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As a novel trial of neuroprotective therapy of neuro-
degenerative diseases, we have constructed a recombi-
nant adenovirus vector (rAdv) bearing a neurotrophic
factor gene to deliver the factor to rescue neurons in
vivo. In the present study, human glial cell line-derived
neurotrophic factor (hGDNF) was chosen to examine
the applicability of our strategy to a mouse model of
Parkinson’s disease. During the construction of the
rAdv, we found that the strong constitutive hGDNF
expression unit somehow inhibited the appearance of
the rAdv. Therefore we adopted a self-contained tetra-
cycline-regulated expression system to acquire an
rAdv expressing hGDNF. By analyzing the condition
medium of SH-SY5Y cells infected with our con-
structed virus vector, we confirmed that biologically
active GDNF was successfully expressed in vitro. For
an animal study, we delivered this virus vector di-
rectly to the C57 black mouse brain and then exposed
the animal to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP) to injure the nigrostriatal dopaminergic
neurons. One week after the MPTP exposure, the neu-
roprotective effect of the virus vector was estimated
by measurement of the dopamine content in the stria-
tum of the mouse brain. The mice that had received
our constructed virus had significantly higher dopa-
mine levels in their striatum, demonstrating that our
rAdv expressing hGDNF has therapeutic potential to
protect the nigrostriatal dopaminergic neurons in
VIVO. © 1997 Academic Press

Neurotrophic factors have been shown to rescue neu-
rons from various insults. Although the pathophysio-
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logical processes of neurodegenerative diseases are not
fully understood, clinical trials using neurotrophic fac-
tors are currently in progress to prevent progression of
the symptoms of the patients affected by neurodegener-
ative diseases, especially amyotrophic lateral sclerosis.
To realize effective in vivo delivery of neurotrophic fac-
tors to the degenerating neurons, we have attempted
to develop a recombinant adenovirus vector (rAdv) for
the expression of a neurotrophic factor in vivo [1]. In
this study, we further designed an in vivo experiment
to investigate the possibility that administration of
rAdv expressing neurotrophic factor(s) could provide a
neuroprotective effect in a mouse model of Parkinson’s
disease. Since glial cell line-derived neurotrophic factor
(GDNF) [2] has been shown to support the survival of
midbrain dopaminergic neurons effectively in vivo [3-
8], we examined the effect of adenovirus-mediated
transduction of the human GDNF (hGDNF) gene into
mouse brain on 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-induced injury to the nigrostriatal
neurons.

MATERIALS AND METHODS

Materials. MPTP was obtained from RBI, Natick, MA. The cos-
mid vector Ax1CAwt [9] was kindly donated by Dr. lzumu Saito
(Institute of Medical Scinece, University of Tokyo); and another cos-
mid vector, Axlcw [10], was obtained from RIKEN GENE BANK,
Ibaraki, Japan. Plasmids required for the tetracycline-regulated ex-
pression system [11] were purchased from Gibco, Grand Island, NY,
and Clontech, Palo Alto, CA. A human GDNF ELISA kit and recombi-
nant hGDNF were obtained from Promega, Madison, WI.

Animals. Male C57BI/6NJcl mice were purchased from Japan
CLEA, Tokyo. They were maintained at the controlled temperature
of 23°C with a 12/12 hr light/dark cycle and had free access to food
and water throughout the experiments. They were subjected to the
experiments at the age of 10-12 weeks.
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FIG. 1. Structure of AXCAG-hGDNF, pCTnT-hGDNF and AXCTnT-hGDNF. (A) AXCAG-hGDNF virus could not be obtained. CAGp:
CAG promoter; hGDNF: human GDNF ¢cDNA; RBGpA: rabbit g-globin gene-derived polyadenylation signal. (B) pCTnT-hGDNF is a pUC-
based vector that contains both CMV promoter-driven tTAn gene and Tet promoter-driven hGDNF gene in the Xhol-Xhol region. CMVp:
cytomegalovirus immediate early promoter and enhancer; tTAn: tetracycline transactivator gene with nuclear localization signal; SV40pA:
SV40-derived polyadenylation signal; Tetp: tetracycline transactivator-dependent promoter; BGHpA: bovine growth hormone gene-derived
polyadenylation signal. (C) Genomic structure of AXCTnT-hGDNF virus. AXCTnT-hGDNF is an E1, E3-deleted adenovirus vector that bears

the Xhol-Xhol region of pCTnT-hGDNF in the deleted E1 region.

Preparation of virus vector. Recombinant adenovirus vectors
bearing an hGDNF expression unit were constructed according to
the same method as reported previously [1]. Briefly, pAXCA-hGDNF
(Fig. 1A) was constructed by inserting human GDNF cDNA into
the Swal site of Ax1CAwt, which is a cosmid vector used for the
construction of rAdv’s [9]. The pUC19-based vector pCTnT-hGDNF
was generated by combining the human cytomegalovirus immediate
early promoter-driven tetracycline transactivator (tTA [11]) gene
with tetracycline-responsive promoter (Tetp [11])-driven hGDNF
cDNA as presented schematically in Fig. 1B. The tTA protein en-
coded by this plasmid was modified by adding a nuclear localization
signal (MPKRPRPS [12]) to its N-terminus. pAXCTnT-hGDNF (Fig.
1C) was constructed by inserting the blunted Xhol-Xhol fragment of
pCTnT-hGDNF into the Swal site of Ax1lcw, which is another cosmid
vector employed for the construction of rAdv's [10]. Each cosmid
vector DNA (8 ug) was co-transfected by the calcium phosphate pre-
cipitation method into 293 cells with 1 ug of EcoT22l-digested
AxXRSV-LacZ virus DNA tagging terminal proteins [1, 10]. After the
genome structure of the viruses that were produced was confirmed
by digestion with restriction enzymes, the viruses were propagated,
concentrated, and stocked according to the same method as described
previously [1].

Quantification of GDNF content in conditioned media of infected
SH-SY5Y cell cultures. SH-SY5Y human neuroblastoma cells [13]
in 25-cm? culture flasks were maintained in Dulbecco’'s modified Ea-
gle’'s medium (DMEM) with 10% fetal bovine serum (FBS). The cells
were then infected with AXCTnT-hGDNF or AXRSV-LacZ virus (1
multiplicity of infection). One day after the infection, the medium

was completely replaced with 5 ml of fresh medium, and then the
cultures were incubated further for 3 days. hGDNF concentration in
the conditioned media was measured with a hGDNF ELISA assay
kit according to the supplier's manual.

Biological activity of conditioned media toward primary rat nigral
neurons. Biological activity of GDNF in the conditioned media was
determined with the survival assay for rat embryonal midbrain dopa-
minergic neurons. Briefly, primary midbrain neurons from E18 rat
embryos were maintained in 48-well culture wells [14]. Then the
cells were incubated for one week in DF medium (1:1 mixture of
DMEM and F12 medium) containing 5% horse serum, 1% FBS, 1%
adult rat serum, and a 1% concentration of several dilutions of condi-
tioned media. Thereafter the cells were immunostained with anti-
rabbit tyrosine hydroxylase (TH) antibody [15], and the number of
the TH-immunopositive neurons was counted in each well.

In vivo delivery of virus vectors and toxin exposure. For the study,
mice were divided into four experimental groups (n=10): group S,
sham-operated mice without MPTP exposure; group C, mice given
control vehicle with MPTP exposure; group Z, mice given AXRSV-
LacZ control virus with MPTP exposure; and group G, mice given
AXCTnT-hGDNF virus with MPTP exposure. At day 0, 2 ul of Dulbec-
co's phosphate-buffered saline (DPBS) containing viruses [2 X 10°
plaque-forming unit (p.f.u.)] or control vehicle (DPBS without virus)
was injected slowly into the left striatum (AP: O mm, L: 2 mm, D:
3.6 mm to the bregma) through a 27-gauge needle of a Hamilton
syringe. At days 2 and 3 (two consecutive days), MPTP (40 mg/kg)
in sterile water was administered subcutaneously to the mice.
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Dopamine concentration in striatum. At day 9, the mice in each
group were killed and their brains removed. Then each side of the
striatum was separately excised and collected on a cooled plate. The
striatum was homogenized in 0.4 ml of 0.1 M perchloric acid con-
taining 1 mM EDTA. The dopamine concentration of the supernatant
was determined by reverse-phase HPLC with electrochemical detec-
tion according to the method reported [16]. Dopamine concentration
in each side of the striatum was expressed as a percentage of the
average concentration (ng/mg wet tissue) of the same side of the
sham-operated mouse brain.

Statistical analysis. Among the mice exposed to MPTP, dopamine
concentration in the striatum (% of sham-operated mice) was com-
pared by ANOVA followed by Scheffe’s post hoc test.

RESULTS

Instability of high-expression unit of hGDNF in rAdv
in 293 cells. Initially we sought to obtain rAdv having
the hGDNF gene under the control of the strong consti-
tutive promoter CAG [17] by the same method as used
for the construction of rAdv expressing brain-derived
neurotrophic factor (AXCA-BDNF) [1]. However, we
failed to obtain any recombinant virus bearing the com-
plete hGDNF expression unit after four independent
transfections. Our acquired recombinant viruses al-
ways lost either of the Clal sites, suggesting that the
CAG promoter-driven GDNF expression unit somehow
inhibited the appearance of the recombinant virus
bearing the complete expression unit. As an alternative
approach, a semi-constitutive (semi-inducible) pro-
moter system was designed in which a tetracycline-
transactivator with a nuclear localization signal (tTAnN)
promotes the expression of the hGDNF gene that is
placed downstream of the tTA-dependent promoter
(Tetp) [11]. Using the cosmid vector harboring the
above expression unit (self-contained tTAn-Tet expres-
sion unit), we could easily obtain the AXCTnT-hGDNF
virus vector by a single transfection in the presence
of tetracycline (10 pg/ml). AXCTnT-hGDNF could be
propagated similarly as AXRSV-LacZ, and we obtained
1.2 x 10 p.f.u./ml stock solution of the virus.

In vitro transduction of hGDNF gene into SH-SY5Y
human neuroblastoma cells by rAdv. To confirm
whether our constructed vector expressed hGDNF, we
infected SH-SY5Y human neuroblastoma cells with the
viruses; and the conditioned media of the infected cell
cultures were then assayed for immunoreactivity to-
ward hGDNF antibody. The conditioned media (5 ml)
of the cells infected with AXCTnT-hGDNF possessed
973 + 342 ng/ml of hGDNF, whereas the conditioned
media of the cells infected with AXRSV-LacZ did not
contain any detectable level of hGDNF. Further analy-
sis was performed to examine whether the conditioned
medium had the biological activity of supporting the
survival of primary cultures of rat nigral neurons. We
could confirm the presence of biologically active
hGDNF protein in the conditioned media from the cell
cultures infected with AXCTnT-hGDNF (Fig. 2).
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FIG. 2. Activity in conditioned medium for supporting survival
of rat midbrain dopaminergic neurons in culture. The number of TH-
immunopositive neurons (cells/well) in each group (n=4) is shown
(mean = S.D.). In the left half of the figure, the standard curve is
presented. In the right half, the survival-supporting activity of the
conditioned media of the cells infected with AXCTnT-hGDNF is
shown.

Application of AXCTnT-hGDNF to a mouse model of
Parkinson’s disease. We planned the present animal
experiment considering that the expression of trans-
genes in adenovirus vectors usually continues for 10-
14 days in the central nervous system [18-20].

In the sham-operated mice, the insertion of the nee-
dle did not affect the content of dopamine in the striata
(inserted side: 9930 *+ 672 ng/g; contralateral side:
10084 * 853 ng/g). Our adopted dose (40 mg/kg) of
MPTP produced a marked reduction in dopamine levels
to 7% of values for sham-operated mice in the DPBS-
injected (control) mice (Fig. 3, group C). As shown in the
figure, intrastriatal administration of AXCTnT-hGDNF
virus significantly (p<0.005) lessened the MPTP-in-
duced reduction in dopamine content in the injected
side of the striatum (to 16%), whereas administration
of AXRSV-LacZ control virus did not (to 9%).

To know whether administration of a higher dose of
AXCTnT-hGDNF would provide a more beneficial ef-
fect, we also performed an experiment using 5 x 10’
p.f.u. of the virus solution. However, in several repeats
of this experiment, we found that the dopamine content
in the virus-injected side was reduced (to 13%) and had
become lower than that in the contralateral side of the
striatum (to 18%). As for the injection of the higher
dose of the control virus, the dopamine content of the
both side became similarly low (to 6%), suggesting that
the adenovirus vector inhibited the neuroprotective ef-
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FIG. 3. Striatal dopamine levels of MPTP-treated mice. Striatal
dopamine (ng/g wet tissue) in each experimental group is expressed
as a percentage of the average of the value for the sham-operated
group (mean * S.E.). C: mice given control vehicle; Z: mice given
AXRSV-LacZ virus; G: mice given AXCTnT-hGDNF virus. n=10,
*p<0.005 (Scheffe’s post hoc test).

fect of hGDNF when the high titer solution of the ade-
novirus vector was applied.

DISCUSSION

In this study, we explored the possibility that a hu-
moral factor(s) delivered by rAdv could provide protec-
tive effects on deteriorated neurons in vivo. In a previ-
ous paper [1], we reported successful adenovirus-medi-
ated transduction of one of the neurotrophic factor
genes, that encoding BDNF, into the mouse brain in
vivo. Here, using GDNF, a different neurotrophic fac-
tor, we transduced the gene of this factor into a mouse
model of Parkinson’s disease to confirm the applicabil-
ity of our strategy. The presented data clearly demon-
strate that intrastriatal administration of an rAdv ex-
pressing hGDNF can provide some protection for the
mouse nigrostriatal neurons against MPTP-induced in-
jury. GDNF has been reported to be one of the hopeful
factors that provide beneficial effects to the nigrostria-
tal neurons in primate models of Parkinson's disease
[21, 22]. Adenovirus-mediated transduction of the
hGDNF gene should thus be applied also to these mod-
els to examine the therapeutic potential of our strategy.

Furthermore, a recent report showed that adenovi-
rus-mediated transduction of the GDNF gene protected
against 6-hydroxydopamine-induced damage to the ni-
grostriatal neurons of rats [23]. Administration of 6-
hydroxydopamine to the brain produces reactive oxy-
gen species in the neurons. Similarly, the neurotoxic
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activity of MPTP has been reported to be mediated by
nitric oxide [24]. Reactive oxygen species and reactive
nitrogen species are now considered to be deeply in-
volved in neuronal cell death observed in some neuro-
logical diseases. These results suggest that GDNF has
neuro-protective activity against various other insults
caused by reactive oxygen species and reactive nitrogen
species.

During the construction of the rAdv for the expres-
sion of hGDNF, we found that the high expression unit
of hGDNF (CAG-hGDNF) inhibited the appearance of
rAd virus having the complete expression unit. The 293
cells used as a host for the viruses originated from
human embryonal kidney [25], and GDNF-knock out
mice shows developmental anomaly of the kidney [26-
28]. Together with our results, we suppose that GDNF
can influence the phenotype of kidney-derived 293 cells
to block adenovirus multiplication at some step(s).

For the construction of the rAdv for the expression
of hGDNF, instead of using weaker constitutive pro-
moters, we adopted a “self-contained tetracycline
transactivator-dependent expression system”. In this
system, both tTAn gene and a gene of interest (h\GDNF
gene) are expressed from the same adenovirus genome.
With this system, we could easily obtain rAdv express-
ing hGDNF, although we did not have full command
of the expression of Tetp-driven transgenes in the ge-
nome of the rAdv (data not shown). However, according
to a recent report [29], tTA with SV40 large T antigen-
derived NLS (NtTA) is very effective for both activating
and suppressing gene expression from rAdv by tetracy-
cline with strict control. By replacing tTAn gene with
NtTA gene, we may acquire rAdv as a self-contained
and strictly controllable tetracycline-regulated expres-
sion system; and such vectors may be useful for strictly
regulating the expression of transduced foreign genes
in vitro and in vivo.

Besides the above difficulty in the construction of
the rAdv expressing GDNF, we encountered another
difficulty in in vivo experiments: when high titers of
the virus solution was used, the dopamine content in
the virus-injected side became lower than that in the
contralateral side, indicating that our constructed vi-
rus might have some neurotoxic effects on the nigrostri-
atal neurons. We suppose that this cytotoxic activity
may be partially attributed to the immunogenic or cyto-
toxic character of the first-generation adenovirus vec-
tors. To overcome these difficulties, we are now devel-
oping safer vectors for delivery of neurotrophic factors.
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