cleaning, closure and suturing of the wound.

2.4.2. Viral vector injections
On completion of post-lesion rotational testing, rats were divided into groups,

matched according to their rotation scores and received unilateral striatal injec
tions of either a viral vector or physiological saline. Virus stock solutions were
diluted to the required concentration using 0.9% sterile saline immediately prior
to use (seeTable 1). Final concentrations of vector were determined from pilot
experiments (data not shown) and injected into the dopamine-depleted striatu
at stereotaxic coordinates:A = +0.6,L =±3.0,V =−4.5. All virus injections were
3�l in volume and carried out using the same parameters for injection as the
6-OHDA lesions.

Ventral mesencephalic grafts. VM grafting was carried out 2 weeks post-
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at a dose of 2.5 mg/kg of body weight, rotation test scores were recorded and
are reported as net scores (ipsilateral minus contralateral) over a 90 min session.
Only rats with a net rotation score of≥600 turns per session were used in the
experiment. Grafted rats were rotation tested 4 and 6 weeks post-implantation
using the same method.

2.6. ELISA

The levels of GDNF in rat brain following injection of RAd/GDNF were
measured using enzyme linked immunosorbent assay (Promega (UK) GDNF
ELISA System Kit#G3240). Briefly, two rats received a unilateral striatal injec-
tion of RAD/GDNF (as above) and were sacrificed 2 weeks post-injection of
the vector and the fresh brain was removed quickly and placed on ice. A 3 mm-
thick coronal slice was cut at the level of the injection and the both intact and
injected striata dissected out and collected into 0.5 ml Eppendorf tubes, frozen
using dry ice and stored at−20◦C overnight. Tissue samples were thawed and
homogenised in protein free Eppendorfs using micro-pestles with a TRIS-based
lysis buffer containing 0.9% NaCl, EDTA and 0.5% Nonidet P40 detergent.
The supernatant was collected following centrifugation of the homogenate at
13,000 rpm for 30 min. A 24-well micro titre plate was coated with anti-GDNF
antibody overnight and tissue samples were added with blocking solution to the
plate for 6 h at room temperature. Samples of purified GDNF in serial dilutions
(0–1000 pg/ml) were added to wells in the same plate to determine a calibration
standard. Following washing anti-GDNF antibody (chicken) was added to the
wells at a concentration of 1:500 and incubated overnight at room temperature.
Following washing HRP conjugated anti-chicken antibody was added (1:5000)
for 2.5 h at room temperature and then washed off. Activity was visualised using
tetra-methyl-benzidine reaction for 15 min at room temperature and stopped by
addition of phosphoric acid. Absorbance (490 nm) was measured in an auto-
mated plate reading system within 1 h of the reaction.
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njection of the viral vectors. The ventral mesencephalon was dissected
prague–Dawley rat embryos of donor ages E12, E13, E14, or E15 (post
he actual sizes of the embryos used are given inTable 2. VM grafts were
repared as a cell suspension according to a standard protocol[19]. Grafts in
ach group were derived from at least two cell suspension preparation

wo separate rat litters to control for the effects of differences in suspe
reparation. Each injection consisted of 2�l of the cell suspension containi

he cells from 1 VM, injected at the same coordinates used for the viral v
njections.

.5. Rotation

Methamphetamine induced rotation tests were carried out 2 and 4
ost-lesion to obtain an estimate of the extent of dopamine depletion in
nimal. Rotation was assessed using an automated rotometer system b

he apparatus of Ungerstedt and Arbuthnott[70]. Following an intraperitonea
njection of methamphetamine hydrochloride (dissolved in 0.9% sterile s

able 2
etails of VM grafts

onor age CRL (mm) Mean cells/�l Cells implanted

12 7.5–8.5 434000 868000
13 9.5–10.5 406000 812000
14 11–13 450000 900000
15 13.5–14.5 270000 540000
-
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.7. Histopathology

On completion of behavioural testing, animals were terminally anaesth
y intraperitoneal injection of 200 mg/kg sodium pentobarbitone, and the

used transcardially with 100 ml of phosphate buffered saline (PBS) at pH
ollowed by 250 ml of 4% paraformaldehyde in PBS over a 5 min period.
rains were then removed from the skull and post-fixed by immersion i
ame fixative solution for 4 h, then transferred to 25% sucrose in PBS.
quilibration in the sucrose solution, coronal sections were cut on a fre
tage sledge microtome at a thickness of 40�m into 0.1 M TRIS buffered salin
H 7.4 (TBS) and stored at +4◦C prior to staining. All stains were carried o
n a 1 in 6series of sections. One series was stained using the standar
tain, cresyl fast violet. A second series was stained immunohistochemica
yrosine hydroxylase (TH).

Immunohistochemistry was carried out on free-floating sections. All
ions were stained simultaneously using the same solutions of antibodi
nsuring that incubation times and washes were the same for each bra

ollowing protocol was used. Sections were thoroughly washed in Tris-buf
aline (TBS). Endogenous peroxidase enzyme activity was quenched u
0 min immersion in 3% hydrogen peroxide/10% methanol in distilled w

ollowed by washing and re-equilibration in TBS. After a 1 h pre-incuba
n a solution of 3% normal goat serum/0.1% Triton X-100 in TBS, sec
ere incubated in the TH (mouse) antiserum (Chemicon 1:2000 dilutio
% normal goat serum/0.1% Triton X-100 for 60 h at +4◦C. A known posi-

ive control, and a negative control in which the primary antibody was om
ere also run. After thorough washing, a biotinylated, rat-adsorbed anti-m
econdary antibody (Vector, 1:200) in 1% normal goat serum in TBS
pplied for 3 h. The sections were then washed for 30 min before appli
f 10% streptavidin–biotin–horseradish peroxidase solution (Dako) in TB
0 min, followed by thorough washing and equilibration to 0.05 M Tris n
aline solution at pH 7.4. The horseradish peroxidase label was revea
0 min incubation in a 0.5% solution of diaminobenzidine tetrahydrochl
Sigma chemicals, UK) in Tris non-saline containing 0.3�l/ml of hydrogen
eroxide. Sections were finally mounted on gelatine-coated microscope
ehydrated in an ascending series of alcohols, cleared, and cover-slippe
PX mountant.
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2.8. Morphometry

Measurements of graft size were carried out using a PC-based image anal-
ysis system with Scion-Image (Beta 4.0.2) software (Scion Corporation, USA).
Measurements of graft volume were from cross-sectional areas measured on
TH-stained sections in a regular series (1 in 6) through the entire graft. Cell
counts were carried out on a Leica DMRB microscope using a 10× 10 eye-
piece graticule and a 20× objective on the same sections and corrected using
the Abercrombie formula[1].

3. Results

3.1. Amphetamine rotations

Control groups that received injections of RAd/Shh or
RAd/GDNF but no subsequent VM graft, showed no recovery of
the post-lesion amphetamine-rotation deficit (Fig. 1). Instead of
the reduction in rotation seen following a VM graft, the net rota-
tion scores in rats injected with either RAd/Shh or RAd/GDNF
showed the expected slight increase over the course of the exper-
iment due to sensitisation to amphetamine. This result indicates
that there is no recovery of the lesioned dopamine system,
nor inhibition of the post-synaptic response to amphetamine,
induced by either the adenoviral vector or the transgenes. Thus,
any amelioration in the rotation deficit seen in groups of grafted
animals can be attributed to a graft effect.
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Fig. 2. Post-lesion and post-graft amphetamine rotations by embryonic donor
age. There was no effect of virus pre-treatment on post-graft rotation. All graft
groups showed an over-compensatory rotational response but the E15 graft group
response was less than that seen with younger donor ages.

3.2. Post-mortem histopathology

Examination of cresyl fast violet stained sections revealed
large surviving grafts in all donor age groups. There was no
evidence of an inflammatory reaction to the injected virus or of
cytotoxic tissue damage in any animal (Fig. 3).

The effectiveness of the current approach relies on successful
transduction of the host striatum prior to the implantation of the
VM graft. This is demonstrated inFig. 4, which shows adjacent
sections through a graft from a rat in the RAd35-E12 group
stained immunohistochemically for TH and�-galactosidase,
respectively. LacZ transduced cells were seen in intimate contact
with the VM grafts. Similar staining patterns were seen in grafted
striata transduced with either RAd/Shh or RAd/GDNF vectors
and immuno-staining for the transgene products of these vectors
showed staining in both the surrounding striatum and within the
graft tissue itself (Fig. 5).

TH immunohistochemistry revealed healthy grafts contain-
ing many TH positive cells surrounded by a dark halo of TH
reinnervation of the surrounding striatum.Fig. 6 shows rep-
resentative sections from the E12 donor age group stained
for cresyl violet and TH to illustrate the differences in graft
morphology seen in the Shh vector treated group. Similarly,
Fig. 7 shows representative sections from the E14 donor age
group stained for cresyl violet and TH to illustrate the differ-
ences in graft morphology seen in the GDNF vector treated
g
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All of the grafted groups of animals showed recovery
mphetamine-induced rotation from a net ipsilateral rotatio
weeks post-lesion to a net contralateral score, 4 and 6 w

ost-grafting, the classic “over-compensatory” graft resp
20]. There were no significant effects of virus pre-treatm
n rotation scores. By contrast, there were slight differe
etween donor age groups on post-graft rotation: E15 g
howed slightly less overcompensation at 6 weeks post-gr
ompared to other graft groups (Fig. 2) but this difference wa
ot statistically different.

ig. 1. Amphetamine rotation in control animals with 6-OHDA lesions
triatal injections of either RAd/Shh or RAd/GDNF. Time points are po
HDA-lesion (PL), 8 weeks (PG1) and 10 weeks (PG2) post-lesion at time

orresponding to post-graft testing in the graft groups. There is no recov
mphetamine induced rotation seen with either vector. Error bars are S.E
f
.

roup.

.3. Cell counts

A preliminary analysis was carried out to determine whe
here was an effect of the injection of the adenoviral vecto
H cell numbers in the grafts. Analysis of variance betw

he LacZ injected and saline injected groups showed that
as no significant difference between saline and LacZ inje
roups at any donor age (F1,39= 2.80,p = 0.102, n.s.). For th
urposes of clarity, the LacZ and Saline groups for each d
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Fig. 3. Cresyl violet stained sections showing representative grafts from rats in (A) control, (B) RAd/Shh and (C) RAd/GDNF injected groups. All grafts are healthy
containing large numbers of neurons. There is no evidence of inflammation either within the graft or in the surrounding host striatum. Scale bar is 1 mm.

age were combined into a single control group in subsequent
analyses.

Analysis of variance between Shh, GDNF and con-
trol groups revealed significant differences in cell numbers
between treatments among the different donor age groups
(F6,88= 12.08,p < 0.001). Post-hoc tests were undertaken using
the Newman–Keuls correction for multiple comparisons and
indicated that Shh pre-treatment induced a significant increase
in cell numbers when compared to controls in the E12 donor age
group (t = 5.57,p < 0.01) and that GDNF pre-treatment caused a
significant increase in TH cell numbers with respect to the con-
trol treatments in the grafts from E14 and E15 donors (t88 = 7.05,
p < 0.01, andt88 = 2.28,p < 0.05, respectively) (seeFig. 8).

Measurement of the concentrations of tissue GDNF using
ELISA showed that 2 weeks post-injection of the RAD/GDNF

vector, the mean level of GDNF in the injected striatum was
79± 35 pg/mg of tissue, over and above the background levels
of GDNF detected in Rad35 injected and non-injected striata.

4. Discussion

In the current study, we report on use of adenoviral vectors to
deliver the differentiation factor Shh or the trophic factor GDNF,
to embryonic VM grafts in a rat model of PD. The strategy of
transduction of the dopamine-depleted striatum prior to graft-
ing was successful in delivering the protein products from both
transgenes to the implanted tissue. Immunohistochemical stain-
ing using antibodies against Shh, GDNF and�-galactosidase
showed widespread distribution of transduced cells around the
VM grafts and in intimate contact with them. Additionally, Shh

F ) Tyro i
T ding LacZ
t n intim
ig. 4. Histological sections of a VM graft from the RAD35/E12 group. (A
H positive neurons and displaying extensive outgrowth into the surroun

ransduced cells in the host striatum and overlying corpus callosum are i
sine hydroxylase immuno-staining shows a healthy dopaminergic graft wth many
striatum. (B)�-Galactosidase immuno-staining on an adjacent section shows
ate contact with the VM graft. Scale bar is 1 mm.
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Fig. 5. Expression of transgenes in the grafted striatum following viral vector injections. (A) GDNF expression. Dense immunoreactivity around a small section
of graft in a brain from the GDNF/Graft group. (B) Shh expression surrounding a graft in a section from an animal in the Shh/Graft group. Shh staining shows
immunoreactive cell bodies as well as diffuse staining of the striatal parenchyma. Unlike staining for�-galactosidase, immunoreactivity for Shh and GDNF is not
confined to the periphery of the graft but is also seen within the grafted tissue. Scale bar is 1 mm.

Fig. 6. Representative sections showing E12 donor age grafts from saline (rats 831, 844, 857; A, B) and Shh (rats 806, 819, 868; C, D) treated groups. Cresyl violet
(A, C) and adjacent TH (B, D) stained sections. Grafts treated with the Shh vector contained significantly greater numbers of cells than the saline treated group.
Numbers represent individual rat numbers. Scale bar is 1.0 mm.
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Fig. 7. Representative sections showing E14 donor age grafts from saline (rats 829, 847, 873; A, B) and GDNF (rats 834, 853, 881; C, D) treated groups. Cresyl
violet (A, C) and adjacent TH (B, D) stained sections from three rats in each group. Grafts treated with the GDNF vector contained significantly greaternumbers of
cells than the saline treated group. Scale bar is 1.0 mm.

Fig. 8. Plot of estimated mean TH cell numbers in the dopaminergic grafts in
each group. There was no significant effect on cell numbers at any age group in
the LacZ and saline treated group. However at the E12 donor age, Shh treated
grafts contained significantly more cells than all other treatment groups and at
the E14 donor age significantly greater numbers of cells were seen in the GDNF
treated group. Error bars are S.E.M.s.

and GDNF immunoreactivity could also be observed within the
graft tissue itself, indicating diffusion of the proteins into the
graft. Both RAD/Shh and RAD/GDNF were able to improve
the survival of VM grafts but the effects seen with each vector
were dependent on the embryonic donor age of the implants to
which they were applied. RAD/Shh caused a significant increase
in TH cell numbers in grafts derived from E12 embryos, whilst
RAd/GDNF increased TH cell numbers in grafts derived from
E14 and E15 embryos.

The use of the transcription factor Shh in the present study
was influenced by work carried out in 1999 by Sinclair et al.
[62], in which it was shown that virtually all of the surviving
TH-positive neurons in transplants from E14 rat embryos had
undergone final division in utero, prior to their excision from
the embryo. By contrast neurons dividing in the grafts post-
implantation, failed to express TH-positive phenotypes. One
inference from this work was that the numbers of dopamine cells
in E14 grafts was low because the many of the dopaminergic cells
implanted had not yet differentiated. Thus, the dopamine “pre-
cursor” cells in the grafts failed to develop into the dopaminergic
phenotype because of an absence of the correct developmental
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signals in the adult host brain. In the present study we sought
to investigate the provision of factors known to be important in
dopaminergic differentiation to dopamine grafts using adenovi-
ral vectors.

A number of important factors involved in the differenti-
ation in dopamine cell have been identified. Sonic hedgehog
(Shh) is involved ubiquitously in embryonic development but
has been specifically identified as one of the principal factors
in the determination of neuronal specification of dopamine neu-
rons in the developing mesencephalon. Shh is expressed in the
notochord and floor plate of the developing midbrain as a 45 kDa
protein that undergoes proteolytic cleavage into carboxy termi-
nal (Shh-C) and amino-terminal (Shh-N) fragments[46]. The
latter Shh-N fragment contains the active signal in dopamine
cell development and when applied to E9 ventral mesencephalic
explants in culture can increase the yield of dopamine neurons in
a dose dependent fashion and the blocking of Shh using specific
antibodies is able to block this effect[36]. The mechanism of
action is complex but Shh is thought to be primarily inductive
for dopamine cell fate and acts in conjunction with other factors
including fibroblast growth factor type 8 (FGF8) in the topo-
graphic organisation of the developing ventral midbrain[37,55].
Members of the transforming growth factor (TGF) family are
also involved in the development of this region. Farkas et al.
showed that both Shh and TGF-� were required for DA cell dif-
ferentiation in vitro and that blocking of either of these factors
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fibroblasts with grafts of E14 VM and reported a doubling of
TH cell numbers in the Shh treated grafts when compared to
untreated controls[75]. This result is at odds with the current
work in which there was no effect of Shh treatment on E14 grafts.
This is most likely due to a dose effect (see below) but might be
accounted for by differences in the grafting protocol used. The
grafts implanted in the Yurek study were solid pieces and the
overall size of grafts (500–1000 cells) was considerably smaller
than those in the present study[75].

GDNF was used as the positive control in the current exper-
iment. GDNF is not expressed in the developing ventral mes-
encephalon but is a known neurotrophic factor for developing
dopamine neurons and is expressed in the developing stria-
tum during embryonic development[42]. In animal models
of PD, the direct administration of GDNF protein has been
shown to have potent ameliorative and reparative effects, pro-
tecting against the effects of dopamine lesions and assisting
the partial regeneration of injured dopamine neurons[5,26–29].
GDNF transgenes have also been delivered using gene ther-
apy approaches. GDNF and Shh have been reported to pro-
tect dopamine cells against the effects of a dopamine lesion
when delivered using AAV[16,48,71]adenovirus (AV) vectors
[13,14,35,68]and LV vectors[4,11,31,38]. When administered
to embryonic VM grafts, GDNF can improve cell survival, fibre
o very
[ val
h rkers
p nis-
t
c
s to
h ients
[ NF
i rther
p the
e e cur-
r and
V d a
u

gene
t ovi-
r ain
h ions,
a d by
d at
r orel-
l ne to
p n rat
b viral
v r to
t vered
t
i
t detri-
m tudy
estricted development of the dopaminergic phenotype. TG�2
nd�3 and the bone morphogenetic proteins BMP-4 and B
have also been shown to be involved the developmen

opography of the ventral mesencephalic dopamine cell gr
23,57].

Whilst Shh is one of the principal factors determin
opaminergic cell fate, fibroblast growth factor-8 (FGF8) m
e more important in determining the distribution of dopam
ells along the anterior posterior axis of the developing
hus the development of dopamine neurons in both the sub
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Shh axes)[67]. Neither factor alone is sufficient to determ
A phenotype in vivo. However, recombinant Shh alone is
cient to induce ectopic DA neurons in the dorsal midb
outside the area where they normally develop) and it s
hat Shh is the main physiological inducer of endogenous
eurons in the ventral midbrain and ventro-rostral forebrain[73].
hus, Shh was a logical choice as the differentiation factor
en for use in the current study.

Expression of Shh in the developing rat embryo is s
etween the ages of E9–E16 and thus precedes and ov

he appearance of dopaminergic neurons in the ventral
rain, which occurs between the ages of E11–E16[8]. We might
ypothesise from this that grafts derived from donor ages
ounger that E12 might provide a source of cells VM grafts
ould be treated with Shh or other dopaminergic differentia
actors to produce dopamine cells for transplantation and w

aking investigations in this regard. Other workers have
hh and other differentiation factors to improve dopamine
urvival in vitro[36,47,51].
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3]. The beneficial effects of GDNF on E14 VM graft survi
ave been demonstrated previously by a number of wo
rimarily using standard E14 VM grafts and GDNF, admi

ered either directly to the graft[22,49,58,74]or indirectly using
o-grafted, genetically modified neurospheres[53] or GDNF-
ecreting encapsulated cells[61]. GDNF has also been shown
ave beneficial effects on dopaminergic graft in human pat

50]. Thus, whilst not a novel finding, the efficacy of GD
n the current experiment demonstrates well, both the fu
otential of the current vectors for in vivo gene therapy and
ffectiveness of the striatal pre-loading approach used in th
ent study. Because of its known effects on dopamine cells
M grafts, in the present work, RAd/GDNF was considere
seful positive control for the RAd/Shh treatment.

Adenoviral vectors have previously been investigated as
herapy tools in animal models of PD. In rat models, aden
al vectors containing GDNF directly injected into the br
ave been shown to ameliorate the effects of 6-OHDA les
nd reduce the amplitude of behavioural deficits cause
opamine lesions[4,11,12,15,17,40]. In a strategy aimed
eplacing dopamine synthesis in the depleted striatum, H
ou et al. used an adenoviral vector containing the TH ge
artially restore dopamine function in the hemiparkinsonia
rain [34]. Only one study has reported the use of adeno
ectors to modify dopamine implants in a fashion simila
hat used in the present work. Sanchez-Capelo et al. deli
ransforming growth factor beta (TGF�1) to VM grafts by prior
njection of an adenoviral vector into the striatum[60]. Although
hey found that expression of that particular transgene was
ental to the survival of ventral mesencephalic grafts, the s
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was the first to demonstrate the effectiveness of this method of
gene delivery. The main considerations in such an approach are
that the transgene being delivered by the viral vector should
produce a diffusible product, be active in the striatum at the
time of implantation and should not induce an inflammatory
reaction that might adversely affect survival of the graft. Pilot
studies involving direct injection of the current vectors led us to
choose 2 weeks post-injection of the vectors as the time point
best satisfying these criteria. As in the present work, implanta-
tion of the graft at the same coordinates as the injected vector
results in intimate association of the VM graft with transduced
cells.

5. Conclusion

The improvement of E12 graft survival following treatment
with RAd/Shh in the present study is an interesting result. Since
at this age very few dopamine neurons have undergone final dif-
ferentiation, the result indicates that at this stage of development,
the differentiation and/or survival of implanted dopamine pre-
cursors can be increased by post-implantation exposure to Shh.
This corroborates the original hypothesis on which this paper
is based, namely that the poor survival of dopamine neurons
post-grafting might be enhanced by the application of differen-
tiation factors[62]. However, Sinclair et al. also hypothesised
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