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Developments of technologies for delivery of foreign genes to the
central nervous system are opening the field to promising treatments
for human neurodegenerative diseases. Gene delivery vectors need
to fulfill several criteria of efficacy and safety before being applied to
humans. The ability to drive expression of a therapeutic gene in an
adequate number of cells, to maintain long-term expression, and to
allow exogenous control over the transgene product are essential
requirements for clinical application. We describe the use of an
adenovirus vector encoding human tyrosine hydroxylase (TH) 1 under
the negative control of the tetracycline-sensitive gene regulatory
system for direct injection into the dopamine-depleted striatum of a
rat model of Parkinson’s disease. This vector mediated synthesis of TH
in numerous striatal cells and transgene expression was observed in
a large proportion of them for at least 17 weeks. Furthermore,
doxycyline, a tetracycline analog, allowed efficient and reversible
control of transgene expression. Thus, the insertion of a tetracycline-
sensitive regulatory cassette into a single adenovirus vector provides
a promising system for the development of successful and safe
therapies for human neurological diseases. Our results also confirm
that future effective gene replacement approaches to Parkinson’s
disease will have to consider the concomitant transfer of TH and
GTP-cyclohydrolase transgenes because the synthesis of the TH co-
factor tetrahydrobiopterin may be crucial for restoration of the
dopaminergic deficit.

Parkinson’s disease (PD) is a severe neurological disease char-
acterized by dysfunction of the dopaminergic nigrostriatal

system (1). The major neurochemical manifestation of this disorder
is the loss of the neurotransmitter dopamine (DA) in the striatum
as a result of the progressive degeneration of the dopaminergic
neurons in the substantia nigra. The most common therapy is a
pharmacological treatment: dopa is administered to restore striatal
DA levels. Although chronic peripheral administration of dopa
consistently alleviates the symptoms of the disease in its early stages,
its efficacy decreases with clinical progression, and adverse motor
complications develop in the long-term (2).

Gene therapy holds much promise for the development of
treatment for human neurodegenerative diseases for which, as is
the case of PD, current clinical approaches are not satisfactory.
Striatal delivery of a transgene encoding tyrosine hydroxylase
(TH), the rate-limiting enzyme in the biosynthesis of DA, to
supply dopa locally is an alternative to the pharmacological
treatment of PD. The first series of investigations in animal
models of the disease demonstrated that cells genetically engi-
neered to produce TH implanted into the DA-depleted striatum
can partially reverse the animals’ behavioral deficits (3, 4). There
is an alternative to this type of ex vivo gene transfer: The
conversion of part of the striatal cell population to dopa pro-
ducing cells may be more efficient and simple. Several explor-
atory studies suggest that the direct virus vector-mediated

delivery of a TH transgene in vivo may be useful for the
development of a gene therapy for PD (5–7).

Before such therapy can be applied to humans, adequate gene
delivery systems need to be developed. In the past few years,
recombinant adenovirus has emerged as a promising tool for
direct gene transfer to the brain, where it infects quiescent and
dividing cells with high efficiency (8). Currently, much effort is
being focused on the amelioration of first-generation adenovirus
vectors: The deletion of additional and ultimately all viral genes
from the virus backbone should help overcome its immunoge-
nicity, allowing the creation of more efficient and safer gene
transfer vehicles (9–12). Another major issue in human gene
therapy is the exogenous control over the therapeutic gene
product. A vector for clinical application should allow adapta-
tion of the treatment to the needs of the patient and termination
of the therapy as necessary. In the case of PD, the local
production of adjustable levels of dopa may be essential to
attenuate the severe motor fluctuations and dyskinesias associ-
ated with chronic dopa treatment (2) and thus improve the
clinical response. The development of efficient gene regulatory
systems based on specific transcription factors that respond to
exogenous drugs has allowed the integration of inducible ex-
pression cassettes into gene delivery vectors (13, 14). One
particularly thoroughly studied circuit of transcriptional activa-
tion uses elements of the tetracycline-resistance operon of
Escherichia coli transposon 10 (15, 16) to create two novel
eukaryotic transactivators that are controlled either negatively
(tet-off system) or positively (tet-on system) by tetracyclines. The
efficacy of these transactivators for the regulation of foreign
gene expression in a variety of mammalian organs, including the
brain, has been demonstrated (17–21).

We recently reported the construction of an adenovirus vector
encoding human TH under the negative control of the tet-off
regulatory system [AdPGKztetzhTH1 (where hTH1 stands for
human tyrosine hydroxylase 1)]. AdPGKztetzhTH1 was func-
tional in infected human neural progenitor cells both in culture
and after transplantation to the rat brain (22). Here we describe
the effect of the direct injection of AdPGKztetzhTH1 into the
DA-depleted striatum of a rat model of PD. The long-term
ability of this vector to drive production of TH in striatal cells
and its responsiveness to doxycycline (dox) were analyzed. The

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: PD, Parkinson’s disease; DA, dopamine; TH, tyrosine hydroxylase; hTH1,
human tyrosine hydroxylase 1; dox, doxycycline; GFAP, glial fibrillary acidic protein; HVA,
homovanillic acid.

‡To whom reprint requests should be addressed. E-mail: mallet@infobiogen.fr.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

12120–12125 u PNAS u October 12, 1999 u vol. 96 u no. 21



biochemical and behavioral effects of TH synthesis in the
denervated striatum were investigated.

Materials and Methods
6-OHDA Lesion, Intracerebral Injection of AdPGKztetzhTH1, and Immu-
nosuppression. Young adult female Sprague–Dawley rats were
used (Charles River Breeding Laboratories, Saint Aubin les
Elbeuf, France). Surgery was performed under anesthesia with
800 mlykg of a 1:1 mixture of ketamine (Virbac animaux de
Compagnie, Vissom, France) and Rompun (Bayer, Puteaux
Cedex, France). Eight micrograms of 6-hydroxydopamine (6-
OHDA) was injected stereotactically as described (23) into the
left ascending mesostriatal dopaminergic pathway at a rate of 1
mlymin by using a microinjection pump (CMAy100; Carnegie
Medicin, Stockholm). Five to six weeks later, the apomorphine-
induced rotational behavior of animals was monitored as de-
scribed (23) two or three times at 1-week intervals. Animals
displaying mean scores of at least 250 rotations in 40 min,
corresponding to a .90% depletion of striatal dopamine (24),
were selected. The AdPGKztetzTH1 stock (3.5 3 1010 plaque-
forming unitsyml) was diluted in PBS and was injected by using
a microinjection pump and a 31-gauge cannula at a rate of 2.5
mlymin into nine intrastriatal sites as described (5). Animals
were immunosuppressed with a daily i.p. injection of 20 mgykg
cyclosporin (Novartis, Rueil-Malmaison, France) from 2 days
before and until 2 days after virus inoculation. The dose of
cyclosporin then was decreased to 10 mgykg until day 7, after
which immunosuppression was stopped. Dox was administered
in the drinking water at a concentration of 1 mgyml.

Qualitative and Quantitative Histological Analyses. At various times
after injection of the virus, animals were perfused and brains
processed as described (5). Striatal sections (20 mm) were
analyzed by standard immunohistochemical procedures. Pri-
mary antibodies were polyclonal anti-TH (Institut J. Boy, Stras-
bourg, France; 1:3,000 or 1:600 for immunofluorescence), mono-
clonal anti-nuronal nuclear antigen (NeuN, Chemicon; 1:100),
and anti- glial fibrillary acidic protein (GFAP, Dako; 1:100).
Secondary antibodies and labeling systems were the Vectastain
kit (Vector Laboratories), FITC-conjugated anti-mouse or anti-
rabbit IgG (1:100), and cyanin 3-conjugated anti-mouse or
anti-rabbit IgG (Caltag, Burlingame, CA, 1:400) for immuno-
fluorescence.

TH1 cells in each animal were counted on blind-coded
sections. The total number of TH1 cells was assessed on every
9th coronal section of 112 sections covering the entire anterior-
posterior axis of the infected striatal area. Cells were considered
as TH1 only if they were clearly identified as immunolabeled cell
bodies (objective 320), with a cell diameter ranging between 8
and 17 mm. To obtain the total number of TH1 cells per infected
striatum, raw values were corrected by using Abercrombie’s
formula (25), with a mean cell diameter of 12.5 mm.

The percent of TH1 cells expressing the astrocytic marker
GFAP or the neuronal marker NeuN was determined by using
double fluorescence-labeled striatal sections from three animals
and a fluorescence microscope. Four sections 80 mm apart from
the striatal region in which TH1 cells were particularly abundant
(at least 100 TH1 cellsysection) were scored for each animal. On
each section, the entire infected area was analyzed at high
magnification (objective 340); each field was examined by using
a filter set for FITC to detect TH1 cells and a filter set for cyanin
3 for identification of double-labeled cells. Images were taken on
a laser-scanning confocal microscope.

Analysis of Striatal Contents of DA and Metabolites. Five hours
before decapitation, 100 mgykg of (6R)-5,6,7,8-tetrahydro-L-
biopterin (6R-BH4; Schirks Laboratories, Jona, Switzerland)
was administered subcutaneously in 1% ascorbic acid. Each

striatum was dissected, weighed, and homogenized in 125 ml
(6-OHDA-lesioned striatum) or 250 ml (contralateral striata) of
0.1 M HClO4 supplemented with 0.05% Na2S2O5 and 0.05%
disodium EDTA. Homogenates were centrifuged (30,000 3 g, 20
min, 4°C), and the supernatants were neutralized with 2M
K2HPO4yKH2PO4 (pH 7.4) and were supplemented with ascor-
bate oxydase (10 mgyml; Boehringer Mannheim). After a second
centrifugation as above, 10-ml aliquots of the cleared superna-
tants were injected into a high-performance liquid chromatog-
raphy column (Ultrasphere IP, 25 cm, 0.46 cm OD, 5 mm;
Beckman Coulter) protected with a Brownee precolumn (3 cm,
5 mm). The mobile phase consisted of 70 mM KH2PO4, 2 mM
triethylamine, 0.1 mM disodium EDTA, 1.25 mM octanesulfonic
acid, and 21% methanol, adjusted to pH 3.0 with solid citric acid.
The elution rate was set at 1 mlymin, and electrochemical
quantification of dopa, DA, diydroxyphenylacetic acid, and
homovanillic acid (HVA) contents was made as described (26).

Statistical Analyses. One-factor analysis of variance (ANOVA)
was used to distribute animals into statistically balanced groups
for equality of rotational scores before adenovirus injection;
two-factor repeated measures ANOVA was used to determine
differences in rotational asymmetry between groups over time;
two-tailed paired t tests were used to compare pre- and postin-
jection rotational scores within groups over time. Two-factor
ANOVA was used to analyze the effect of BH4 and dox on DA
metabolism; when interaction between the two factors was
significant, differences between groups were further estimated
by using unpaired two-tailed t tests. One-factor ANOVA fol-
lowed by Fisher probable least-squares difference post hoc was
used to compare numbers of TH1 cells within groups over time;
two-tailed unpaired t tests were used to compare numbers of
TH1 cells between untreated animals and off-on or on-off-on
animals, respectively, at single time-points. All values are ex-
pressed as means 6 SEM. In all analyses, P , 0.05 was
considered significant.

Results
Optimization of the Injection Procedure into the 6-OHDA-Lesioned Rat
Striatum. We first determined the adenoviral dose giving the
optimal level of expression but limiting tissue damage (experi-
ment a). Good dispersion of the infection throughout the
striatum was ensured by delivering the virus to nine subsites as
described (5). Three different doses of AdPGKztetzhTH1, cor-
responding to (i) 1.75 3 108, (ii) 0.87 3 108, and (iii) 0.58 3 108

plaque-forming units, were injected into the rat striatum. In
animals injected with the dose i, only a few cells were labeled
with anti-TH antibodies (TH1) 10 days after surgery (Fig. 1A).
On adjacent sections stained with neutral red, a clear cytolytic
effect was apparent. Several enlarged blood vessels containing
large numbers of perivascular cells also were observed (Fig. 1D).
In contrast, the dose ii resulted in extensive TH-immunolabeling
within well preserved cells of diverse morphology (Fig. 1B)
throughout the striatum. Similarly, clearly defined healthy TH1

cells were observed after dose iii. However, they were fewer than
with the dose ii and less dispersed (Fig. 1C). Tissue damage and
perivascular cuffing were low after dose ii and almost undetect-
able for dose iii (Fig. 1 E and F). Thus, dose ii appeared to be
suitable for effective gene transfer. In subsequent experiments,
rats were given an acute immunosuppressive treatment (cyclo-
sporin) to favor persistence of TH expression.

Efficacy, Persistence, and Cellular Specificity of AdPGKztetzhTH1-Me-
diated TH Expression in the 6-OHDA-Lesioned Rat Striatum. Trans-
gene expression was evaluated after intrastriatal inoculation of
AdPGKztetzhTH1. At early time-points (experiment b), TH-
immunolabeling was extensive in infected rat striata (Fig. 2 A and
B): A total of '104 cells were TH1 (Table 1). Persistence of TH
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expression driven from AdPGKztetzhTH1 was estimated in a
group of animals that were killed after 17 weeks (experiment c):
'6 3 103 cells were TH1, indicating a ,50% mean drop as
compared with early time-points (Fig. 2 D and H; Table 1).

Morphological analysis of the TH1 cells suggested that the

majority of them were of glial origin, although some neuron-like
cells were also TH1. Double fluorescence labeling for detection of
cell-specific markers and TH indicated that astrocytes (Fig. 3 A–C),
neurons (Fig. 3 D–F), microglia, and oligodendrocytes (not shown)
produced TH. TH1 cells expressing the astrocytic marker GFAP

Fig. 1. Effects of direct injection of various doses of AdPGKztetzhTH1 on striatal TH expression and tissue aspect. Shown are anti-TH-immunohistochemistry (A–C)
and neutral red staining (D–F) of adjacent sections. (A and D) Dose i. (B and E) Dose ii. (C and F) iii. [Bar 5 100 mm (A–C) and 500 mm (D–F).]

Fig. 2. Striatal TH expression as visualized by anti-TH immunohistochemistry: 2.5 weeks after direct injection of AdPGKztetzhTH1 in an untreated (A and B) or
a dox-treated animal (E); 2 weeks after addition of dox to the drinking water of an on-off animal (C); 1 (F) or 3 (G) weeks after dox removal in an off-on animal;
and 17 weeks after viral injection in a dox untreated (D) or in an on-off-on animal (H). [Bar 5 1 mm (A and C–H) and 50 mm (B).]
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or the neuronal marker NeuN were counted: '40% of them
(41.8 6 5.6) were astrocytes and 15% (13.7 6 2.8) neurons.

Regulated hTH1 Expression in the 6-OHDA-Lesioned Rat Striatum. The
possibility of regulating expression of TH from
AdPGKztetzhTH1 in vivo was assessed. Rats were injected with
the virus and either were treated daily with dox or were not
treated (experiment b). Two-and-a-half weeks after virus injec-
tion, substantial TH immunolabeling was found in animals that

had not been treated with dox (Fig. 2 A and B; Table 1). In
contrast, no TH1 cells were found in rats treated with dox,
indicating that the production of immunodetectable amounts of
TH was efficiently inhibited (Fig. 2E; Table 1). Radioactive in
situ hybridization using an oligonucleotide hybridizing to the
hTH mRNA confirmed these results at the transcriptional level
(Fig. 5; additional information is published as supplemental data
on the PNAS web site, www.pnas.org).

We tested whether TH expression could be turned off in
animals already expressing the transgene and back on in animals
treated with dox. Two-and-a-half weeks after virus injection,
previously untreated animals were given dox (group on-off ) and
dox-treated animals were switched to water (group off-on). One
week after addition of the antibiotic, TH immunolabeling was
dramatically reduced in the striatum of on-off animals (not
shown). After 2 weeks, it was abolished (Fig. 2C; Table 1). In
off-on animals, TH-staining was progressively restored (Fig. 2 F
and G), with numerous TH1 cells appearing as early as 1 week
after removal of dox (the first time point analyzed); after 10 days,
the number of TH1 cells was '40% of that found in animals that
had not been treated with dox (Table 1).

To determine whether transgene expression could be switched
repeatedly, a group of animals injected with AdPGKztetzhTH1
(experiment c, group on-off-on) was at first not treated for 2.5
weeks. Extensive TH1 immunolabeling comparable to that
obtained in experiment b was observed (not shown). Animals
then were shifted for 4 weeks to dox. This resulted in abolition
of TH immunolabeling (not shown). Subsequent withdrawal of
dox for 10 weeks allowed restoration of TH expression (Fig. 2H)
with a number of TH1 cells similar to that in animals that had
never received dox (Fig. 2D, Table 1).

Apomorphine-Induced Rotational Behavior of 6-OHDA-Lesioned Rats.
The functional effect of the AdPGKztetzhTH1-mediated hTH
synthesis in the DA-depleted striatum and its dependence on
treatment with dox were evaluated. Apomorphine-induced ro-
tations were quantified at various time-points after inoculation
of the virus and were compared with preinjection values. A
significant overall reduction of apomorphine-induced rotation
was observed early after injection of the virus (Fig. 4). However,
after 6 weeks, pre- and postinjection measurements were similar.
There was no significant difference between values obtained in
untreated and dox-treated animals at any time-point.

AdPGKztetzhTH1-Mediated Production of dopa, DA, and its Metabo-
lites Diydroxyphenylacetic Acid and HVA in the 6-OHDA-Lesioned Rat
Striatum. After inoculation of AdPGKztetzhTH1, rats were either
untreated or treated with dox for 4 weeks and were killed

Fig. 3. Laser confocal scanned images illustrating colocalization of TH with the
astrocyte marker GFAP and the neuronal marker NeuN after intrastriatal injec-
tion of AdPGKztetzhTH1. Double-immunofluorescence of representative sections
treated with anti-TH (green; A and D) and anti-GFAP (red; B) or anti-NeuN (red;
E) antibodies and corresponding superposed images (C and F). (Bar 5 30 mm.)

Fig. 4. Quantification of apomorphine-induced rotation in untreated (nt)
and dox-treated animals at various times after injection of AdPGKztetzhTH1
(experiments b–d). Asterisks indicate significant differences between pre- and
postinjection rotational scores within groups (P # 0.01 for double and # 0.05
for single asterisks). n, number of animals.

Table 1. Quantification of the total number of striatal TH1 cells
at various times after injection of AdPGKztetzhTH1

Experiment n Group

Weeks after

TH1 cells
Virus

injection dox 1y2

b 4 2.5 — 9710 6 1228
b 3 on 6 — 9925 6 1270
c 4 17 — 5716 6 442*
b 7 off 2.5–6 — 0
b 3 on-off 4.5 2 0
b 3 off-on 4 1.5 3989 6 856*
c 4 on-off-on 17 10 4956 6 941

n, number of animals; 1y2, additionyremoval. *, P , 0.05 vs. group on at
2.5 and 6 weeks after virus injection.
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(experiment d). Striata were dissected, and dopa, DA, diydroxy-
phenylacetic acid, and HVA were assayed in the lesioned and
unlesioned striatum of each animal. Virus-injected animals that
had been allowed to express the transgene displayed similar
tissue levels of dopa, DA, and its metabolites as virus-injected
dox-treated animals (Table 2).

We evaluated whether exogenous administration of the TH
cofactor BH4 caused an increase in DA metabolism in the
AdPGKztetzhTH1-injected lesioned striatum. Some of the animals
in experiment d received a subcutaneous injection of BH4 before
sacrifice, a treatment that significantly increases brain levels of BH4
(27). In animals that had been allowed to express the transgene,
contents of dopa in lesioned striata were significantly higher than
in all other groups, representing '460% of contents in correspond-
ing contralateral striata (Table 2). Levels of the DA metabolite
HVA were also significantly increased, reaching '20% of those
measured in contralateral striata. In contrast, no stimulating effect
of BH4 was observed in virus-injected animals treated with dox.

Discussion
We analyzed the effect of the direct injection of
AdPGKztetzhTH1 (22), an adenovirus encoding hTH1 under the
control of the tet-off regulatory system, into the DA-depleted
striatum of 6-OHDA-lesioned rats. We demonstrated the effi-
cacy of this virus for the controlled delivery of a transgene with
therapeutic potential into the brain. In the appropriate experi-
mental conditions, AdPGKztetzhTH1 allowed efficient delivery
of the TH transgene to the whole striatum. TH immunolabeling
was detected in a large number of striatal cells of glial and
neuronal type and was persistent. Most importantly, dox allowed
efficient reversible control of transgene expression.

Exogenous control of the synthesis of the therapeutic gene
product has become a major requirement for gene therapy.
Several attempts are being made to construct vectors for the
direct controlled delivery of gene products to the central nervous
system. Gene regulatory cassettes have been inserted into herpes
simplex virus-based vectors, adeno-associated virus vectors, and
adenoviral vectors to control the expression of reporter genes in
the brain (28–30). One particularly advanced study reported the
development of a two vector-based tetracycline-regulatable ad-
enoviral system for on-off switching of a transgene encoding
enhanced green fluorescent protein (30). The design of a gene
delivery system to incorporate into one DNA molecule both the
regulatory system and the transgene would be an important step
toward effective and safe clinical application. AdPGKztetzhTH1
is an adenovirus vector that meets this criterion. It allowed
efficient and repeated on-off switching of TH after direct
intrastriatal injection: TH immunolabeling in the rat striatum
was abolished within 2 weeks of inclusion of dox in the animal’s
drinking water; conversely, after withdrawal of dox, large num-
bers of TH1 cells appeared within 1 week, and immunostaining

was progressively restored. Interestingly, resumption of TH
expression was considerably more delayed in intrastriatal grafts
of human neural progenitor cells infected ex vivo with
AdPGKztetzhTH1, suggesting a slower clearance rate of dox
from human transplants than from rat striatal tissue (22). In
general, the delay required for gene reactivation could be
shortened by the use of lower doses of dox that may still be
sufficient to inhibit transgene expression (22).

Another major requirement for effective gene therapy is the
maintenance of gene expression. One factor that may compromise
the duration of adenovirus-mediated gene expression is a strong
cytotoxicity. Accurate adjustment of the viral dose can obviate this
detrimental effect: The optimal dose allowed expression of the
transgene in a large number of cells whereas double this dose
resulted in limited expression and a disrupted striatal tissue, clearly
indicative of a cytopathic effect. Another factor that could limit the
efficacy of gene transfer mediated by first generation recombinant
adenoviruses is the host immune response to infected cells. Al-
though less effective than in peripheral organs, the inflammatory
reaction elicited by these vectors does also exist in the central
nervous system, where it is accompanied by a marked decline in the
number of transduced cells over time (31, 32). Immunosuppressing
drugs interfering with the proliferation and differentiation of
T-cells may reduce T-cell infiltration into the injection site and
facilitate maintenance of gene expression (33, 34). We therefore
combined the use of the appropriate viral dose with transient
immunosuppression with cyclosporin. In these conditions, trans-
gene expression in the rat striatum was maintained for at least 17
weeks with an only moderate decrease in the number of TH1 cells.
Despite the immunosuppressive treatment, however, a host inflam-
matory reaction was observed in injected striata that was particu-
larly important early after virus inoculation. Indeed, 2.5 weeks after
injection of AdPGKztetzhTH1, numerous CD41 and CD81 cells
clustered at the injection site. At later time-points, inflammation
was less important: Although CD41 cells persisted throughout the
injected striatum until 17 weeks, they were considerably fewer than
at early time-points and more dispersed; only a few CD81 cells were
detected at 6 weeks but no more at later time-points (Fig. 6; see
supplemental data at www.pnas.org).

Apomorphine-induced rotational asymmetry in 6-OHDA le-
sioned rats is a behavioral indicator of the extent of DA restoration
in the denervated striatum (35, 36). We have previously reported
significant behavioral recovery in this animal model 1 and 2 weeks
after the intrastriatal injection of an adenovirus encoding hTH1; in
contrast, control animals that had received a virus encoding a lacZ
reporter gene did not modify their behavior (5). However, the mean
decrease of apomorphine-induced rotation was only modest (30%
after 1 week, 22% after 2 weeks) as compared with that observed
after transplantation of a dopa-producing cell line (50%) (23).
Here, AdPGKztetzhTH1 allowed reliable analysis of the behavioral
data obtained after the direct TH gene transfer to the 6-OHDA
lesioned striatum. Driving synthesis of TH in a conditional manner,
this vector provides a good internal control, eliminating experi-
mental bias related to the use of different vectors with independent
characteristics concerning their stock, titer, dilution volume, etc. As
previously observed, there was a general decrease in the apomor-
phine-induced rotation shortly after injection of AdPGKztetzhTH1.
However, this decrease was only transient: The rotational scores
increased progressively and were similar to preinjection values 6
weeks after infection, a time at which TH immunolabeling in the
infected lesioned striata was as widespread as earlier. Most impor-
tantly, there was no difference between values obtained for animals
that had been treated or not treated with dox, demonstrating that
the observed short-term behavioral recovery was not correlated
with the expression of TH. This latter phenomenon may rather be
a consequence of the strong early virus-induced inflammatory
response (Fig. 6; see supplemental data).

Table 2. Effect of AdPGKztetzhTH1 on levels of dopa, DA, and its
metabolites in the 6-OHDA-lesioned rat striatum

n dox BH4

Percent of values in corresponding contralateral
striata

Dopa DA DOPAC HVA

7 2 37.7 6 6.5 2.8 6 0.6 3.8 6 1.4 6.0 6 2.2
No

6 1 24.3 6 10.8 2.6 6 1.0 3.9 6 1.6 4.1 6 2.3
10 2 466.4 6 9.1* 1.1 6 0.4 6.1 6 1.2 18.5 6 4.3†

Yes
9 1 57.7 6 16.5 0.8 6 0.3 3.5 6 0.5 2.5 6 1.8

DOPAC, diydroxyphenylacetic acid; n, number of animals.
*P # 0.01 and †P , 0.05 vs. all other groups.
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In accordance with the lack of functional effect associated
with the intrastriatal expression of hTH1, the striatal contents of
dopa, DA, and its metabolites were no higher in animals injected
with AdPGKztetzhTH1 than in 6-OHDA-lesioned controls. Pre-
sumably, transgenic hTH was not active in the lesioned host
striatum. The hydroxylation of tyrosine mediated by TH requires
the cofactor BH4 (37). Levels of BH4 are substantially lowered
in PD patients (38, 39) and in the 6-OHDA denervated striatum
(40), such that residual BH4 may be insufficient to promote
significant exogenous TH activity. This hypothesis is supported
by the finding that a subcutaneous injection of BH4 induced a
substantial increase of tissue dopa levels in lesioned striata of
rats that had received AdPGKztetzhTH1. Tissue levels of HVA
were also significantly increased, indicating that, in these con-
ditions, DA was synthesized and subsequently degraded. In a
previous study, high striatal tissue levels of dopa obtained after
grafting of a cell line genetically modified to express TH1 were
accompanied by a significant increase of extracellular DA and
resulted in behavioral recovery in 6-OHDA-lesioned rats (23).

Several other studies have underlined the essential role of BH4
in experiments involving the transfer of a TH transgene into animal
models of PD. The first evidence was from ex vivo approaches
involving the use of primary fibroblasts genetically modified to
synthesize TH (41–43). These cells lack a GTP-cyclohydrolase I
activity catalyzing the rate-limiting step in the biosynthesis of BH4.
After grafting to the 6-OHDA-lesioned striatum, synthesis of dopa
was promoted only if the cells were engineered to coexpress
GTP-cyclohydrolase I or after exogenous BH4 infusions. Recently,
it has been shown that the conversion of part of the striatal cell
population to TH-synthesizing cells by direct infection using an
adeno-associated virus vector also requires the delivery of BH4 to
allow production of dopa (44).

Both our results and this latter study are inconsistent with two
other previous investigations reporting the long-term functional
efficacy of a therapy based on the direct adeno-associated virus or
herpes simplex virus vector-mediated transfer of a TH cDNA to the
striatum of 6-OHDA-lesioned rats (6, 7). However, in the first case,
evaluation of DA metabolism was not reported (7), and, in the
second case, transduction efficiency was extremely low (5–300 total
TH1 cells) (6), raising concerns about the correlation between the
observed phenotypic correction and the intrastriatal production of
exogenous TH (44, 45). In light of our results and the above
discussed studies, it appears that successful gene replacement
paradigms aimed at reverting the dopaminergic deficit of PD will
have to include concomitant transfer of TH and GTP-
cyclohydrolase I transgenes. Other factors involved in the biosyn-
thesis of DA may be necessary to optimize this approach, i.e., the
enzyme aromatic L-amino acid decarboxylase promoting the con-
version of dopa to DA.

In conclusion, we demonstrate that the combination of a
tetracycline-sensitive gene regulatory cassette with a single
adenovirus vector is a powerful system for the obtention of
efficient, sustained, and controlled synthesis of a gene product
in the rodent brain. Transposed to new generations of adeno-
virus vectors optimized for minimal cytotoxicity and immuno-
genicity, this system should provide a substantial advance toward
the development of beneficial and safe therapies for human
neurodegenerative diseases.
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