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Neuronal expression of the transcription factor Gli1
using the Ta1 a-tubulin promoter is neuroprotective
in an experimental model of Parkinson’s disease
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Nigrostriatal neurons degenerate during Parkinson’s
disease. Experimentally, neurotoxins such as 6-hydroxydo-
pamine (6-OHDA) in rodents, and MPTP in mice and non-
human primates, are used to model the disease-induced
degeneration of midbrain dopaminergic neurons. Glial-
cell-derived neurotrophic factor (GDNF) is a very powerful
neuroprotector of dopaminergic neurons in all species
examined. However, recent reports have indicated the
possibility that GDNF may, in the long term and if expressed
in an unregulated manner, exert untoward effects on
midbrain dopaminergic neuronal structure and function.
Although GDNF remains a powerful neurotrophin, the search
for alternative therapies based on alternative and comple-
mentary mechanisms of action to GDNF is warranted.
Recently, recombinant adenovirus-derived vectors encoding
the differentiation factor Sonic Hedgehog (Shh) and its
downstream transcriptional activator (Gli1) were shown to
protect dopaminergic neurons in the substantia nigra pars
compacta from 6-OHDA-induced neurotoxicity in rats in vivo.
A pancellular human CMV (hCMV) promoter was used to
drive the expression of both Shh and Gli1. Since Gli1 is a

transcription factor and therefore exerts its actions intracel-
lularly, we decided to test whether expression of Gli1 within
neurons would be effective for neuroprotection. We demon-
strate that neuronal-specific expression of Gli1 using the
neuron-specific Ta1 a-tubulin (Ta1) promoter was neuropro-
tective, and its efficiency was comparable to the pancellular
strong viral hCMV promoter. These results suggest that
expression of the transcription factor Gli1 solely within
neurons is neuroprotective for dopaminergic neurons in vivo
and, furthermore, that neuronal-specific promoters are
effective within the context of adenovirus-mediated gene
therapy-induced neuroprotection of dopaminergic midbrain
neurons. Since cell-type specific promoters are known to be
weaker than the viral hCMV promoter, our data demonstrate
that neuronal-specific expression of transcription factors is
an effective, specific, and sufficient targeted approach for
neurological gene therapy applications, potentially minimiz-
ing side effects due to unrestricted promiscuous gene
expression within target tissues.
Gene Therapy (2004) 11, 1742–1752. doi:10.1038/
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Introduction

In spite of pharmacological advances, current treatments
for Parkinson’s disease fail to halt the continued loss of
substantia nigra dopaminergic neurons. Eventually, even
if initially responsive, with time, clinical symptoms
become resistant to pharmacological treatments, such
as L-DOPA or dopaminergic agonists, all of which
depend on the integrity of nigrostriatal neurons.1 Halting
the progressive degeneration of nigrostriatal neurons
would delay disease progression, and thus prolong the
efficacy of available pharmacological treatments.2–5 Glial-

cell-derived neurotrophic factor (GDNF) protects nigral
dopaminergic cell bodies and their striatal axon term-
inals from in vitro and in vivo neurotoxicity induced by
6-hydroxydopamine (6-OHDA),4 MPTP,2 or metamphe-
tamine,6 and possibly also in Parkinson’s patients.7 Gene
therapy using GDNF could thus be employed as a
complementary treatment to pharmacological ap-
proaches. GDNF has been delivered into the brain using
recombinant adenovirus (RAd), adenovirus-associated
virus, herpes simplex virus type 1, lentiviral-derived
vectors, or by direct peptide injection.5,7–9

In spite of its powerful neuroprotective actions, recent
reports of potentially deleterious effects, that is, reduc-
tion of tyrosine hydroxylase (TH) mRNA in nigrostriatal
neurons, aberrant morphologies of striatal TH-immuno-
reactive axons, and increased cell death following
experimental stroke,10–12 have stimulated the search for
novel alternative gene therapeutic approaches, and/or
regulated GDNF expression.Received 11 June 2004; accepted 16 July 2004
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Recently, the morphogen Sonic Hedgehog amino-
terminal (ShhN) moiety13 has been suggested to have
neurotrophic and neuroprotective properties for dopa-
minergic neurons in vitro, since it was able to increase
survival of these neurons in ventral mesencephalic
cultures and protect them against MPP+ neurotoxi-
city.14–17 Shh is a secreted neurodifferentiation factor that
binds to a receptor complex, patched (ptc)–smoothened
(smo). Binding of Shh to ptc inhibits smo, an inhibitory
receptor,18 stimulating the transduction of the intracel-
lular signaling pathway that leads to the activation of its
main downstream transcriptional mediators,19–22 that is,
the transcription factor Gli123,24; these proteins are all
present within the adult rodent brain.25–27 Ectopic
expression of Shh or its downstream effector Gli1 in
the dorsal neural tube induces the expression of ventral
neuronal markers such as TH, the rate-limiting enzyme
in the synthesis of the neurotransmitter dopamine, and a
marker for ventral midbrain nigrostriatal dopaminergic
neurons. ShhN protects cultures of fetal dopamine
neurons from MPP+ toxicity,28 and regulates the differ-
entiation and proliferation of neuronal stem cells.14,15,29

Further, Shh peptide injected directly into the brain of
rodents and marmosets has beneficial effects in experi-
mental models of Parkinson’s disease.30–32

We have recently demonstrated that adenoviral
vectors encoding ShhN, or Gli1 under the control of
pancellular viral promoters, have a neuroprotective
effect on nigrostriatal dopaminergic neurons in an
experimental model of dopamine neurodegeneration
induced by 6-OHDA.33,34 Gli1 is a transcription factor
and is thus needed intracellularly in order to be able to
exert its neuroprotective effects. Having previously
demonstrated the specificity35 and therapeutic effective-
ness36 of cell-type specific promoters within adenoviral
vectors, we hypothesized that expression of Gli1 from a
neuronal-specific promoter could increase its effective-
ness and safety. We chose the neuronal-specific tubulin
a1 (Ta1) promoter to drive expression of both the marker
and potentially therapeutic transgenes. We demonstrate
that the Ta1 promoter restricts the expression of
transgenes encoded within RAds to neurons. Therefore,
expression of Gli1 within neurons alone is effective and
sufficient to promote neuroprotection in a rat model of
Parkinson’s disease. Our data also demonstrate that the
use of a cell-type specific neuronal promoter can uncover
expression in other brain areas that receive the vector by
retrograde transport from the striatal injection site, which
may not be apparent when a viral pancellular promoter
is used. Our experiments also demonstrated the presence
of altered axonal morphologies in the striata of animals
injected with RAd-GDNF, where GDNF is under the
control of the pancellular human CMV (hCMV) promo-
ter, urging the implementation of regulated promoter
elements when employing this powerful neurotrophin
for the treatment of neurodegenerative diseases.

Results

Construction of RAd-Ta1-Gli1 and RAd-Ta1-lacZ:
neuron-specific transgene expression
Ta1 is a neuronal-specific promoter, the specificity of
which has been demonstrated during normal develop-
ment and in transgenic animal experiments.37,38 We

constructed first-generation RAd vectors expressing
Gli1 or the control marker gene lacZ with a nuclear
localization signal. A diagram illustrating the construc-
tion of the RAds and the molecular analysis of the
recombinant genomes is shown in Figure 1. To construct
RAd-Ta1-lacz and RAd-Ta1-Gli1, the Ta1 promoter
sequence was inserted into pDE1 upstream of either the
lacZ or Gli1 sequence. Restriction fragment analysis and
Southern blotting were used to confirm the correct
orientation of the cDNAs for lacZ and Gli1 in the
resulting plasmids, pDE1-Ta1-lacZ and pDE1-Ta1-Gli1.
These were then cotransfected together with pBHG10
into 293 cells to construct the recombinant viruses, that
is, RAd-Ta1-lacZ and RAd-Ta1-Gli1. The RAds were
isolated, purified, and tested for quality control as
described by us in detail.39,40

Expression from the Ta1 promoter is neuronal specific
in the brain in vivo
Injection of 6.1�107 IU of RAd-Ta1-lacZ into the
striatum transduced mostly neurons. Also, retrogradely
labeled nuclei expressing b-galactosidase were found in
areas distant from the striatum. These cells were labeled
by retrograde transport of RAd-Ta1-lacZ from the striatal
injection site to these distant, anatomically connected
areas. Cellular nuclei expressing b-galactosidase immu-
noreactivity were found within the cingulated cortex,
somatosensory cortex, and paraolfactory cortex. Further,
immunoreactive nuclei were also found within the
substantia nigra pars compacta (SNpc), a nucleus that
projects directly to the striatum (Figure 2).

Owing to the nuclear localization of b-galactosidase
protein, morphological characterization of the cells
expressing this transgene was insufficient to characterize
the nature of the transduced cells. To determine the cell
type transduced by the RAd-Ta1-lacZ vectors, histologi-
cal sections were double immunoreacted with antibodies
to b-galactosidase and cell-type specific antibodies
(Figure 3). We used the neuronal nuclear marker
Neu-N to double label cells in the striatum and
neocortex, given the predicted cellular specificity of the
Ta1 promoter. This analysis demonstrated that the vast
majority (approx. 495%) of cells immunoreactive for
b-galactosidase were also positive for Neu-N, demon-
strating that these cells are neurons. To identify cells
expressing the transgene in the substantia nigra, sections
were double immunoreacted with antibodies to the
neurotransmitter synthesizing enzyme TH, which iden-
tifies dopaminergic neurons within the substantia nigra.
All cells expressing b-galactosidase were also immuno-
reactive for TH, indicating that only dopaminergic
neurons had been transduced by the RAds.

Neuronal-specific expression in the rat brain using
the Ta1 promoter in RAd vectors: characterization
of cell-type specific expression and effectiveness in
protecting dopamine neurons in an experimental
model of Parkinson’s disease
The vectors RAd-GDNF and RAd-hCMV-Gli1 have been
described by us recently,33,34 as has the vector expressing
the control marker transgene b-galactosidase under the
control of the hCMV promoter.41–44 The neuroprotective
paradigm used was adapted to our particular needs from
the detailed 6-OHDA rat model of Parkinson’s disease
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previously reported by the research team of Martha Bohn
and collaborators.2,3 In our experiments, the RAds were
injected stereotaxically into the rat striatum using the
same coordinates as used for the retrograde tracer
fluorogold (FG) (Figure 4, and described in detail in
Hurtado-Lorenzo et al33,34). After 1 week, we induced
degeneration of the nigrostriatal pathway by injecting
16 mg of 6-OHDA at the same coordinates of FG and

virus injection. We used a dose of 0.02 ml of FG in order
to reduce the target neuronal population to be
examined to a specific population of dopaminergic
neurons within the SNpc, which would be exposed
both to the RAds and FG, as described by us in detail
recently33,34 (Figure 4).

In control experiments, we demonstrated that all FG+
neurons are TH+, and that they correspond to the same
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Figure 1 Construction and molecular characterization of the novel RAd vectors, RAd-Ta1-lacZ, and RAd-Ta1-Gli1. RAds were generated by homologous
recombination after cotransfection into 293 cells of the shuttle plasmid encoding the promoter transgene cassette, and pBHG10, containing all necessary
sequences of the adenoviral genome, apart from the E1 and E3 deletions, needed to construct a recombinant vector. The diagram to show the genetic
structure of corresponding plasmids, the results of the restriction analysis, and Southern blot, used for the construction of RAd-Ta1-LacZ are all shown in
(a). For the restriction analysis and Southern blot, lanes are as follows: lane 1, molecular size markers from a HindIII digest of l DNA; lane 2, RAd-Ta1-
LacZ; lane 3, shuttle plasmid pDE1-Ta1-LacZ; and lane 4, pBHG10, all digested with BamHI. Next to the restriction analysis is the corresponding
Southern blot using a specific probe for the Ta1 promoter sequence, as illustrated in the schematic drawing. The diagram to show the genetic structure of
corresponding plasmids, the results of the restriction analysis, and Southern blot, used for the construction of RAd-Ta1-Gli1 are all shown in (b). For the
restriction analysis and Southern blot, lanes are as follows: lane 1, molecular size DNA markers; lane 2, shuttle plasmid pDE1-Ta1-Gli1; lane 3, RAd-Ta1-
Gli1, all digested with EcoRI. Next to it is the corresponding Southern blot showing the results utilizing a probe recognizing sequences within transgene
Gli1, as illustrated.
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population of dopaminergic neurons that are retro-
gradely infected with RAd and/or express the encoded
protein; they also constitute the same population of
neurons that degenerate after the injection of 6-

OHDA.33,34 At 4 weeks after injection of 6-OHDA, the
animals were killed, the brains sectioned, and the FG+
and TH+ neurons were counted along the rostrocaudal
axis of the substantia nigra, in the ipsilateral side and the
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Figure 2 Expression of nuclear b-galactosidase in the neocortex, striatum, and SNpc following the injection of RAd-Ta1-lacZ into the striatum. RAd-Ta1-
lacZ(ns) was injected into the striatum, and 7 days later, animals were perfused fixed and immunoreacted with antibodies recognizing b-galactosidase
protein. Labeled nuclei were detected both in the striatum (A), cingular/somatosensory cortex (B), periolfactory cortex (C, D), and the SNpc. Thus, nuclear
b-galactosidase immunoreactivity was detected within the striatum, and within cells projecting to the striatum. To determine the identity of transduced
cells, tissues were double immunoreacted for b-galactosidase and cell-type specific markers, as shown in Figure 3.
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contralateral side. The survival of dopaminergic neurons
was expressed as the percentage of the contralateral side
and analyzed statistically using ANOVA analysis. Cell
numbers were assessed in three ways (Figure 4): either
by counting all double-labeled (FG+/TH+) cells in all
sections, counting them every sixth section and estimat-
ing the number of cells present in the tissue sections that
were not counted, or by unbiased quantitative stereology
using StereoInvestigatort on an upright Zeiss micro-
scope. All these methods provided identical results. The
comparison of cell counts in every single section or every
sixth section is shown in Figure 4b.

To test the effectiveness of Gli1 expressed exclusively
within neurons in protecting dopaminergic neurons from
6-OHDA-induced injury, RAd-Ta1-Gli1, RAd-Ta1-lacZ,
RAd-GDNF, and RAd-hCMV-Gli1 were compared in our
experimental model of nigral neuronal degeneration
induced by 6-OHDA. As predicted, RAd-Ta1-lacZ
(Figure 5a, b, and i) had no neuroprotective effect, while
GDNF did (Figure 5c, d, and i). Also, RAd-hCMV-Gli1
was effective in neuroprotecting nigral neurons from
neurodegeneration (Figure 5e, f, and i). Importantly,
RAd-Ta1-Gli1 (Figure 5g, h, and i) was as effective as
RAd-hCMV-Gli1.

Also, the immunostaining for TH-immunoreactive
fibers in the striatum indicated that, as had been
described by us recently,33,34 only GDNF (Figure 6b)
was able to partially preserve striatal dopaminergic
fibers (Figure 6). Only in animals injected intrastriatally
with RAd-GDNF did we detect a halo of intense TH-
immunoreactive fibers surrounding the intrastriatal

injection site (Figures 6b and 7). In animals injected with
either the RAdhCMV-Gli1 or RAdTa1-Gli1, the dener-
vated striatum can be clearly delineated as an area of
very sparse density of TH-immunoreactive fibers (Figure
6c and d). Thus, RAd-Ta1-Gli1 was as effective as
RAd-hCMV-Gli1, demonstrating that a neuronal-specific
promoter is efficient to drive expression of a transcrip-
tion factor as a neuroprotective agent in experimental
Parkinson’s disease. Further, these experiments demon-
strate that neuronal expression is effective to elicit the
neuroprotective effect of Gli1, and that expression in
other brain cells is unlikely to be necessary to enable the
neuroprotective effect of Gli1 upon the survival of
dopaminergic TH-immunoreactive neurons within the
substantia nigra.

Fiber morphology of TH-immunoreactive fibers
in the striatum of animals treated with GDNF
In view of previous reports indicating that GDNF may
have some untoward effects on parameters of dopamine
neuron function, such as TH-immunoreactive fiber
morphology,10–12 we examined the morphology of TH-
immunoreactive fibers in animals injected with RAd-
GDNF in which we were able to detect strong TH
immunoreactivity surrounding the injection site. We
detected various regions of differential TH-immunoreac-
tive fiber density in the area surrounding the injection
site in animals injected with RAd-GDNF. Importantly,
only in animals injected with RAd-GDNF did we detect
an area of increased TH immunoreactivity surrounding
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Figure 3 Identification of cells expressing nuclear b-galactosidase as neurons in the neocortex, striatum, and SNpc following the injection of RAd-Ta1-
lacZ(ns) into the striatum. TH labels dopaminergic neurons and NeuN reacts with most neuronal cell types throughout the brain. (a) and (d) show nuclear
b-galactosidase, visualized with Texas red, and (b, e and h) show neurons marked with NeuN and TH, respectively, each detected with secondary antibodies
labeled with Fluorescein. Note the different labeling pattern of TH – it labels the cytoplasm and neurites – and NeuN, staining mainly the nuclei. (c) is the
overlay of (a and b); (f) is the overlay of (d and e); (i) is the overlay of (g and h). Scale bar in (g) is 100 mm. The number of double labeled cells in each case
was 495% in each of the tissues. The o5% of cells not expressing the neuronal marker were not identified further.
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the RAd injection site in the striatum (Figure 7), strongly
suggesting that GDNF expression either preserved the
density of pre-existing TH-immunoreactive fibers or
caused sprouting of TH fibers following the action of 6-
OHDA.

In animals injected with RAd-GDNF, we could detect
the following areas of differing morphology and TH
immunoreactivity within the striatum: the needle tract
was evidenced by hemosiderin staining (area 1 in Figure
7), and was surrounded by an area devoid of TH
immunoreactivity (area 2 in Figure 7), indicating an area
of cell loss. The needle tract and the area of absence of
immunoreactivity can also be seen in the animals
injected with RAd-hCMV-Gli1 or RAd-Ta1-Gli1 (illu-
strated in Figure 6c and d). However, only in the animals
injected with RAd-GDNF could we detect a significant
halo of increased TH immunoreactivity (Figures 6b and 7
(area 3)). This was surrounded by an area of reduced TH
immunoreactivity (area 4 in Figure 7) indicating the
extent of the area of 6-OHDA caused denervation. This
area of denervation extends until reaching the most
peripheral areas of the striatum where the dopaminergic
innervation had not been compromised by 6-OHDA and
thus looks preserved. In animals injected with RAd-
hCMV-Gli1 or RAd-Ta1-Gli1, as described previously,
only the area of denervation can be identified (Figure 6c).
In animals injected with RAd-GDNF, many axons
appeared thicker and more bulbous than those found
in nondenervated areas of the striatum. These atypical
axonal morphologies were detected in all animals
injected with RAd-GDNF (illustrated in Figure 7b–e).

Notice that within the area of GDNF-induced strong TH
immunoreactivity (area 3 in Figure 7a), we could detect
axons that were generally thicker, appeared more
tortuous (Figure 7b–e), and contained enlarged bulbous
terminations (Figure 7c and e) compared to those
detected in areas of the striatum where the TH
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Figure 4 Labeling of nigrostriatal neurons with FG and the stereological
quantitative unbiased stereological estimation of their numbers. Retrograde
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unbiased stereological analysis, demonstrating that the number of double-
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Figure 5 Neuroprotection of SNpc cell bodies following the injection of
RAd vectors expressing GDNF or Gli1 into the striatum. All four
treatment groups are represented: the left panels, (a, c, e, and g) show the
ipsilateral side exposed to RAd at a dose of 6� 107 IU and subsequent
6-OHDA-induced neurodegneration. In this paradigm, as FG is
administered preceding 6-OHDA-induced neurodegneration, microglial
cells on the ipsilateral side are labeled with FG, possibly by phagocytosing
degenerated neurons. Microglial cells made visible by the engulfed FG can
be distinguished morphologically from the polygonally shaped neurons and
their long neurites by a smaller cell body and fine reticular processes. The
small microglial cells never expressed TH immunoreactivity. The right
panels (b, d, f, and h) show the contralateral untreated control side, only
exposed to FG and vehicle. On this side exclusively neurons are labeled
with FG. Scale bar in (h) is 100 mm and applies to images (a–h). (i) shows
the quantitation of the survival of nigral dopaminergic neurons containing
FG.
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immunoreactivity had not been compromised by
6-OHDA (Figure 7f).

Discussion

We have previously demonstrated that the differentia-
tion factor ShhN is able to protect dopaminergic neurons
from degeneration induced by intrastriatal 6-OHDA.33,34

We also determined that Gli1, a transcription factor
thought to mediate many of the effects of Shh, is also able
to protect nigral neurons from the neurotoxic insult. We
had previously used pancellular promoter elements (eg
hCMV) to express Shh and Gli1. ShhN is secreted, and
can thus act independently of the cell that synthesizes it.
Gli1, however, is a transcription factor that most likely

acts intracellularly within dopaminergic TH-immuno-
reactive neurons in the substantia nigra. We wished to
test the hypothesis that neuronal expression of Gli1 (eg
by using a neuronal-specific promoter) will be effective
in eliciting the neuroprotective actions of Gli1 in an
animal model of Parkinson’s disease.

We utilized the Ta1 promoter element that has been
shown to mediate neuronal-specific expression in trans-
genic animals and in neurons in vitro.37,38,45,46 To
determine whether the Ta1 promoter would retain its
neuronal-specific pattern of expression within the con-
text of an adenoviral vector, we constructed a recombi-
nant adenoviral vector where Ta1 was cloned upstream
of the gene encoding b-galactosidase containing a
nuclear localization signal. Double labeling of neurons
following the injection of the Ta1-lacZ vector into the
striatum indicated that more than 95% of cells trans-
duced and expressing the reporter gene also expressed
the neuronal marker Neu-N indicating the neuronal
phenotype of transduced cells. Importantly, cells expres-
sing b-galactosidase within distant areas, for example,
neocortex, or the substantia nigra were also immuno-
reactive for the appropriate neuronal markers. This
confirms that cells that had been infected by the vector
injected directly into the striatum, or retrogradely labeled
from the injection site, were effectively neurons. This
demonstrates the strict neuronal selective expression
provided by the Ta1 promoter. This promoter has not
been used previously in the context of gene transfer and
adenoviral vectors to drive neuronal-specific expression
of transgenes in the brain in vivo.

Expression in brain areas labeled by retrograde
transport from the striatal injection site is not usually
observed when a viral promoter, for example, hCMV
promoter, is used to drive expression of the lacZ gene.47

Injection of RAd-Ta1-lacZ leads to expression of trans-
gene in cells within the striatum, and also expression in
the neocortex and substantia nigra. These data indicate
that the Ta1 promoter permits high-level expression in
the striatum, and within the cell bodies of neurons
that had been infected retrogradely from the striatal
injection site.

These results demonstrate that use of a neuronal-
specific promoter, while effectively restricting expression
to a single-cell type, does not restrict expression to a
predetermined anatomical area, since RAds are taken up
by axonal terminals and transported back to the neuronal
cell bodies. These results highlight that the use of such
cell-type specific promoters will allow expression of
transgenes in a predetermined target area and its
selective afferent neuronal projections. We also demon-
strate that the use of neuronal-specific promoters
uncovered expression of b-galactosidase in neurons that
provide afferents to the striatum; expression in neuronal
afferents to the striatum is not seen when the pancellular
hCMV promoter is used to drive expression of lacZ.47

Thus, although cell-type specific promoters are effective,
their anatomical pattern of distribution of transgene
expression needs to be assessed for each vector and
experimental paradigm, as highlighted by the expression
in afferents projecting axons to the injection site.

The data demonstrate the effectiveness of Gli1 as
a neuroprotective transgene in the 6-OHDA model of
nigrostriatal dopamine neuron degeneration, when ex-
pressed selectively in neurons. Both the promiscuous

Figure 6 Effects of RAd-GDNF (a), RAd-Gli1 (hCMV-Gli1) (b), or RAd-
Ta1-Gli1 (c) on the density of striatal TH-immunoreactive fibers in the
striatum. Injection site, area of denervation, and the boundary with normal
striatum are illustrated. The asterisks overlies the injection site, the red
broken line indicates the boundary between the denervation caused by
6-OHDA (to the left of the red line), and the remaining unaffected
striatum (to the right). Only in animals injected with RAd-GDNF did we
detect a halo of immunoreactive fibers (to the left of the broken blue line;
shown in more detail in Figure 7). No such halo was detected in any of the
animals injected with the vectors expressing Gli1. The scale bar in (c,
200 mm) applies to all images.
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hCMV and the neuron-specific Ta1 promoter elicited
significant neuroprotective effects on dopaminergic
neurons, when challenged by 6-OHDA-induced neuro-
degeneration. These results can be explained by the fact
that Gli1 needs to be expressed intracellularly in order to
protect nigral dopaminergic neurons from neurodegen-
eration. The number of substantia nigra neurons that can
be protected must depend on the number of neurons that
become retrogradely infected from the striatal injection,

and this number is unlikely to be altered by the promoter
used to drive transgene expression.

Since we used identical viral doses of all vectors, the
same number of neurons should be transduced by either
vector. Taking into account that cell-type specific
promoters are several fold less potent at driving
expression of transgenes from Rads,35,36,48–51 the fact that
RAd-hCMV-Gli1 and RAd-Ta1-Gli1 were equally effec-
tive suggests that neuronal expression of Gli1 is a very

Figure 7 Neuropathology of TH-immunoreactive fibers following the injection of RAd vectors expressing GDNF into the striatum of animals subsequently
injected with the neurotoxin 6-OHDA. (a) shows a larger representation of the area surrounding the needle tract in the ipsilateral striatum of an animal
treated with 6� 107 IU RAd-GDNF and subsequent 6-OHDA. TH was detected immunohistochemically. Five distinctive zones surrounding the needle
tract can be distinguished microscopically. 1 is the site of injection filled with macrophages, 2 corresponds with an area of necrosis, 3 shows neurites
protected from 6-OHDA neurotoxicity, 4 demonstrates the effect of 6-OHDA toxicity on DA neurons 28 days after its injection and 5 represents an area
unaffected by administration of all previously mentioned substances. (a–f) show examples of the axonmorphology in the different zones. Of particular note
are swollen dystrophic axon terminals only found in zone 3, see image (c), and in the transition between zone 4 and 5, see image (e). Scale bar in (f) applies
to images (b)–(f) and measures 20 mm.
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effective targeted therapeutic approach in this model. We
did not utilize Ta1 to drive GDNF because GDNF is
supposed to be active extracellularly, and therefore, in
principle the cell-type expressing GDNF is not thought to
play an important role. However, it is possible that
expression of GDNF directly in neurons could lead to
a more physiologically regulated release that may be
absent if GDNF is being released constitutively from
non-neuronal cells. Whether expression of GDNF selec-
tively from neurons leads to different neuroprotective or
neurotoxic outcomes remains to be determined in future
experiments.

Our results also confirm previously suggested unto-
ward effects of GDNF on the morphology of dopami-
nergic TH-immunoreactive fibers. In all animals injected
with GDNF, while we could observe a distinct corona of
increased innervation near the site where RAd-GDNF
had been injected, we could also detect that the normal
axonal morphology was affected. Whether GDNF is
protecting pre-existing TH-immunoreactive fibers, or
causing their sprouting following injection of 6-OHDA,
and whether the detected anatomical characteristics have
any bearing on the function of these axons remains to be
determined.

In summary, our results demonstrate that transcrip-
tional targeting to neurons of Gli1 expressed from a RAd
in the 6-OHDA model of nigral degeneration is neuro-
protective. Our results also demonstrate that the use of a
neuronal-specific promoter can be sufficient to achieve a
therapeutic effect. Further, the fact that the Ta1 promoter,
upon injection into the striatum, transduces not only
striatal neurons but also other striatal afferents may
provide the possibility of transducing interconnected
neuronal circuits that may provide further therapeutic
advantages.

Materials and methods

Construction of RAd-Ta1-Gli1 and RAd-Ta1-lacZ
The construction, characterization, and in vitro and in
vivo effectiveness of RAd-hCMV-GDNF and RAd-hCMV-
Gli1 has been described in detail previously.33,34 To
construct RAd-Ta1-lacZ and RAd-Ta1-Gli1, the cDNA
for lacZ or human Gli1 was cloned into the shuttle
plasmid pDE1 under the control of the Ta1 promoter
(kindly provided by Freda Miller, Toronto, Canada).
RAd-Ta1-lacZ and RAd-Ta1-Gli1 were generated by
homologous recombination after cotransfection in 293
cells of recombinant shuttle vectors with the Ad5 viral
genome plasmid pBHG10 (Microbix Inc., Toronto,
Canada). RAd-Ta1-lacZ and RAd-Ta1-Gli1 were purified
by three rounds of plaque purification by end point
dilution assay to ensure that the virus stock derived from
a single infectious viral particle. Then, large-scale preps
of RAd were performed and purified using CsCl
gradients. All vector preparations were tested for
endotoxin (LPS, lipopolysacharide) contamination using
the multitest limulus amebocyte lysate pyrogenR kit
(BioWhittaker) according to the manufacturer’s instruc-
tions. A two-step assay was used to detect contamination
of vector preparations with replication-competent ade-
novirus, as described by Dion et al52 and utilized by us
elsewhere.39,40

Detection of transgene expression
Expression of b-galactosidase was detected using pri-
mary rabbit antibodies against b-galactosidase, biotinyl-
ated secondary antibodies, and the ABC method to
detect antigen presence using light microscopic immu-
nocytochemistry, as described by us in detail else-
where.33,34,39,40

Bioactivity of Gli1 and GDNF
The bioactivity of Gli1 and GDNF were tested and
reported previously.33,34

Surgical methods
A measure of 200 g male Fisher 344 rats were kept in the
Comparative Medicine Department at Cedars Sinai
Medical Center, Los Angeles, USA. For stereotaxic
surgery, animals were maintained under gaseous an-
esthesia (Fluothane). Two holes were drilled in the skull
and 0.02 ml of 2% FG (Fluorochrome Inc.) diluted in
saline 0.9% (w/v) was bilaterally injected at the level of
the dorsal striatum in the following coordinates: AP:
+1 mm; ML: 730; and DV:�5 mm at a rate of 0.01 ml/
min. The needle was left in place for 5 min and retracted
1 mm/min. After injection of FG, RAd was injected
unilaterally at: AP: +1 mm; ML:+3; and DV: �5 mm. A
total of 6� 107 IU in 3 ml of PBS pH 7.4 was administered
at a rate of 1 ml/min. The needle was left in place for
5 min and retracted at 1 mm/min. After 1 week,
degeneration of the nigrostriatal pathway was induced
by injection of 16 mg in 6-OHDA hydrochloride (Sigma)
at the same coordinates of FG and RAd injection. The
6-OHDA was resuspended in ascorbic acid (2 mg/ml in
saline 0.9% (w/v)) and the working aliquot of 6-OHDA
was replaced every 2 h during the surgical procedure.
Animals were killed 4 weeks after injection of 6-OHDA
and their brains were fixed by transcardiac perfusion
with 4% paraformaldehyde. Brains were postfixed for an
additional 6 h and 25 and 50 mm coronal sections were
cut using a vibratome. FG+ cells were counted through-
out the rostrocaudal axis of the substantia nigra from AP:
�4.80 mm to AP: �6.04 mm.

Immunocytochemistry
Detection of TH+ neurons in the substantia nigra or
TH fibers in the striatum was carried out by immuno-
histochemistry. Briefly, brain sections were washed with
TBS (with 0.5% Triton X-100), incubated with 0.3%
hydrogen peroxide, and blocked with 10% horse serum.
Brains were incubated with primary antibody using anti-
TH polyclonal antibody (1:1000–1:2500) (Calbiochem,
USA) diluted in 1% horse serum (diluted in TBS 0.5%
triton). Total immunoglobulins conjugated with Texas
red (Jackson Research Labs, USA) or Biotin (Dakopatts,
USA) were used as secondary antibodies. Biotinylated
antibodies were detected with the avidin–biotin–horse-
radish–complex detection kit (ABC kit, Vector Labs, US).
DAB (Sigma) was used as the colorimetric substrate.
Sections were mounted on gelatine-coated slides, dehy-
drated with alcohol gradients, cleared with xylene, and
coverslipped using DPX.33,34,39,40,44

Quantitative unbiased stereological analysis
An optical fractionator protocol was used for unbiased
stereological cell estimation in the SNpc. With this
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counting technique, systematic random sampling is
performed in a three-dimensional space and cell esti-
mates are unaffected by tissue shrinkage.53 In the
anterior–posterior plain sections from bregma �4.7 to
�6.2 mm54 were included. We defined the medial border
of the SNpc in the rostrocaudal axis by the medial
terminal nucleus of the accessory optic tract or fibers of
the medial lemniscus, excluding TH+ neurons in the
ventral tegmental area, according to the rat atlas of
Paxinos. Only TH+ cells within the SNpc were counted.
Every sixth coronal section was sampled, yielding five
sections per animal. Analysis was performed using
Stereo Investigator software version 5.00 (Microbright-
field Inc., Colchester, VT, USA) and a Zeiss Axioplan 2
microscope controlled by a Ludl electronic MAC 5000 XY
stage control (Ludl Electronics Products Ltd, Hawthorne,
NY, USA), and Axioplan Z-axis control (Carl Zeiss Inc.,
Thornwood, NY, USA).

The region of interest to be sampled was traced with a
� 5 objective. To arrive at sufficiently precise cell
estimates, the number of FG+ and TH+ cells in the
ipsilateral SNpc, which tended to be somewhat below
300 were counted exhaustively on the ipsi- and contral-
ateral side. Therefore, we designed both the counting-
frame and grid-size at 125� 125 mm2 leaving no space
between counting frames. To estimate the number of
TH+ cells in the SNpc, we designed counting frames
sized 100� 100 mm2 with a grid size of 120� 120 mm2.
The thickness of all counting frames was 14 mm, and
every sixth section was counted. To avoid the problem of
lost caps and to exclude tissue that may be distorted at
the surfaces of a section, top and bottom guard zones of
3 mm each were chosen.

Cells were assessed with a � 63 oil-immersion
objective with a numerical aperture of 1.4 and were
included in the count if they were coming into focus
while focusing down from the top of the counting frame
and their top was within all boundaries of the counting
frame, that is, in the x-, y-, and z-axis. The estimate of the
total number of neurons was calculated according to the
optical fractionator formula (see West et al53 for details).
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