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Abstract

MyoD, a master regulatory gene for myogenesis, converts mesoderm derived cells to the skeletal muscle phenotype MyoD gene transfer into
skin fibroblasts has been attempted in an effort to diagnose genetic muscle diseases. Although the gene transduction efficiency of adenoviral
gene delivery systems is higher than that of various other systems, the rate of myo-conversion is insignificant. Since high adenovirus doses are
cytotoxic and exogenous MyoD expression is insufficient for skin fibroblasts to re-differentiate into muscle cells, we constructed the novel
adeno-MyoD vector, Ad.CAGMyoD using the recombinant CAG promoter. Even at a lower multiplicities of infection most skin fibroblasts
infected with Ad.CAGMyoD could convert into myotubes without vector-induced cytotoxicity. The converted cells expressed muscle-specific
desmin and full-length dystrophin, both of which were detected by Western blotting. Genetic and immunohistochemical analyses using skin
fibroblasts and our vector system are reliable and useful for the clinical diagnosis of genetic muscle diseases.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Muscle biopsy is a standard method of evaluating
histopathological, histochemical, and immunohistochem-
ical changes associated with genetic muscle diseases. In
addition, the genetic background and/or the gene expression
profile can be determined from DNA and/or RNA that is
extracted from biopsy specimens [1]. Muscle biopsy can be
performed in adults under local anesthesia, which is not
risky even when patients have muscular diseases. However,
general anesthesia is necessary for muscle biopsies in young
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pediatric patients and this poses a significant risk of
malignant hyperthermia when children have muscular
diseases [2]. In addition to the risks, histological changes
in muscle tissue are sometimes progressive and biopsies can
therefore be unsuitable as diagnostic markers.

Multiplex PCR using DNA and/or RNA extracted from
blood can overcome the shortcomings described above in
patients with Duchenne and Becker muscular dystrophies
(DMD and BMD) [3]. However, only 50-60% of clinically
suspected muscular dystrophy patients have been conclus-
ively diagnosed using this method. Rather, the forced
myogenesis of non-muscle cells (e.g. skin fibroblasts and
amniotic fluid cells) with viral vector-mediated MyoD
cDNA transduction is useful [4-]10]. MyoD is one of the
genes that regulate mammalian skeletal muscle develop-
ment, and therefore, myogenesis mediated by MyoD
theoretically allows the investigation of muscle-specific
gene expression and proteins in non-muscle cells {1]-14].
However, the efficiency of myo-conversion is not consist-
ently high enough for practical diagnostic studies |7].
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To address this issue, we constructed a novel adenoviral
expression vector, Ad.CAGMyoD, which contains MyoD
cDNA under the control of the powerful recombinant CAG
promoter [15]. Here, we show that the Ad.CAGMyoD
vector will be a useful tool for the genetic, histochemical
and immunohistochemical diagnoses of muscle diseases.

2. Materials and methods

2.1. Cells

We established skin fibroblasts from a 2-year-old patient
with Duchenne muscular dystrophy (DMD) and performed
a simultaneous muscle biopsy as follows. In addition, we
acquired control skin fibroblasts from another patient from

whom a skin biopsy confirmed the diagnosis of an’

undetermined non-muscular metabolic disease. We
obtained the written informed consent of the parents
confirming that both children could participate in the
study, which was approved by our institutional Ethics
Committee. Skin fragments were finely minced with
scissors in RPMI medium, plated into a 60 mm dish and
incubated Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS). After
4-5 days, fibroblasts began to proliferate from the fragment
margin and created monolayer. The outgrowing cells were
morphologically consistent with fibroblasts by their charac-
teristic spindle-shaped appearance. All experiments were
carried out with cells derived from up to four passages.

2.2. Adenoviral vector construction

We generated recombinant adenoviral vectors using the
Saito method as reported [16]. Briefly, we excised
the MyoD expression unit containing murine MyoD
¢DNA under the control of the CAG promoter from
pCAGGS-MyoD. Murine MyoD cDNA was a gift from
Dr Y. Nabeshima (National Institute of Neurology, Tokyo).
The CAGGS-MyoD unit was inserted into the Swal site of
the pAdexlw cosmid that contained the genome of
adenovirus type 5 without the E1 and E3 regions. The
cosmid was co-transfected with the EcoT221-digested
adenovirus DNA-terminal protein complex into 293 cells
by calcium phosphate co-precipitation. The recombinant
adenovirus vector, Ad.CAGMyoD, was isolated, amplified
and purified by double CsCl gradient centrifugation [17].
The titer of Ad.CAGMyoD determined by the end-point
cytopathic assay was 1 X 10° PFU/ml. The control vector,
Ad.CAGEGFP, which contained the EGFP ¢cDNA under the
control of the CAG promoter, was prepared in the same
manner as Ad.CAGMyoD and the titer was 1 X 10° PFU/ml.
The final preparations were stored at —80 °C.

2.3. Adenoviral transduction

Primary skin fibroblasts seeded at a density of 1X 10°
cells per well of six well collagen coated culture plates were
infected with Ad.CAGMyoD at several multiplicities of
infection (moi) in FCS free DMEM for 1 h. The cells were
rinsed twice with phosphate buffered saline (PBS), and
cultured in DMEM containing 10% FCS for 2 days,
followed by DMEM containing 2% FCS for myogenic
induction.

2.4. Toxicity assay

The vector toxicity towards the cells was detected by the
MTT assay (CellTiter 96® AQueous Non-Radioactive Cell
Proliferation Assay, Promega) on day 7 after infection.

2.5. Western blotting

Primary fibroblasts infected with Ad.CAGMyoD were
rinsed twice with PBS, scraped from the plates, and then
sedimented by centrifugation. Cell pellets were
re-suspended in 50 pl of sample buffer (40 mM Tris, pH
8.0, 240 mM glycine, 8 mM EDTA, 10% SDS, 0.03%
bromophenol blue, 40% glycerol, 100 mM DTT, 2 pg/ml
aprotinin, 0.5 pg/ml leupeptin hemisulphate, 2 mM PMSF),
homogenized with a 27 G needle, heated to 95°C for
10 min, and then centrifuged. Samples were loaded on a 4
15% SDS-PAGE gradient gel (in 250 mM Tris, 192 mM
glycine, 0.1% SDS) and then transferred to Hybond™
ECLTM nitrocellulose membranes (in 200 mM Tris,
192 mM glycine, 0.1% SDS, 20% methyl alcohol). To
detect MyoD, desmin or dystrophin, the nitrocellulose
membranes were incubated for 90 min at room temperature
with antibodies to NCL-MyoD1 (1:20, Novocastra), DE-U-
10 (1:150, Sigma), or NCL-Dys2 (1:100, Novocastra),
respectively. NCL-MyoD1 is a mouse monoclonal antibody
that recognizes an epitope near the C-terminus of MyoD1
protein. DE-U-10 is a mouse monoclonal anti-desmin
antibody. NCL-Dys2 is a mouse monoclonal antibody that
recognizes the C-terminus between amino acids 3669 and
3685 of human dystrophin. The internal control for loaded
samples was the same membrane incubated with an anti
[B-catenin mouse monoclonal antibody (1:2000, Transduc-
tion Laboratories). Bound antibodies were visualized by
subsequent chemiluminescent reaction with a horseradish
peroxidase conjugated goat antibody to mouse IgG
(1:20,000, ICN) in the ECL system (Amersham).

2.6. Immunocytochemistry

After various periods of Ad.CAGMyoD infection at an moi
of 50, cultured cells were fixed and stained with antibodies to
desmin (1:20, DE-U-10) or dystrophin (1:20, NCL-Dys2).
Bound antibodies were visualized using a VECTASTAIN
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ABC Goat IgG Kit (Vector Laboratories, Inc.) and a secondary
biotin conjugated goat antibody to mouse 1gG.

3. Results and discussion
3.1. MyoD protein expression

We evaluated the ability of Ad.CAGMyoD to express
MyoD protein in human primary fibroblasts. Cells were
infected with Ad.CAGMyoD at an moi of 1, 3, 10, 30, 100
or 300, harvested 2 days later, and then Western blotted.
MyoD protein appeared at an moi of 10 and then increased
with the dose of Ad.CAGMyoD dependent manner
(Fig. 1A). The viability of infected cells, however,
decreased at an moi above 100 (Fig. IB).

3.2. Myogenic conversion induced by MyoD expression

Since MyoD per se is a regulatory gene for myogenesis,
molecules in MyoD transduced cells should sequentially
change towards myogenesis [18]. Desmin, one of the
earliest well-known muscle-specific structural protein
during skeletal muscle development [19], were used to
examine the pattern of myogenesis. By immunocytochemi-
cal method with anti-desmin antibody, we found that
transduction of Ad.CAGMyoD at an moi of 3, 10, and 30
converted the fibroblast cells to myotubes 2-5, 15-20, and,
50-65%, respectively. Thus, conversion efficiency
increased linearly by increasing the moi and reached
a plateau at an moi of 100. However, at this relatively
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Fig. 1. Expression of MyoD protein in human fibroblast culture after
Ad.CAGMyoD transduction at various moi (A). Western blotting
proceeded 2 days after Ad.CAGMyoD transduction. Extracted proteins
separated on 4.5-15% polyacrylamide SDS-PAGE gels were immuno-
blotted with antibodies against MyoD and internal standard B-catenin. Cell
viabilities of human fibroblast culture after transduction with Ad.CAG-
MyoD at various moi (B). Data were obtained 7 days after Ad.CAGMyoD
transduction.
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Fig. 2. Histochemical detection of desmin in human fibroblast culture
before or after Ad.CAGMyoD transduction. Desmin staining was carried
out before or 6 days after Ad.CAGMyoD transduction at moi of 50.

high moi, cytotoxicity was apparent and approximately a
half of the plated cells was dead after 6 days in culture (data
not shown). On the other hand, over 80% of Ad.CAGMyoD
transduced cells were desmin positive with at an moi of 50
without cytotoxicity (Fig. 2). These results indicated that the
optimal moi of Ad.CAGMyoD transduction was 50, so we
used this level of infection for subsequent studies of primary
human skin fibroblasts. :

Morphological changes towards myotubes were
observed by microscopy from 72h after infection and
these increased over time (data not shown). To understand
the molecular mechanism involved in this change, we
sought the relationship between the MyoD’s effects and
desmin expression. Human primary skin fibroblasts
transduced with Ad.CAGMyoD at an moi of 50 were
harvested after 6, 12, 24, 48, 72 or 120 h. As shownin Fig. 3,
MyoD expression in skin fibroblast increases the develop-
mental switch from desmin gene expression after 48 h of
Ad.CAGMyoD transduction.

3.3. Application to genetic diagnosis

To examine the applicability of the Ad.CAGMyoD
system to the genetic diagnosis of musclular diseases, we
use fibroblasts from a patient with DMD as a typical genetic

-muscle disease and investigated whether DMD fibroblast

cells could be converted to myotubes without dystrophin,
which is not present in DMD muscle [20]. Fibroblasts
obtained from a patient with a non-musclular discase were
applied to the control dystrophin positive cells. The
Ad.CAGEGFP vector containing the EGFP gene driven
by the same CAG promoter was utilized as the control
adenoviral vector. The EGFP gene encodes recombinant
green fluorescent protein, which does not effect myogenic
conversion [21}.

Western blot studies showed that full-length dystrophin
protein as well as desmin was observed in non-muscular
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Fig. 3. Time course analysis of MyoD and desmin expression in human
fibroblast culture transduced with Ad.CAGMyoD at moi of 50. Western
blot analysis showed that MyoD was detected from 24 through 72 h after
transduction. Forty-eight hours after transduction, muscle-specific desmin
protein was become to express and increased over time.

fibroblasts 14 and 21 days after Ad.CAGMyoD transduc-
tion. Conversely, despite the expression of desmin,
dystrophin was not detected in Ad.CAGMyoD transduced
DMD fibroblasts even on day 21. Desmin was not expressed
in samples with Ad.CAGEGFP transduction (Fig. 4A).

Histological analysis clearly revealed immunostained
dystrophin in converted myotubes from the patient with the
non-muscular disease. In contrast, although Ad.CAGMyoD
transduced DMD fibroblasts also started to shift towards
myotubes after day 3, dystrophin was not stained eventually
in morphologically well-converted DMD myotubes on day
21 (Fig. 4B). No morphological changes were observed in
Ad.CAGEGFP transduced fibroblasts from both patients
(data not shown).

3.4. Discussion

Because MyoD protein binds to sequences in the
enhancers or promoters of other myogenic regulatory
genes, such as the Myf5, myogenin, and MRF4 genes, and
triggers their expression, MyoD protein is a key muscle-
specific transcriptional factor [8.9]. The constitutive
muscle-specific gene expression, such as of desmin and
dystrophin, follows that of MyoD and other myogenic
regulatory genes [22.23].

Previous studies have shown that the recombinant viral
vector mediated exogenous MyoD expression in mesoderm
cells could cause their conversion to the myogenic
phenotype. Weintraub et al. have constructed an ampho-
tropic retroviral vector containing MyoD cDNA driven by
the MoMLYV long terminal repeat [7]. Probably because of
the poor transduction efficiency of the retroviral vector,
infected target cells had to be selected in medium containing
G418 to obtain MyoD positive cells. Although an active cell
cycle is necessary for G418 selection, the MyoD protein per
se induces cell cycle arrest through the activation of p21, a
Cdk inhibitor [24]. Probably due to this dilemma, cells
selected in medium containing G418 were more resistant to
G418 and expressed less MyoD. We also found that
extremely low levels of MyoD expression were induced
using the same retroviral vector system (data not shown).

Adenoviral vectors have often been used to overcome
low transduction efficiency despite the transient nature of
exogenous gene expression. However, MyoD expression
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Fig. 4. Time course analysis of dystrophin expression in human fibroblast
culture transduced with the recombinant adenoviral vectors at moi of 50
(A). Ad.CAGMyoD transduced fibroblasts from patient with non-musclular
disease were cultured for 10, 14 or 21 days. Ad.CAGEGFP transduced
fibroblasts from patient with non-musclular disease were cultured for
21 days. AA.CAGMyoD or Ad.CAGEGFP transduced fibroblasts from
DMD patient were also cultured for 21 days. MyoD: Ad.CAGMyoD;
EGFP: Ad.CAGEGFP; Normal: non-muscular disease; DMD: Duchenne
muscular dystrophy. Histochemical detection of dystrophin in human
fibroblast culture 21 days after transduction with Ad.CAGMyoD at moi of
50 (B). Dystrophin staining was carried out in morphologically well-
converted myotubes from both the patient with the non-muscular disease
and DMD patient.

starts at 18 h after muscle necrosis, reaches the maximum
level at 48 h and then decreases, indicating that transient
MyoD expression is sufficient for myogenesis [25]. Muiry et
al. constructed a recombinant adenoviral vector containing
murine MyoD cDNA driven by the Rous sarcoma virus LTR
[8]. This vector at a dose of 1000 or 200 pfu/cell allowed
MyoD gene expression in 80 or 60% of cultured rat cardiac
fibroblasts and only 14 or 2% of cells showed morphological
changes towards myotubes, respectively. However, even
with such a high transduction efficiency, only a minor
portion of the MyoD positive cells differentiated into the
muscle phenotype, according to microscopy. Perhaps a
higher level of MyoD expression per cell is necessary for
phenotypic conversion. Either a high levels of transduction
or expression efficiency of the gene is required in target cells
to increase the amount of MyoD protein. However, since a
higher titer of the adenoviral vector is cytotoxic, the vector
dose could not be increased {26,27].

We explored the notion that expression of the transduced
gene could be increased through higher transcriptional or
translational enhancement. In this context, we used the CAG
promoter, which could generate more mRNA from the
MyoD gene and thus increase the amount of MyoD protein
expressed in infected cells even at a lower vector dose. We
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constructed the novel adenoviral vector, Ad.CAGMyoD,
which contains murine MyoD cDNA under the control of
the powerful recombinant CAG promoter [15]. Using the
above system at an moi of 10 in. cultured skin fibroblasts,
Western blotting, which is not highly sensitive, confirmed
MyoD protein expression. At an moi of 50, over 80% of
primary fibroblasts were converted into myotubes, as
confirmed by microscopy. We used murine MyoD cDNA
for this experiment, however, human MyoD cDNA might be
more increased the ratio of myogenic conversion of human
fibroblasts efficiently.

The myoblast cell line, RD, which was derived from a
human rhabdomyosarcoma, contains a very low level of
MyoD protein that is undetectable by Western blotting
(Fig. 1A). This indicated that maintenance of the myogenic
phenotype such as that of RD requires only a small amount
of MyoD, whereas the re-differentiation of well-differen-
tiated fibroblasts into myogenic cells requires a consider-
ably higher level of MyoD expression.

MyoD expression mediated by Ad.CAGMyoD was
detected from 2 to 4 days after infection, which in fact
was compatible with the physiological MyoD expression
time course in regenerating muscle [24]. Therefore,
cytotoxic effects were not evident in these cells for 3
weeks, during which they expressed the muscle-specific
constructive protein, full-length dystrophin.

Molecular studies of cytoskeletal proteins in muscle cells
have recently revealed that genetic abnormalities in
dystrophin associated protein complexes in the sarcolemma,
such as dystrophin [20], sarcoglycans [28], and merosin
[29], are responsible for some types of progressive muscular
dystrophies. Although the genes responsible for these
diseases have been discovered, genetic diagnosis is not
always possible because of the complex nature of the
regulation of gene expression. When abnormalities are
located in non-coding regions such as the introns or in the
regulatory regions of the genes [30-32], PCR (muitiplex and
others) and/or cDNA sequencing cannot yield a diagnosis.
Using the procedures described here, we obtained diagnoses
at the level of proteins such as DMD and BMD, even when
diagnosis by means of multiplex PCR and/or Southern
blotting was impossible. For example, when biopsied
muscle tissue was extremely damaged and/or non-specific
(secondary) disappearance of the protein responsive gene
product was suspected, in vitro myogenesis with our
technique allowed a diagnosis. Further experiments are
underway to examine the applicability of our technique to
genetic muscle diseases other than DMD/BMD, such as
congenital muscle dystrophies. DMD/BMD can be diag-
nosed in utero using amniotic fluid cells only when some
genetic information is available [33]. Even in the absence of
such information, in vitro myogenesis presents one potential
option for diagnosis.

In addition, because large numbers of fibroblasts can be
cultured, our system using in vitro myogenesis opens up the

possibility of a basic strategy for the in vitro cell/organ
engineering treatment of muscle diseases.

In conclusion, Ad.CAGMyoD exhibits high transduction
efficiency with high levels of MyoD expression. Therefore,
it should be a promising practical vector that could be an
excellent candidate for the genetic diagnosis of myogenic
diseases.
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AAV1 Mediated Co-expression of Formylglycine-
Generating Enzyme and Arylsulfatase A Efficiently
Corrects Sulfatide Storage in a Mouse Model of
Metachromatic Leukodystrophy
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Metachromatic leukodystrophy (MLD) is a lysosomal
storage disorder caused by a deficiency of arylsulfatase A
(ASA) and is characterized by deposition of sulfatide in
all organs, particularly the nervous system. Recently,
formylglycine-generating enzyme (FGE) was found to be
essential for activation of sulfatases. This study examined
the utility of FGE co-expression in AAV type 1 vector
(AAV1)-mediated gene therapy of ASA knockout (MLD)
mice. AAV1-ASA alone or AAV1-ASA and AAV1-FGE were
co-injected into a single site of the hippocampus.
Enzyme assay and immunohistochemical analysis
showed that ASA was detected not only in the injected
hemisphere but also in the non-injected hemisphere by
7 months after injection. Level of ASA activity and extent
of ASA distribution were significantly enhanced by co-
introduction of AAV1-FGE. Marked reductions in sulfa-
tide levels were observed throughout the entire brain.
The unexpectedly widespread distribution of ASA may
be due to a combination of diffusion in extracellular
spaces, transport through axons, and circulation in
cerebrospinal fluid. The rotarod test revealed improve-
ment of neurological functions. These results demon-
strate that direct injection of AAV1 vectors expressing
ASA and FGE represents a highly promising approach
with significant implications for the development of
clinical protocols for MLD gene therapy.

Received 5 January 2006; accepted 11 September 2006.
doi:10.1038/sj.mt.6300012

INTRODUCSION

Metachromatic leukodystrophy (MLD) is an autosomal recessive
lysosomal disease caused by a deficiency of arylsulfatase A (ASA).
MLD is characterized by accumulation of sulfatide and
demyelination in the central and peripheral nervous systems
causing severe progressive central nervous system symptoms.'

Allogenic bone marrow transplantation in very early stages has
been shown to be effective to delay disease progression in some
cases,” but no specific treatment is currently available for the
most frequent and severe late-infantile form of MLD. Like other
lysosomal enzymes, part of ASA is excreted into the extracellular
space and taken up by neighboring cells via a cation-independent
mannose-6-phosphate receptor-mediated pathway.>* This phe-
nomenon, called cross-correction, is the rationale for enzyme
replacement and gene therapy of lysosomal storage disorders
without neurological lesions.”” However, since the major target
organ of MLD treatment is the nervous system, which is tightly
guarded by the blood-brain barrier, the clinical efficacy of
classical enzyme replacement therapy is likely to be limited.?

A possible method to treat neurological lesions is direct
injection of viral vector carrying ASA in the brain. However, the
major obstacle of this approach is how to distribute secreted ASA
to the entire area of the large human brain. Even if the enzyme
can cross correct surrounding non-transduced cells, multiple
injections of large numbers of vector particles seem likely to be
required if the whole brain is to be treated. Enhancement of gene
expression may be important to minimize such invasive
procedures.

Recent reports noted that post-translational formylation of a
cysteine residue at the active site by formylglycine-generating
enzyme (FGE) or sulfatase-modifying factors (SUMFL) is
required for activation of all sulfatases, including ASA7? We
have recently demonstrated that co-expression of FGE is essential
for efficient expression and secretion of the active form of ASA in
both cultured cells and mouse liver using plasmid vectors
expressing ASA and FGE.'* In cultured cells, FGE expression
synergistically increased ASA activity up to 20-fold in cell lysates,
and 70-fold in medium, indicating that the level of FGE is rate
limiting.

ASA knockout mice have been extensively characterized'
and are widely used as a mouse model for MLD.*'** The
storage pattern of sulfatide is comparable to that of affected
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humans, but the degree of demyelination and neuromotor
dysfunctions are mild and the mice have normal life span. ASA
knockout mice have been recently treated by gene therapy
approaches. Expression of ASA alone by lentiviral vector'® and
AAV vector?® resulted in reduction of sulfatide storage and
prevention of neuromotor impairment, suggesting that newly
synthesized ASA was activated, at least partially, by endogenous
FGE. However, it is not known whether endogenous FGE is
sufficient for overexpression of active ASA in the brain. In the
present study, we generated AAV1 vectors carrying ASA or FGE
and examined the utility of FGE co-expression in AAV1-
- mediated direct gene therapy of MLD model mice.

RESULTS

Distribution of ASA in the brain

We generated three AAV serotype 1-based vectors expressing
ASA and GFP (AAV1-ASA), FGE and GFP (AAV1-FGE), and
GFP and neoR (AAV1-GFP). AAV1-ASA with or without AAV1-
FGE was injected into the CA3 region of 8-month-old ASA-
knockout mice (MLD mice). At 7 months after vector injection,
ASA activity and enzyme distribution in the brain were
examined using p-nitrocatechol sulfate and immunohistochem-
ical methods, respectively. The brain was separated into three
parts: the left (uninjected) hemisphere, the right (injected)
hemisphere, and the cerebellum. Colorimetric enzyme assay with
the artificial substrate p-nitrocatechol sulfate is known to reveal
considerable background activities in ASA-null mice, probably
due to nonspecific sulfatase activities.”’ However, a significant
increase in sulfatase activity was detected in the injected
hemisphere of MLD mice treated with AAV1-ASA. In addition,
slightly increased sulfatase activities were seen in the uninjected
hemisphere and cerebellum. Co-injection of AAV1-FGE sig-
nificantly increased sulfatase activity throughout the entire
brain, indicating a strong synergistic increase in ASA activity
(Figure 1a).
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Figure 1 ASA activily and sulfatide content in the brain after direct
AAV1 injection. The CA3 regions of the hippocampus of 8-month-old
MLD mice were injected with AAV1 vectors and examined 7 months
later. (a) ASA activity and (b) sulfatide content in the injected
(ipsilateral) and uninjected (contralateral) hemispheres and cerebellum
of MLD mice injected with AAV1-GFP (n=6), AAV1-ASA (n=6), and
AAV1-ASA + AAV1-FGE (n=7) and age-matched C578L/6 mice (n=6).
Data represent mean + SEM. *P<0.01; **P<0.001.
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Distribution pattern of ASA activity was studied by
immunohistochemical analysis (Figure 2). Stereotactic injection
of AAV1-GFP into the CA3 region of MLD mice resulted in
strong GFP expression in cells around the injected area. In
addition, GFP signals were seen throughout the hippocampus
even on the non-injected side (Figure 2a), indicating efficient
axonal transport of intracellular GFP molecules to the contral-
ateral hemisphere. When AAVI1-ASA and AAVI1-FGE were
coinjected, ASA-positive cells were clearly detected in pyramidal
cell layers of the hippocampus on both injected and uninjected
sides (Figure 2d). The distribution pattern of ASA is different
from that of GFP. GFP positive cells were detectable only in the
injected area, although GFP signals, not cell bodies, were seen
within the whole hippocampal formation on both sides (Figure
2¢). These results suggest that both ASA and GFP molecules are
transported in the hippocampal commissure from cell bodies on
the injected side to axon terminals on the uninjected side. ASA is
excreted and recaptured by surrounding cells in both hemi-
spheres, while GFP stays inside the cell bodies and axons.

The immunohistochemistry using the sensitive avidin-bio-
tin-peroxidase complex method revealed that ASA was dis-
tributed in the whole brain including the fimbria, striatum,
cerebral cortex, and cerebellum (Figure 2e). Punctuated staining
in neurons and astrocytes revealed localization of ASA in
lysosomes (Figure 2e, insets). To determine the phenotype of
ASA expressing cells, immunohistochemical staining with cell-
specific antibodies was performed. Most ASA positive cells were
neurons. In addition, significant numbers of cells were labeled
for ASA and GFAP, which is a marker of astrocytes. A few cells
double labeled for ASA and Ibal, a microglia marker, were also
detected, but we could not find ASA positive cells expressing
GalC, a marker of oligodendrocytes. (Figure 2f).

Sulfatide content in the brain
Sulfatide storage in the brain of treated mice was analyzed by
quantitative TLC analysis of lipid extracts and histochemistry
(Figures 1b and 3). MLD mice at 15 months old showed large
amounts of accumulated sulfatide throughout the whole brain.
Direct injection of AAV1-ASA at 8 months of age resulted in
significant prevention of sulfatide storage in the injected
hemisphere and moderate correction in the uninjected hemi-
sphere and cerebellum. Remarkably, co-injection of AAV1-ASA
and AAV1-FGE cleared accumulated sulfatide to the level of age-
matched C57BL/6 mice in all brain areas (Figure 1b).
Prevention of sulfatide storage by AAV vector-mediated gene
therapy was also demonstrated by Alcian blue staining
(Figure 3). In MLD mice treated using control AAV1-GFP,
Aldan blue-stained sulfatide was mainly detected in the
hippocampal fimbria, internal capsules, and corpus callosum,
as reported previously."® Alcianphilic granules were found in
morphologically heterogeneous cells including large phagocyte
and neuron like cells **¢ (Figure 3a, inset). Injection of AAV1-
ASA alone into the hippocampus CA3 region prevented
accumulation of sulfatide on the injected side, but not on the
uninjected side (Figure 3b). Co-injection of AAVI-ASA and
AAV1-FGE resulted in total disappearance of deposits in all areas
of the brain (Figures 1b and 3c). In the cerebellum, sulfatide had
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Figure Z Distribution of ASA in the brains of MLD mice treated with AAV1 vectors. The CA3 regions of the hippocampus of 7-month-old MLD
mice were injected with (a, b) AAV1-GFP or (¢-f) AAV1-ASA and examined 5 months later. AAV1-ASA carries GFP cDNA as the second gene. Slices of
the hippocampal regions were analyzed for (a, ¢) GFP expression or (b, d) ASA expression by immunostaining with anti-ASA antibody. ASA-positive
cells were detected in both injected and uninjected sides, while GFP positive cells were mainly detected in the injected side. (e) Widespread
expression of ASA was confirmed by DAB staining. Punctuated staining suggested localization of ASA in lysosomes (insets in e). (f) ASA positive cells
were double-stained with antibodies for neurons (MAP2) astrocytes (GFAP) and microglia (Ibal).

predominantly accumulated in the white matter in untreated
MLD mice, but was efficiently removed in mice treated using
AAV1-ASA and AAV1 FGE (Figure 3c).

Neurological function

To evaluate neuromotor coordination and balance, MLD mice
were analyzed by rotarod experiments. In the constant speed
rotarod test of 15-month-old mice, untreated MLD mice
exhibited highly impaired behavior compared to control
C57BL/6 mice. The ASA-treated group showed better perfor-
mance than the untreated group, but even more significant
recovery was observed in the ASA + FGE treated group (Figure
4a). In the accelerating rotarod, no difference was observed
between non-treated and treated MLD mice at the age of 12

40

months. However, behavioral deficit of untreated MLD mice
became significant 3 months later. Injection of either AAV1-ASA
alone or AAV1-ASA plus AAV1-FGE protected the progression of
neurological impairment (Figure 4b).

DISCUSSION

FGE is localized in the endoplasmic reticulum and generates
formylglycine from a cysteine residue at the active site of all
sulfatases, including ASA. This post-translation modification
occurs before folding of newly synthesized sulfatases'™'* at
luminal components of the endoplasmic reticulum.'? Simulta-
neous co-expression of FGE and ASA in the same cell is thus
essential and FGE activity represents a rate-limiting factor for
generating the active form of ASA. Levels of human endogenous
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Figure 3 Correction of sulfatide storage in the brain after AAV1
vector injection. Deposits of sulfatide were identified by Alcian blue
staining. Coronal sections of the brain and cerebellum from MLD mice
injected with (a) AAV1-GFP (b) AAVT-ASA or (¢) AAVI-ASA + AAV1-FGE
and (d) from control C57BL/6 mice. In the mock-treated mouse, Alcian
blue positive granules were seen in many cells including large phagocyte
and neuron like cells (indicated by arrows and arrowheads, respectively,
in the insets). (¢) Sulfatide deposits on the uninjected side and the
cerebellum were significantly reduced only after injection of AAV1-
ASA + AAVI-FGE.
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Figure 4 Rotarod performance of MLD mice. Eight-month-old MLD
mice were treated with AAV1 vectors and neuromotor coordination and
balance were analyzed by (a) the constant speed rotarod test at 15
months old or (b) the accelerating rotarod test at the age of 12 and 15
months. MLD mice injected with AAV1-GFP (n=10), AAV1-ASA (n=9),
AAV1-ASA + AAV1-FGE (n=10). Age-matched C57BL/6 mice (n=35).
Data represent mean + SEM. *P<0.05; **P<0.01. -
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FGE are reportedly high in the kidney and liver, but very low in
the brain, suggesting that FGE co-expression should be required
for overexpression of ASA in the human brain.'®** In contrast,
expression of endogenous FGE in the mouse brain is moderate.*
Indeed, previous studies have shown that direct injection of ASA
expression vector alone into the mouse brain results in
significantly increased ASA activity and phenotypic improve-
ment."**® Our data revealed, however, that FGE co-expression
could further increase ASA activity in the mouse brain,
suggesting that levels of endogenous FGE are insufficient for
activation of overexpressed ASA. We have also found that ASA
activity in the mouse liver was significantly increased by FGE co-
expression, although endogenous FGE activity is relatively high
(data not shown). We believe that co-expression of FGE with
ASA should be considered for all types of MLD gene therapy.

Sevin et al® recently reported successful gene therapy for
MLD using AAVS5 vector. In that study, multiple injection of
AAVS vector expressing ASA alone in the brain of MLD mice
resulted in widespread distribution of ASA, reduction of
sulfatide storage, and prevention of neuropathological abnorm-
alities and neuromotor impairment. The present work demon-
strated that similar therapeutic results can be obtained by co-
injection of AAV1-ASA and AAV1-FGE at a single site. Although
direct comparison of these two studies is difficult, AAV1 and
AAVS5 vectors appear equally useful for gene therapy against
lysosomal disease targeting the central nervous system. However,
irrespective of which vector system is used, co-expression of ASA
and FGE appears to offer both theoretical and practical
advantages over expression of ASA alone.

The finding that single vector injection was sufficient for
prevention of sulfatide storage in the entire brain was somewhat
surprising. This indicates that distribution of secreted ASA is
unexpectedly efficient in the brain. Sustained secretion of large
amounts of active ASA from brain cells achieved by co-injection
of AAV1-ASA and AAV1-FGE would be a major contributor to
this. In addition, other mechanisms may facilitate the wide-
spread distribution of ASA. Axonal transport plays an important
role in distant transfer of protein in the neuronal cells.?*** Our
data clearly showed that anterograde transport of ASA (from cell
bodies to axon terminals) is highly efficient and secreted ASA
from axonal terminals on the contralateral side could be
efficiently taken up by neighboring neuronal cell bodies.

Another possible route for distant transfer of ASA is through
the cerebrospinal fluid. Although we did not intend intrathecal
injection, it is possible that secreted ASA in the cerebrospinal
fluid is distributed through the cerebrospinal fluid circulation to
the entire central nervous system. Intrathecal administration of
AAV?2 vector carrying IDUA has recently been reported to result
in widespread distribution in the brain, particularly in the
cerebellum.?*

In conclusion, this study offers the first demonstration of the
utility of FGE co-expression in direct gene therapy for MLD
model mice. AAVI-mediated expression of ASA and FGE
resulted in long-term overexpression and secretion of functional
ASA in the brain. Since levels of endogenous FGE are very low in
the human brain, this strategy may have significant implications
for the development of clinical protocols for MLD gene therapy.
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MATERIALS AND METHOQDS

Plasmid construction and vector production. The plasmid pBEH/
HT14-CP8 containing human ASA ¢DNA (X52151) was kindly donated
by V Gieselmann. A clone (AK075459) containing full-length FGE
cDNA sequence was purchased from the National Institute of
Technology and Evaluation (Tokyo, Japan). The basic AAV vector
plasmid was pAAV. CAxGBE plasmid, a derivative of psub201% and
contained 2-galactosidase A cDNA driven by the CAG promoter® as the
first gene and GFP ¢DNA driven by the B19 promoter as the second
gene.® The EcoRI fragment of the a-galactosidase ¢cDNA of pAAV.
CA2GBE was replaced by the EcoRI fragment of the ASA and FGE
cDNAs. The resultant plasmids were named pAAV.CAhASABE and
PAAV.CAhFGEBE, respectively. The AAV vector plasmid contained the
GEP gene driven by the CAG promoter as the first gene and the neoR
gene driven by the HSV-tymidine kinase promoter, pCAETKN, was used
for generation of control GFP expression vector.

Recombinant AAV serotype 1 vector was generated by transfection
using an adenovirus-free triple transfection method.?’ Briefly, the AAV
vector plasmid, the packaging plasmid (pSE18RXCL; a gift from ]
Wilson)?® and a helper plasmid (pHelper; Stratagene, La Jolla, CA) were
co-transfected into HEK293 cells at a ratio of 1:1:1 under calcium
phosphate precipitation. After 6 h of transfection, medium was replaced
by fresh culture medium and cells were incubated for 50-60h at 37°C
under 5% CO,. Cells were dislodged from culture dishes and pelleted by
centrifugation, then resuspended in phosphate-buffered saline, free-
ze-thawed three times. Cell debris was spun down at 3,000r.p.m. for
20min at 4°C. AAV vectors were purified by ammonium sulfate
precipitation and Iodixanol continuous gradient centrifugation”® and
ultrafiltrated using Centriprep YM10 concentrators (Millipore, Bedford,
MA). Recombinant AAV1 vectors derived from pAAV.CAhASABE,
pAAV.CARFGEBE, and pCAETKN were named AAV1-ASA, AAVI1-FGE,
and AAV1-GFP, respectively. Genome titers of AAV vector were
determined by slot-blot hybridization with the ¢DNA probe. Titer of
the final preparation for each AAV vector was approximately 1.5 x 10
vector genomes/ml.

Mouse model of MLD. ASA knockout mice were obtained from the
laboratory of V. Gieselmann.'” These mice have been extensively
characterized and are widely used as a mouse model for
MLD.*16192030 Al animal experiments were performed in accordance
with the regulations of the Ethics Committee of Nippon Medical School.
For vector injection, mice were anesthetized using pentobarbiturate
(10mg/kg) and ketamine hydrochloride (6mgrkg), then placed in a
stereotactic frame. Skin over the skull was incised. The injection site was
2mm posterior and 1L.8mm lateral to the bregma, and 2mm
dorsoventral from the skull surface. Approximately 7.5 x 10° particles
of recombinant AAV vectors were delivered over a period of 5min
using a Hamilton syringe with a 33-G blunt-tip needle (Hamilton,
Reno, NV).

Assay of arylsulfatase enzyme activity. The brain was cut into three
sections (right and left hemispheres and cerebellum) and homogenized
in pure water. Homogenates were centrifuged at 8,000 rp.m. for 10 min
at 4°C. ASA activity was measured using 10 mM p-nitrocatechol sulfate
(Sigma, St Louis, MO) in a buffer consisting of 0.5M sodium acetate
(pH 5.0), 0.5mM sodium pyrophosphate, and 10% sodium chloride."

Histology. Mice were deeply anesthetized and perfused with phos-
phate-buffered saline followed by 4% paraformaldehyde. Brains were
dissected and postfixed overnight at 4°C in 4% paraformaldehyde, and
immersed in phosphate-buffered saline containing 30% sucrose. Brain
sections were placed in OCT compound (Tissue-Tek; Sakura Finetech-
nical, Tokyo, Japan). Tissue sections were cut to a thickness of 20 um
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and mounted on glass slides. Alcian blue staining was then performed to
detect sulfatides.’’ Immunostaining for ASA protein was performed
using anti-ASA rabbit IgG'* and secondary anti-rabbit antibodies
combined to Texas Red. ASA protein was also visualized by the avidin/
biotinylated enzyme complex method using peroxidase and diamino-
benzidine, according to the company’s protocol (Vector Laboratories,
Burlingame, CA).

To identify cell types, following antibodies were used: rabbit anti-
MAP? for neurons {(Chemicon, Temecula, CA), anti-GFAP for astrocytes
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Ibal for microglias
(Santa Cruz Biotechnology), and anti-GalC for oligodendracytes
(Sigma, St Louis, MO).

Quantification of sulfatide levels. Crude lipids were extracted from
tissue homogenates as described by Folch et al.’® Briefly, lipids were
successively extracted with mixtures of chloroform/methanol (2/1, vol/
vol), chloroform/methanol (1/1, vol/vol), and chloroform/methanol/
water (86/14/1, volfvol/vol). Glycosphingolipids recovered in Folch’s
lower phase were dried under a stream of nitrogen and then treated with
mild alkaline (0.1M NaOH in methanol) at 40°C for 1h. After
neutralizing the solution with 1M acetic acid, glycosphingolipids were
again recovered in Folch’s lower phase and then applied to precoated
high-performance thin-layer chromatography-silica gel 60F254 plates
(100 x 200 mm?, Art. 13728; E Merck, Darmstadt, Germany). The
developing solvent used was chloroform/methanol/water (70/30/4, vol/
volfval). After development, high-performance thin-layer chromato-
graphy plates were spread with 10% (w/v) cupric sulfate hydrate in 8%
(vfv) phosphoric acid solution, then charred at 180°C for 10 min.
Amounts were quantitatively determined by densitometric scanning using
an AE6920M-CX image saver (Atto, Tokyo, Japan). Standard sulfatide
was obtained from Wako Pure Chemical Industries (Osaka, Japan).

Rotarod test. Neuromotor coordination and balance were assessed by
rotarod test using RRAC-3002 (O’Hara, Tokyo, Japan). In the constant
speed rotarod test, mice were placed on the rotating rod at a constant
speed of 6 r.p.m. and the duration for which an animal was able to stay
on the rod was measured up to a maximum of 5min. In the accelerating
rotarod test, mice were placed on the rod at a speed of 4r.pm.
Rotational speed gradually increased from 4 to 40 r.p.m. over 120s and
the latency to fall off were measured. Mice received four trials on the
same day and their averages were presented.

Statistical analysis. Data from in vivo and in vitro experiments are
expressed as mean+SD. Differences between groups were tested for
statistical significance using Student’s t-test. An error level of 5%
(P <0.05) was considered significant.
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NEURONAL SPECIFICITY OF «-SYNUCLEIN TOXICITY AND EFFECT
OF PARKIN CO-EXPRESSION IN PRIMATES
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Abstract—Recombinant adeno-associated viral (rAAV) vec-
tor-mediated overexpression of a-synuclein {«Syn) protein
has been shown to cause neurodegeneration of the nigrostri-
atal dopaminergic pathway in rodents and primates. Using
serotype-2 rAAV vectors, we recently reported the protective
effect of Parkin on aSyn-induced nigral dopaminergic neuro-
degeneration in a rat model. Here we investigated the neuro-
nal specificity of aSyn toxicity and the effect of Parkin co-
expression in a primate model. We used another serotype
(type-1) of AAV vector that was confirmed to deliver genes of
interest anterogradely and retrogradely to neurons in rats.
The serotype-1 rAAV (rAAV1) carrying «Syn cDNA (rAAV1-
«Syn), and a cocktail of rAAV1-aSyn and rAAV1 carrying
parkin cDNA (rAAV1-parkin) were unilaterally injected into
the striatum of macaque monkeys, resulting in protein ex-
pression in striatonigral GABAergic and nigrostriatal dopa-
minergic neurons. Injection of rAAV1-«8Syn alone decreased
tyrosine hydroxylase immunoreactivity in the striatum com-
pared with the contralateral side injected with a cocktail of
rAAV1-aSyn and rAAV1-parkin. Immunostaining of striatoni-
gral GABAergic neurons was similar on both sides. Overex-
pression of Parkin in GABAergic neurons was associated
with less accumulation of «Syn protein and/or phosphoryla-
tion at Ser129 residue. Our results suggest that the toxicity of
accumulated «Syn is not induced in non-dopaminergic neu-
rons and that the «Syn-ablating effect of Parkin is exerted in
virtually ail neurons in primates. © 2006 IBRO. Published by
Elsevier Ltd. All rights reserved.

*Correspondence to: H. Mochizuki, Department of Neurology, Jun-
tendo University School of Medicine, Bunkyo-ku, Tokyo 113-8421,
Japan. Tel: +81-3-3813-3111; fax: +81-3-3814-3016.

E-mail address: hideki@med.juntendo.ac.jp (H. Mochizuki).
Abbreviations: DARPP-32, dopamine- and cAMP-regulated phospho-
protein of 32 kDa; DAT, dopamine transporter; EGFP, enhanced green
fluorescent protein; PB, phosphate buffer; PBS, phosphate-buffered
saline; PD, Parkinson’s disease; rAAV, recombinant adeno-associated
virus; SNpe, substantia nigra pars compacta; SNpr, substantia nigra
pars reticulata; aSyn, a-synuclein; TH, tyrosine hydroxylase; VMAT2,
vesicular monoamine transporter 2.

Key words: Parkinson’s disease, adeno-associated virus,
dopaminergic neurons, GABAergic neurons, monkey.

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder affecting approximately 1% of people over the
age of 65 (Goedert, 2001). The disease is clinically char-
acterized by akinesia, rigidity, resting tremor, and postural
instability. The pathological hallmarks of PD are the selec-
tive loss of dopaminergic neurons in the substantia nigra
pars compacta (SNpc), and the presence of eosinophilic
protein inclusions termed Lewy bodies in the surviving
SNpc dopaminergic neurons. Based on the finding that a
point mutation in the gene encoding a-synuclein (aSyn)
protein causes a rare familial form of PD (PARK1) (Poly-
meropoulos et al., 1997; Kruger et al., 1998; Zarranz et al.,
2004), aSyn has been confirmed to be a major component
of Lewy bodies in patients with sporadic PD (Spillantini et
al., 1997). Abnormal accumulation of aSyn protein has
widely been hypothesized as a neurotoxic event in PD
development (Goedert, 2001). Recent studies indicated
that another dominantly inherited form of familial PD,
PARK4, is caused by triplication of the «Syn gene locus
(Singleton et al., 2003). This genetic mutation results in
production of higher levels of «Syn protein, supporting the
aSyn-induced neurodegeneration hypothesis. However, in
cell types other than the dopaminergic one, the overex-
pressed aSyn protein sometimes functions as a neuropro-
tective molecule (da Costa et al., 2000; Xu et al., 2002).
Thus, oxidative modification of «Syn by dopamine metab-
olites is considered responsible for the selective vulnera-
bility to dopaminergic neurons (Conway et al., 2001; Xu et
al., 2002). Based on the above studies, clearance of ab-
normal aSyn protein from SNpc dopaminergic neurons can
be potentially used as a strategy in the treatment of PD.

The viral vector-mediated aSyn delivery causes accu-
mulation of aSyn and subsequent degeneration of SNpc
dopaminergic neurons in adult rodents and primates (Kirik
etal., 2002, 2003; Klein et al., 2002; Lo Bianco et al., 2002;
Lauwers et al., 2003; Yamada et al., 2004). Using a re-
combinant adeno-associated viral (rAAV) vector, we pre-
viously showed that aSyn protein that accumulated in rat
SNpc dopaminergic neurons is phosphorylated at serine
residue of 129th position (Ser129) (Yamada et al., 2004).
In fact, such post-translational modification is frequently
observed in human brains affected with so-called
a-synucleinopathy, including PD and dementia with Lewy
bodies (Fujiwara et al., 2002). Recent studies also showed
that Ser129-phosphorylation of aSyn is essential for neu-
rodegeneration in a Drosophila model of PD (Chen and
Feany, 2005).
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The major cause of autosomal recessive juvenile Par-
kinsonism (ARJP) is a mutation in the gene encoding
Parkin protein (PARK2) (Kitada et al., 1998). Parkin is an
E3 ubiquitin ligase that catalyzes polyubiquitination of un-
folded or short-lived proteins, directing the substrates to
proteasomal degradation (Shimura et al, 2000). The
PARK2 mutation results in loss-of-function of Parkin pro-
tein. It was reported recently that oxidative post-transla-
tional modifications of Parkin, e.g. S-nitrosylation (Chung
et al., 2004; Yao et al., 2004) or covalent binding of dopa-
mine (LaVoie et al., 2005), may be responsible for impair-
ment of Parkin activity in sporadic cases of PD. Such
processes could lead to accumulation of substrate proteins
with subsequent dopaminergic neurodegeneration as pro-
posed in PARK2 patients. We reported previously that
rAAV-mediated overexpression of Parkin ameliorates the
aSyn-induced SNpc dopaminergic neurodegeneration in a
rat model (Yamada et al., 2005). Another group has shown
similar results using a lentiviral vector (Lo Bianco et al.,
2004). These data suggest that Parkin delivery may be
therapeutically beneficial not only in PARK2 patients but
also in patients with sporadic PD.

The aim of the present study was to assess the neu-
ronal specificity of aSyn toxicity and the effect of Parkin
delivery in a primate model with aSyn overexpression.
While a serotype-2 rAAV vector was used in our previous
studies (Yamada et al., 2004, 2005), here we applied
another serotype (type-1) of rAAV (rAAV1) vector that
could deliver genes of interest anterogradely and retro-
gradely to neurons. Injections of rAAV1 vectors producing
enhanced green fluorescent protein (EGFP) (rAAV1-
EGFP), aSyn (rAAV1-aSyn) and/or Parkin protein (rAAV1-
parkin) into the rat and monkey striatum resulted in protein
expression in striatonigral GABAergic and nigrostriatal do-
paminergic neurons. Moreover, the overexpression of
aSyn protein certainly decreased the density of dopami-
nergic axon terminals in the striatum, which was amelio-
rated by co-expression of Parkin protein.

EXPERIMENTAL PROCEDURES

Animals

Five adult male Sprague—Dawley rats (10-week-old) (Nihon SLC,
Hamamatsu, Japan) were used for this study. The experimental
protocol was approved by the Ethics Review Committee for Animal
Experimentation of Juntendo University School of Medicine.

Two male crab-eating monkeys (Macaca mullata; 3.5-4.5 kg
body weight) were used for this study. Intrastriatal injections of AAV
vectors were carried out in a biosafety level-2 laboratory at the
Tsukuba Primate Research Center which was designated for in vivo
infectious experiments. The experimental protocol was approved by
the Animal Care and Use Committee of the Tokyo Metropolitan
Institute for Neuroscience and by the Animal Welfare and Animal
Care Committee of the Tsukuba Primate Research Center. All ex-
periments were conducted according to the U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals, the
Guideline for the Care and Use of Animals (Tokyo Metropolitan
Institute for Neuroscience 2000) and the Rules for Animal Care and
Management of the Tsukuba Primate Research Center. Throughout
the experiments, the best efforts were made to minimize the number
of animals used and their suffering.

Generation of rAAV vectors

The plasmid DNA pAAV-MCS (CMV promoter; Stratagene, La Jolla,
CA, USA) carrying human aSyn cDNA (pAAV-MCS-aSyn) was con-
structed as reported previously (Yamada et al., 2004), Human parkin
or EGFP cDNA was cloned into plasmid pAAV-MCS (pAAV-MCS-
parkin or pAAV-MCS-EGFP, respectively). The plasmid DNA pAAV-
MCS-aSyn, pAAV-MCS-parkin, or pAAV-MCS-EGFP was co-trans-
fected with plasmids pHelper and Pack2/1 to HEK293 cells using a
standard calcium phosphate method (Sambrook and Russell, 2001).
After 48 h, the cells were harvested and crude rAAV vector solutions
were obtained by repeated freeze/thaw cycles. After ammonium
sulfate precipitation, virus particles were dissolved in phosphate-
buffered saline (PBS) and applied to an OptiSeal centrifugation tube
(Beckman Coulter, Inc., Fullerton, CA, USA). After overlaying an
OptiPrep solution (Axis-Shield PoC AS, Oslo, Norway), the tube was
processed by GradientMaster (BioComp Instruments, Inc., Frederic-
ton, NB, Canada) to prepare a gradient layer of OptiPrep. The tube
was then ultracentrifuged at 13,000 r.p.m. for 18.5 h. The fractions
containing high-titer rAAV vectors were collected and used for injec-
tion into animals. The number of rAAV genome copies was semi-
quantified by PCR within the CMV promoter region using primers
5'-GACGTCAATAATGACGTATG-3' and 5'-GGTAATAGCGAT-
GACTAATACG-3'. The final titers were 6.4X10" genomes/mL
(rAAV1-EGFP), 5.5%10" genomes/mL (rAAV1-aSyn), and 7.0X
10'2 genomes/mlL (rAAV1-parkin).

Stereotaxic injection of rAAV vectors

The rats were anesthetized with sodium pentobarbital (40 mg/kg
body weight, i.p.). They were positioned in a stereotaxic frame.
The skull was exposed, and a small portion of the skull over the
striatum was removed unilaterally with a dental drill. Subse- -
quently, rAAV1-EGFP was injected into the striatum (3 pulL;
1.82X10° particles, 0.5 mm anterior and 2.9 mm lateral from
bregma, 6.5 mm below the dural surface, tooth bar=4.0 mm)
through a 5-ul. Hamilton microsyringe.

After a survival period of 3 weeks, the rats were anesthetized
deeply with sodium pentobarbital (100 mg/kg, i.p.) and perfused
transcardially with PBS, followed by 4% paraformaldehyde in
PBS. The brains were removed from the skull, postfixed in the
same fresh fixative overnight, and immersed in PBS containing
30% sucrose until they sank. Coronal sections were cut serially at
20 um thickness by a freezing microtome.

The monkeys were first sedated with ketamine hydrochloride
(5 mg/kg, i.m.) and xylazine hydrochloride (0.5 mg/kg, i.m.), and
then anesthetized with sodium pentobarbital (20 mg/kg, i.v.). After
bilateral removal of skull portions over the striatum, stereotaxic
injections of rAAV1-aSyn were made unilaterally into the puta-
men, and those of a cocktail of rAAV1-aSyn and rAAV1-parkin
were made contralaterally. A total of 50 ulL of each vector prep-
aration was injected at five rostrocaudally different levels (10 uL
each) through a 50-ul. Hamilton microsyringe (50 ubL on the side
injected with rAAV1-aSyn alone; 2.75x 10" particles, and 100 plL
on the side co-injected with rAAV1-aSyn; 2.75x10%° particles,
and rAAV1-parkin; 3.5x 10" particles).

After survival periods of 4 and 7.5 months, the monkeys were
anesthetized deeply with sodium pentobarbital (50 mgkg, i.p.)
and perfused transcardially with PBS, followed by a mixture of 8%
formalin and 15% saturated picric acid in 0.1 M phosphate buffer
(PB; pH 7.4). The brains were removed from the skull, postfixed in
the same fresh fixative overnight, and immersed in PB containing
30% sucrose until they sank. Coronal sections were cut serially at
60 um thickness by a freezing microtome.

Antibodies and immunohistochemistry

The primary antibodies used in this study were as follows; rabbit
anti-GFP (diluted at 1:200; Chemicon Intemational Inc., Te-
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mecula, CA, USA), mouse anti-uSyn (clone LB509; 1:100; Zymed
Laboratories Inc., South San Francisco, CA, USA), mouse anti-
Ser129-phosphorylated «Syn (clone pSyn#64; 1:10,000; Wako
Pure Chemical Industries, Osaka, Japan), sheep anti-tyrosine
hydroxylase (TH) (1:5000; Calbiochem, San Diego, CA, USA),
rabbit anti-vesicular monoamine transporter 2 (VMAT2) (1:200;
Chemicon International Inc.), rabbit anti-dopamine transporter (DAT)
(1:200; Chemicon International Inc.), rabbit anti-Parkin (1:500; Cell
Signaling Technology Inc., Beverly, MA, USA), rabbit anti-dopamine-
and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32) (1:100;
Chemicon International Inc.), and rat anti-substance P (1:100;
Chemicon International Inc.) antibodies. Every fourth 20-pm-thick
(rats) and every tenth 60-um-thick (monkeys) free-floating coronal
section of brain was washed in PBS, soaked with 10% Block Ace
(Yukijirushi-Nyugyo Co., Sapporo, Japan) in PBS, and then incu-
bated at 4 °C for 24 —48 h with primary antibody dissolved in a PBS
medium containing 2% Block Ace and 0.05% Triton X-100. Subse-
quently, for colorimetric visualization of the antigen, the sections were
incubated for 2 h in the same fresh medium containing biotinylated
secondary antibody (anti-mouse, anti-rabbit, anti-rat, or anti-sheep
IgG antibody; 1:500; Vector Laboratories Inc., Burlingame, CA,
USA), followed by avidin—biotin—peroxidase complex (ABC Elite;
Vector Laboratories Inc.) for another 1 h. Then the sections were
reacted in 0.05 M Tris—HCI buffer (pH 7.6) containing 0.04% diami-
nobenzidine and 0.002% hydrogen peroxide with (dark brown/purple
color) or without (brown color) 0.04% nickel chioride. Images were
captured using a light microscope (ACT-1, Nikon Corporation, Tokyo,
Japan). For fluorescent double or triple staining of the antigens,
FITC-, Cy3-, or Cy5-conjugated anti-mouse, anti-rabbit, anti-rat, or
anti-sheep IgG antibody (1:500; Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA, USA) was used as secondary antibody.
Fluorescent images were captured using a fluorescent microscope
(AxioVision, Zeiss, Jena, Germany) or a confocal laser-scanning
microscope (LSM510, Zeiss).

Densitometric quantification, cell counting,
and statistical analysis

The densities of TH-, VMAT2-, DAT- or substance P-positive
fibers were quantified using the NIH Image software. Four differ-
ent areas (0.5-mmx0.5-mm) randomly selected from dorsolateral
portion of the putamen {for TH, VMAT2 and DAT, shown by open
ellipse in Fig. 4A, B) or from ventrolateral portion of the substantia
nigra pars reticulata (SNpr; for substance P, shown by open

ellipse in Fig. 4E, F) each from three different sections were used .

for densitometric quantification. For the TH-positive cell counting,
every tenth coronal section including the whole SNpc area was
used. Similarly, every tenth section including the whole putamen
area was used for the aSyn-paositive cell counting. Six randomly
selected sections including the medial part of the putamen were
used for counting the Ser129-phosphorylated aSyn-positive cells.
To count the number of DARPP-32-positive cell bodies in the
putamen, 12 different areas (0.2-mmX0.2-mm) adjacent to the
track of the injection needle (shown by filled arrowheads in Fig.
4C, D) each from three different sections were randomly selected.
Two-tailed Student's t-test was applied to evaluate a statistical
significance between the groups. A Pvalue <0.01 (**) and <0.001
(™) was denoted as a significant difference.

RESULTS

rAAV1 vector-mediated expression of EGFP protein
in rat brain

We first generated a high-titer rAAV1 vector carrying
EGFP cDNA (rAAV1-EGFP) and injected it stereotaxically
into the rat striatum. Examination of the expression pattern
of EGFP in the substantia nigra showed positive immuno-

staining of cell bodies and axon terminals in the SNpc and
the SNpr, respectively (Fig. 1A-F). Confocal microscopy
analysis revealed that the EGFP-positive cell bodies in the
SNpc were also immunoreactive for TH (Fig. 1A-C inset,
white arrowhead), and that the EGFP-positive axon terminals
in the SNpr were immunoreactive for substance P (Fig. 1D—
F). In the striatum, the expression of EGFP was noted in cell
bodies immunoreactive for DARPP-32 (Fig. 1G-, white ar-
rowhead). These findings indicate that the injection of the
rAAV1 vector into the striatum results in anterograde trans-
port of the delivered gene along the striatonigral GABAergic
pathway and in refrograde direction along the nigrostriatal
dopaminergic pathway. Using this serotype of rAAV, we gen-
erated in the next step a primate model of PD induced by
aSyn-mediated neurodegeneration, and examined the effect
of co-expression of Parkin in the model.

rAAV1 vector-mediated overexpression of aSyn
and Parkin proteins in monkey brain

High-titer rAAV1 vectors necessary to produce aSyn (rAAV1-
aSyn) and Parkin (rAAV1-parkin) proteins were prepared. In
two monkeys, rAAV1-aSyn alone was injected into the puta-
men area of the striatum on one side, while a cocktail of
rAAV1-aSyn and rAAV1-parkin was injected on the opposite
side. Following rAAV vector-mediated protein expression, the
monkeys exhibited no obvious behavioral abnormalities. Af-
ter 4- and 7.5-month post-injection period, the monkeys were
killed and the expression pattems of aSyn and Parkin pro-
teins were determined. In both monkeys, aSyn was noted in
neuronal cell bodies in the putamen (Fig. 2C, D) and in axon
terminals in the SNpr (data not shown). Immunohistochemi-
cal analysis using a monoclonal antibody that specifically
recognizes the Ser129-phosphorylated aSyn protein (clone
pSyn#64) revealed that the accumulated oSyn protein was
subjected to post-translational Ser129-phosphorylation mod-
ification (Fig. 2E, F). The Ser129-phosphorylated aSyn pro-
teins were co-localized with DARPP-32 in the putamen (Fig.
3A~C, white arrowhead) and with substance P in the SNpr
(Fig. 3D-F). These results confirm the anterograde transport
of the delivered gene along the striatonigral GABAergic path-
way.

In the hemisphere injected with a cocktail of rAAV1-aSyn
and rAAV1-parkin, a similar expression pattem of Parkin
protein was observed in each monkey (Fig. 2B). Further-
more, we found co-expression of aSyn and Parkin proteins in
SNpe dopaminergic neurons (Fig. 3G—J, white arrowhead).
The number of these neurons was 25-30 cells/section in one
monkey (killed at the 4-month post-injection period) and
fewer than five cells/section in the other monkey (killed at the
7.5-month post-injection period). These results confirm the
retrograde transport of the delivered gene along the nigrostri-
atal dopaminergic pathway. In each monkey, a«Syn-positive
dopaminergic cell bodies were only rarely detected on the
side injected with rAAV1-aSyn alone (data not shown).

Effect of aSyn overexpression and co-expression
of Parkin on nigrostriatal dopaminergic neurons

In the monkey killed at the 4-month post-injection period,
striatal immunoreactivity for TH was lower in the putamen on
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Fig. 1. rAAV1-mediated expression of EGFP protein in rat brain. Immunoreactivity for EGFP protein in the substantia nigra (SN) (A—F) and the
striatum (G-1). (A—C) The EGFP-positive cell bodies (A} are immunoreactive with TH (B) in the SNpc (C), indicating gene delivery to
dopaminergic neurons (A-C inset, white arrowheads: enlarged images captured by confocal microscopy). (D-1) The EGFP-positive axon
terminals in the SNpr (D) are immunoreactive with substance P (E). Image analysis by confocal microscopy shows co-localization of the
EGFP-positive cell bodies (G) with DARPP-32 (H) in the striatum (I, white arrowheads). These findings indicate gene delivery to GABAergic
neurons. Scale bar=400-um in A (A-F); in A inset, 25-um; and in G, 25-um (G-1). The SNpc and the SNpr are circumscribed by dotted white

lines in C.

the side injected with rAAV1-aSyn alone, compared with the
side injected with a cocktail of rAAV1-«:Syn and rAAV1-parkin
{compare Fig. 4A and B inset). This was observed throughout
the entire rostrocaudal extent of the putamen. We quantified
the densities of the TH-positive axon terminals in the dorso-
lateral area of putamen (shown by open ellipse in Fig. 4A, B)
and found a statistically significant difference between the

two sides (Fig. 5A, TH+). Similar findings were noted with
immunostaining for VMAT2 and DAT (Fig. 5A, VMAT2+ and
DAT+). However, there was no significant change in the
number of TH-positive cell bodies in the SNpc compared on
each side (Fig. 5B, C). No differences in TH, VMAT2 and
DAT immunoreactivities were noted in the monkey killed at
the 7.5-month post-injection period.
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oSyn-injected

Parkin
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oSyn/Parkin-injected

Fig. 2. Immunostaining for Parkin, aSyn, and Ser129-phosphorylated «Syn (p-aSyn) proteins in the monkey putamen. Photographs of the side
injected with rAAV1-aSyn alone (A, C, and E; aSyn-injected) and the side injected with a cocktail of rAAV1-aSyn and rAAV1-parkin (B, D, and F;
aSyn/Parkin-injected) are represented. The immunoreactivities for Parkin (A and B), aSyn (C and D), or p-aSyn (E and F) in the putamen are indicated.
Note that accumulation and/or Ser129-phosphorylation of «Syn protein are less on the side injected with a cocktail of rAAV1-aSyn and rAAV1-parkin.

Scale bar=50-um in A (A-F).

Effect of «Syn overexpression and co-expression
of Parkin on striatonigral GABAergic neurons

In both monkeys, we analyzed striatal immunoreactivity for
DARPP-32 and nigral immunoreactivity for substance P.
No apparent reduction of DARPP-32 and substance P
immunoreactivity on the side injected with rAAV1-aSyn
only was observed in comparison with the side co-injected
with rAAV1-aSyn and rAAV1-parkin (Fig. 4C-F, and C, D
inset). Quantification of the number of DARPP-32-positive
cells in the putamen and the density of substance P-
positive axon terminals in the SNpr showed no statistically
significant differences between the two sides (Fig. 6A, B).

However, immunostaining of striatal and nigral sec-
tions with anti-aSyn and anti-Ser129-phosphorylated aSyn
antibodies showed a lower degree of accumulation and/or
Ser129-phosphorylation of aSyn protein on the Parkin-

delivered side (compare Fig. 2C and D, and E and F).
These results were consistent throughout the entire ros-
trocaudal extents of the putamen (Fig. 6C and D, aSyn; E
and F, Ser129-phosphorylated aSyn) and SNpr. These
results suggest that aberrantly accumulated aSyn does not
induce neurotoxicity of GABAergic neurons and that the
aSyn-ablating effect of the overexpressed Parkin is not
only exerted on dopaminergic neurons but also on
GABAergic neurons.

DISCUSSION

In the present study, we analyzed the neuronal specificity
of aSyn toxicity and the effect of Parkin co-expression in
primates. We applied the serotype-1 rAAV as a substitute
for serotype-2 rAAV (rAAV2) that has been used in our
previous studies {Yamada et al., 2004, 2005). We found
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Fig. 3. Image analysis by confocal microscopy for «Syn, Ser129-phosphorylated «Syn {p-aSyn), and Parkin proteins expressed in monkey brain.
(A-F) Overexpressed aSyn protein is phosphorylated at Ser129 residue in GABAergic neurons. {A-C) The p-«Syn-positive cells (A) are immunore-
active with DARPP-32 (B) in the putamen (C, white arrowheads). (D-F) The p-aSyn-positive axon terminals in the SNpr (D) are immunoreactive with
substance P (E). (G-J) Co-expression of «Syn (G) and Parkin proteins (H) in TH-positive dopaminergic neurons (1) in the SNpc (J, white arrowheads).

Scale bar= 100-.m in A (A-C); in D, 50-um (D-F); and in G, 25-um (G-J).

several advantages for rAAV1 application, including the
reduction of time to prepare high-titer viral stocks and their
ability to express transgenes more rapidly, compared with
rAAV2 (data not shown). Furthermore, rAAV1 vectors did
not only show anterograde but also retrograde transport of
delivered genes. This property will be valuable when neu-
roprotective molecules including Parkin are supplied to
SNpc dopaminergic neurons in human PD patients. In this
regard, direct stereotaxic injections of viral vectors into the
SNpc, which is situated deep in the brain, carries a high
risk of surgical injury of other normal brain regions. In
addition, viral injections into spatially larger striatal tissue
can be performed with greater certainty.

aSyn transgenic mouse models of PD have been re-
ported to exhibit abnormal accumulation of «Syn protein in

neurons and to show abnormal behavioral phenotypes
(Masliah et al., 2000; van der Putten et al., 2000; Matsuoka
et al., 2001; Giasson et al., 2002; Lee et al., 2002; Neu-
mann et al., 2002; Richfield et al., 2002; Rockenstein et al.,
2002; Gispert et al., 2003; Hashimoto et al., 2003; Martin et
al., 2006). However, such models hardly display any pa-
thology in the SNpc, especially the loss of dopaminergic
neurons. By contrast, the viral vector-mediated aSyn de-
livery has been shown to cause aSyn accumulation in
dopaminergic neurons in the SNpc and their subsequent
degeneration (Kirik et al., 2002, 2003; Klein et al., 2002; Lo
Bianco et al., 2002; Lauwers et al., 2003; Yamada et al.,
2004). In at least one of the two monkeys examined in the
present study, TH immunoreactivity was decreased in the
striatum after injection of rAAV1-aSyn alone, as compared





