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Doxycycline-regulated co-expression of GDNF and TH in PC12 cells
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Abstract

Current gene therapy models for Parkinson’s disease (PD) have adapted two treatment strategies. One is to restore dopamine (DA) production by
delivering the genes of DA-synthesizing enzymes such as tyrosine hydroxylase (TH) to the striatum to relieve motor symptoms of PD. Another is to
block or slow down progressive degenerative changes by delivering neurotrophic factors such as glial cell line-derived neurotrophic factor (GDNF)
to protect the remained neurons. To test the assumption that the combination of the two strategies may have a compound or synergistic effect,
we had constructed tetracycline-inducible (tet-off) AAV vector carrying GDNF and TH. After co-transfection of PC12 cells with this vector and
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he inducer plasmid, the expression of GDNF and TH protected these cells from 1-methyl-4-phenyl-pyridinium-induced injury, and significantly
ncreased the content of dopamine in GDNF/TH-expressing cells compared with the control. Furthermore, mRNA expression of GDNF and TH
ould be effectively and reversibly regulated by doxycycline (Dox) and the function of GDNF and TH could be repressed by Dox. These results
uggest that the tet-off AAV vector carrying GDNF and TH may be a useful tool for gene therapy in the treatment of PD.
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arkinson’s disease (PD) is a common neurodegenerative dis-
ase characterized by motor abnormalities such as rest tremor,
igidity and bradykinesia. The primary histopathological hall-
ark of this disease is dopaminergic striatal insufficiency result-

ng from a loss of dopaminergic neurons in the substantia
igra pars compacta. Current gene therapy models for PD have
dapted two treatment strategies. One is to restore dopamine
DA) production by delivering the genes of DA-synthesizing
nzymes such as tyrosine hydroxylase (TH) to the striatum to
elieve the motor symptoms of PD. Another is to block or slow
own the degenerative process by transducing genes encoding
rowth factors such as glial cell line-derived neurotrophic fac-
or (GDNF), antioxidant molecules, or antiapoptotic molecules
6]. In patients with early stages of PD, about 20% dopamin-
rgic neurons still remain and GDNF gene transfer may pro-
ect these neurons from degeneration, therefore, slow down the
evelopment of PD. On the other hand, TH gene transfer can
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immediately relieve the PD symptom. The combination of the
two strategies, therefore, may have a compound or synergistic
effect.

Inducible transgene expression systems are useful when the
timing or dose of gene expression is critical for gene function.
The tetracycline-controllable expression system, tet-off or tet-
on, offers a number of advantages such as tight off/on regulation,
high inducibility and fast response. It has no known interac-
tion with endogenous materials because the system is entirely
prokaryotic. Moreover, the small-molecule inducer-doxycycline
(Dox) can be used at doses far lower than those used clinically
as an antibiotic [2].

Adeno-associated virus (AAV) vectors are excellent candi-
dates for gene therapy of neurological diseases. In the basal
ganglia, AAV vectors are very effective in transducing neurons,
and a long-term expression of the AAV has been demonstrated
[1]. Furthermore, AAV vectors have a good safety profile [13],
and elicit only low titer and transient neutralizing antibodies
and no inflammation has been observed when they are admin-
istered in the brain. Since AAV has a cassette limit of approxi-
mately 5 kb, the tet responsive cassette shows great promise for
a combined use with AAV, as it is relatively small compared
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transfer of larger transgenes or double transgenes within a single
vector.

To determine the feasibility of a combined model of GDNF
and TH, we had constructed a single AAV tet-off vector carry-
ing these two genes. The expression of GDNF and TH could
protect dopaminergic neurons against the cytotoxicity of 1-
methyl-4-phenyl-pyridinium (MPP+) and increase the content
of dopamine in PC12 cells, and the expression of transgenes
could be efficiently and reversibly regulated by Dox. This sys-
tem may be useful for gene therapy of PD.

We had constructed a tet-off AAV vector pSVbi(+), the
inducer plasmid pcDNA3.1/Hygro(+)-tTA and the reporter vec-
tor pSVbi-RFP-GFP [14]. We replace red fluorescent protein
(RFP) with GDNF (a kind gift from Shuzhi Li) by XhoI site,
and replace green fluorescent protein (GFP) with TH (a kind
gift from Guo-heng Xu) by BamHI and EcoRV sites. Then we
got the functional vector pSVbi-GDNF-TH.

PC12 cells [14] were transfected with LipofectAMINE 2000
transfection reagent using the modified protocol as previously
described [7]. Twenty-four hours post-transfection, the cells
were trypsinized and diluted in the ratio of 1:5 into com-
plete medium containing geneticin (500 �g/ml) and hygromycin
(250 �g/ml). Geneticin-hygromycin resistant clones were iso-
lated 4 weeks later.

A reverse transcription polymerase chain reaction (RT-PCR)
assay was used to determine the mRNA expression of GDNF
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an electrochemical detection (HPLC-ECD) system (ESA, USA).
The standard curve for each compound was calculated using
regression analysis of the ratios of the peak areas for various
concentrations of each compound recorded at the reducing elec-
trode.

We co-transfected cells with the pSVbi-GDNF-TH or pSVbi-
RFP-GFP plasmid harboring geneticin-resistance gene and
pcDNA3.1/Hygro(+)-tTA plasmid harboring the hygromycin-
resistance gene. Four weeks after geneticin-hygromycin selec-
tion, double-stable clones were obtained. One RFP/GFP-
positive PC12 clone (named PC12-RFP-GFP) with high expres-
sion of RFP/GFP were obtained and retained fluorescence for
over 20 passages with no decrease in intensity. Using the same
approach, we obtained one GDNF/TH PC12 clone (named
PC12-GDNF-TH).

The cells were treated with different concentrations of Dox
for 48 h, washed with PBS and cultured without Dox for another
48 h. On each day, three samples from each group were collected
and RT-PCR was performed. Before Dox treatment, the mRNA
expression between groups was the same. Twenty-four hours
after the Dox treatment, the transcription began to decrease. At
48 h post-Dox treatment (10 �g/ml), the transcription of cells
was almost not detectable and the induction factor was 12-fold
for GDNF and 23-fold for TH. Forty-eight hours after the with-
drawal of Dox, the transcription recovered to the the control
level (Fig. 1).
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nd TH in relation to that of glyceraldehyde-3-phosphate
ehydrogenase (GAPDH) as previously described [16]. The
rimers of GAPDH were adopted from previously published
eport [12]. The primers of GDNF and TH were used in
he following way. Sense: 5′-TGTCTGCCTGGTGTTGCTC-
′, antisense: 5′-CGTTTAGCGGAATGCTTTC-3; 597 bp for
DNF. Sense: 5′-ATGAGCTGGACACCCTTG-3′, antisense:
′-TTTATTGTGACGGTGATTG-3′; 331 bp for TH. After
mplification, the products were separated on a 1.5% agarose
el in the presence of ethidium bromide and visualized under
ltraviolet light.

Fifty microlitres of a 5.0 �M MTT solution in PBS was trans-
erred to each well of a 96-well plate to yield a final assay volume
f 250 �l/well and incubated for 3 h at 37 ◦C. The supernatant
as removed by aspiration, and the converted dye had been

olubilized for 3 h at 37 ◦C with 250 �l of buffer containing
0% (w/v) N,N-dimethylformamide, 20% sodium dodecylsul-
ate (SDS), 0.5% (v/v) 80% acetic acid, and 0.4% (v/v) 1N HCl.
bsorption was measured at a wavelength of 570 nm using a
icrotiter plate reader (Bio-Rad, USA). Relative viability (%)
as calculated as the ratio of MTT reduction in treated cells

ompared with untreated controls.
The cells were harvested and washed with PBS, then ice-

hilled with 200 �l of perchloric acid (0.2 M) containing 0.5 mM
thylene diamine tetraacetic acid (EDTA). After sonication, the
amples were centrifuged at 7000 × g for 30 min at 4 ◦C. The
upernatant was neutralized with 2 M K2HPO4/KH2PO4 (pH
.4) and were supplemented with 10 mg/ml ascorbate oxydase
Boehringer Mannheim, Germany). After a second centrifuga-
ion, 10 �l aliquots of the cleared supernatants were analyzed
ith high performance liquid chromatography combined with
The parkinsonian neurotoxin MPP+ mimics the neuropathol-
gy of PD and kills neurons likely by inhibiting complex I of
he electron transport chain [9]. Therefore, it is used often as an
n vitro PD model. Three days after 100 �M MPP+ treatment,
he viability of PC12 cells decreased significantly (P < 0.001)
ompared with the naı̈ve cells. However, the viability of PC12-
DNF-TH cells maintained at the significantly higher level

ompared with the MPP+-treated PC12 cells (P < 0.001), sug-
esting that co-expression of GDNF and TH could protect PC12
ells from MPP+-induced cytotoxicity. The addition of Dox
ecreased the viability of PC12-GDNF-TH cells treated with
00 �M MPP+ to the same level as MPP+-treated PC12 cells
days after the Dox treatment (Fig. 2). Thus, the protection

f PC12-GDNF-TH cells against MPP+ could be regulated by
ox.
The protection and the enhancement of DA content are two

unctional purposes of our study. As the above experiments
onfirmed the protective effects of GDNF-TH co-expression,
e further examined whether the combined expression could

ncrease the content of DA in the transfected cells. After HPLC-
CD, the content of DA in cells was measured (Fig. 3). The
ontent of DA in the cells transfected with GDNF-TH genes
ncreased significantly compared with the naı̈ve cells and cells
ransfected with RFP/GFP genes. As expected, the content of
A in the GDNF-TH positive cells decreased to the levels seen

n the naı̈ve or RFP-GFP-positive cells 3 days after the addition
f 1.0 ng/ml Dox.

Since PD is associated with 80–95% depletion of striatal TH
ctivity [10], we utilized the TH gene as one of the two tar-
et genes. The present study confirmed that the content of DA
n transfected cells increased significantly compared with the
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Fig. 1. Dox-regulated transcription of GDNF and TH. The ratio of GDNF and TH against GAPDH was calculated within 96 h after Dox was added. The results are
the mean ± S.E.M. of three samples.

controls. We utilized GDNF as the second target gene to pro-
vide neurotropism for progressively degenerating dopaminergic
neurons in PD. Our results showed that combined expression of
GDNF and TH significantly protected GDNF/TH positive cells
from neurotoxicity and increased the DA content in PC12 cells,
which suggested that the two genes act additively. It was reported
that the combined use of TH and BDNF had a synergistic ther-
apeutic effect [15], whether there is a synergistic effect for the
combination of TH and GDNF on DA neuronal survival remains
further study.

Considering clinical application, it is desirable to limit trans-
gene expression to a defined time frame and/or to precisely
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control the expression level. It has been reported that too many
dopaminergic neurons may elicit undesirable side effects, such
as uncontrollable dyskinesias in clinical fetal neural transplan-
tation [8]. In Kirik’s study [4], rAAV-mediated expression of
GDNF in the right striatum of healthy animals resulted in
an asymmetrical behavior, presumably due to an excess of
dopamine in the injected side relative to the intact side. These
experiments demonstrate that the amount and duration of trans-
gene expression should be controlled. In the previous study, we
reported that the expression of RFP/GFP could be regulated by
Dox within 10 days [14]. In this study, the repression and recov-
ery time of GDNF and TH mRNA was only 2 days. The main
reason is that the half-life of RFP/GFP protein is more than that
of mRNA of GDNF and TH. Although considerable regulation in
gene expression could be obtained between the on and off states
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ig. 2. Protective effect of GDNF/TH reduced after the administration of Dox.
elative viability (%) was calculated as the ratio of MTT reduction in treated
ells compared with untreated controls. The results are the mean ± S.E.M. of
–6 individual wells. ***P < 0.001 (vs. naı̈ve PC12), ###P < 0.001 (vs. MPP+
roup), $$$P < 0.001 (vs. 0 ng/ml Dox group).
ig. 3. Comparision of DA content in PC12 cells. The cells were collected and
he content of DA in the cells was detected by HPLC-ECD. The results were

ean ± S.E.M. of three samples. ***P < 0.001 (vs. naive or RFP-GFP positive
ells), ###P < 0.001 (vs. GDNF-TH positive cells).
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with this AAV vector, some residual gene expression remained
in the off state. However, this low residual transgene expres-
sion will probably be good for gene therapy of PD. In potential
clinical application, GDNF and TH are already endogenously
produced at low levels in the targeted tissue and are overex-
pressed through gene transfer in order to obtain a therapeutic
effect [5].

The tet system has been incorporated into AAV vectors in
a variety of ways. Several different configurations have proven
effective, using either one or two separate vectors [2]. It has been
reported that AAV ITR contains both promoter and enhancer
activity which could influence the level of background gene
expression [3]. Although it is difficult to compare with other
studies, the bidirectional tet promoter used in our study has the
advantage of generating the lowest background expression. In
our two-vector system, high-level expression of tTA in both the
on and off states may lead to transcriptional squelching, which
occurs when the VP16 component of the transactivator titrates
out essential components of the transcriptional machinery. But
the potential transcriptional ‘squelching’ may decrease if the
weak minimal thymidine kinase promoter is used in place of the
minimal CMV promoter of tTA [11].

In summary, we have constructed a doxycycline-responsive
system that promotes tight regulation of one single AAV vector-
mediated GDNF and TH in PD cell models. Our next step is to
pack this vector into viruses which may represent a promising
s
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