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The cardinal motor symptoms of Parkinson’s disease (PD) are associated with the pro-
found depletion of dopamine in the striatum. The replacement of dopamine is the most
straightforward strategy to improve motor performance in PD. Researchers have been
developing gene therapy aimed at local production of dopamine via the introduction
of dopamine-synthesizing enzyme genes into the putamen. Two phase 1 clinical studies
have used recombinant adeno-associated virus (AAV) vectors to transfer the aromatic
L-amino acid decarboxylase (AADC) gene into the putamen to restore efficient conversion
of orally administered L-3,4-dihydroxyphenylalanine (L-dopa). The initial results of these
studies have not only confirmed the safety of AAV vectors, but have also demonstrated
the alleviation of motor symptoms associated with PD. Interestingly motor performance
in the “off” medication state was improved after gene therapy, suggesting long-term
modulation of dopaminergic signals in the striatal neurons was induced by gene transfer.
Gene delivery of tyrosine hydroxylase (TH) and guanosine triphosphate cyclohydrolase
I (GCH) in addition to AADC may help to avoid motor fluctuations associated with
intermittent intake of L-dopa by continuously supplying dopamine in the putamen. A
clinical study of such triple gene transfer is presently underway using equine infectious
anemia virus (EIAV) vector.

Keywords: Adeno-associated virus; aromatic L-amino acid decarboxylase; L-dopa;
guanosine triphosphate cyclohydrolase I; positron emission tomography.

Parkinson’s Disease

Parkinson’s disease (PD) is second only to Alzheimer disease as the most common
neurodegenerative disorder among the elderly, with an estimated 1% of the popula-
tion over 60 years old suffering from PD and a lifetime risk of 6.7% in men (Driver
et al., 2009). The pathological hallmarks of PD are the presence of Lewy bhodies,
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cytoplasmic inclusions, in the substantia nigra pars compacta (SNe¢) neurons that
project to the striatum and the loss of these neurons. The main protein compo-
nent of Lewy bodies is a-synuclein, which accumulates in a phosphorylated and
aggregated form (Dickson et al., 2009).

The causes of PD remain largely unknown, although genetic causes have
been elucidated in some familial cases including mutations in the gene encoding
a-synuclein, leucine-rich repeat kinase 2 (LRRK?2), or ubiquitin carboxy-terminal
hydrolase-L1 (UCH-L1) in families with an autosomal dominant pattern of inheri-
tance, and mutations in the genes encoding parkin, PTEN-induced putative kinase
1 (PINK1), or DJ-1 in families with an autosomal recessive pattern of inheritance
(Nuytemans et «l, 2010). Duplication or triplication of the SNCA gene, which
encodes a~synuclein, gives rise to late-onset and early-onset familial PD, thus sug-
gesting the expression level of a-synuclein might be an important determinant of
disease onset and severity. Although genome-wide association studies successfully
revealed some susceptibility genes (Tsuji, 2010), purely genetic causes probably
account for only a small number of PD patients and multiple factors including envi-
ronmental factors may contribute to the development of sporadic PD. Postmortem
investigations demonstrate that the rate of decrease of nigral neurons is fast in the
initial stage of the disease, namely about 40-50% are lost in the first decade, with
possibly a slower rate of degeneration occurring thereafter and finally approaching a
normal age-related linear decline (Fearnley and Lees, 1991). Recent imaging studies
using radiotracers for nigrostriatal nerve terminals support this progression pat-
tern, thus suggesting the mechanisms underlying PD initiation and progression are
probably different (Bruck et al., 2009; Nandhagopal et al., 2009). The reason for the
selective susceptibility of nigral dopaminergic neurons and the temporal sequence
of events leading to cell loss in PD, however, remain to be elucidated.

Dopamine Synthesis in the Striatum

Dopamine is synthesized almost exclusively in the terminals of nigrostriatal neu-
rons in the normal striatum. Three enzymes are necessary for efficient dopamine
synthesis (Fig. 1): tyrosine hydroxylase (TH), aromatic L-amino acid decarboxy-
lase (AADC), and gnanosine triphosphate cyclohydrolase I (GCH). L-T'yrosine is
converted to L-3,4-dihydroxyphenylalanine (L-dopa) by TH in the first rate-limiting
step. AADC then converts t-dopa to dopamine. GCH is the rate-limiting enzyme
for synthesis of the essential TH co-factor tetrahydrobiopterin (BHy). Since low
levels of endogenous BHy do not yield sufficient TH activity, GCH is considered to
regulate TH activity via regulation of BHy biosynthesis, thus indirectly controlling
dopamine production in TH-containing neurons (Nagatsu et al., 1987). These three
enzymes are transported from the SNe¢ to the striatum in an anterograde manner.

The cardinal symptoms in PD including resting tremor, muscular rigidity, and
bradykinesia become apparent after the 40-50% of the SNe neurons are lost and
striatal dopamine is reduced to about 20% of normal levels. A severe loss of
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Fig. 1. Biosynthesis pathway of dopamine. Three enzymes are necessary for the efficient
production of dopamine. Dopamine precursor, L-dopa is a standard drug for treating Parkinson
disease. AADC, aromatic L-amino acid decarboxylase; BHy, tetrahydrobiopterine; GCH, guanosine
triphosphate cyclohydrolase I; TH, tyrosine hydroxylase; SN¢, substantia nigra pars compacta.

dopaminergic nerve terminals in advanced PD is associated with an 80-95% deple-
tion of the striatal TH and AADC activity (Zhong et al, 1995; Nagatsu and
Sawada, 2007) thus leading to a profound decrease of dopamine. There are sev-
eral types of AADC-containing cells in the striatum, such as serotonin neurons,
intrinsic dopamine neurons, AADC-containing “D” neurons, and glial cells. These
cells may act as a local source of dopamine. However, endogenous AADC activity
in the striatum is thought to be insufficient and the functional efficacy of dopamine
produced from exogenous L-dopa in these cells may be limited at least in primates.
The activity of GCH in the striatum has also been reported to decrease in PD
(Nagatsu and Sawada, 2007). The restoration of the GCH activity is necessary to
supply sufficient BH, in advanced PD, since the uptake of exogenous BH4 from the
blood is low (Hoshiga et al., 1993) and the primary source of BHy in the brain is
intracellular biosynthesis.

Complications of Long-Term L-dopa Therapy

The current accepted therapeutic strategy for PD is the replacement of dopamine
in the striatum to alleviate motor dysfunction. Unlike dopamine, which does not
cross the blood-brain barrier, the dopamine precursor, L-dopa can be transported
into the brain and is the most effective drug in pharmacotherapy for PD. Virtu-
ally all patients experience a clinically meaningful benefit after receiving L-dopa
treatment. However, as the disease progresses, the loss of AADC activity and the
decreased capacity for dopamine storage in the synaptic vesicles lead to the failure
of L-dopa therapy. Frequent systemic administration of high doses of L-dopa causes
oscillations in motor performance with a variety of abnormal involuntary move-
ments or dyskinesia (Fox and Lang, 2008). After 4-6 years of L-dopa treatment,
40 to 50% of patients are estimated to have motor complications (Ahlskog and
Muenter, 2001). The diagnosis of idiopathic PD may be incorrect if a patient does



60 S, Muramatsu et al.

not show any fluctuations after several years of L-dopa therapy, since such fluctua-
tions are almost invariable in PD patients. Many patients also start to experience
some deleterious complications such as hallucinations and compulsive behaviors due
to dopaminergic stimulation of the mesolimbic system (Aarsland et al., 2009; Evans
et al., 2009; Voon et al., 2009). Patients eventually become disabled. Novel thera-
peutic interventions in place of oral L-dopa administration are therefore required.

Preclinical Studies with Adeno-Associated Virus (AAV) Vectors

PD is a suitable candidate for gene therapy (Muramatsu et al., 2005). PD is pri-
marily confined to the well-defined nigrostriatal dopaminergic system and it is not
necessary to deliver therapeutic genes to the entire brain, but only to a portion
of the basal ganglia. Stereotactic surgical techniques to approach basal ganglia are
established in clinical practice. In addition, well-characterized rodent and primate
PD models are available for testing novel therapeutic interventions.

Viral vectors, in particular vectors derived from adeno-associated virus (AAV),
are suitable for the transduction of neurons in the mammalian brain without sig-
nificant toxicity. Recombinant AAV vectors have been applied in clinical trials for
numerous disorders including hemophilia, cystic fibrosis and retinal degeneration
(Daya and Berns, 2008). No adverse effects due to the administration of the vectors
themselves have so far been found.

Researchers have been developing gene therapy method to restore local
dopamine production in the striatum using AAV vectors. Gene transfer of TH,
GCH and AADC, or AADC alone into the putamen has lead to behavioral recov-
ery in primate models of PD (Fan et al., 1998; Bankiewicz et al., 2000; Shen
et al., 2000; Sanchez-Pernaute et al., 2001; Muramatsu et ol., 2002; Bankiewicz
et al., 2006; Forsayeth et al., 2006; Li et al., 2006). In our study, cynomolgus mon-
keys (Macaca fascicularis) received the intravenous injection of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), a selective toxin of dopaminergic neurons, once
a week until a stable parkinsonian syndrome was achieved (Muramatsu et al., 2002).
Then mixtures of three AAV vectors that express TH, AADC, and GCH, respec-
tively were stereotaxically injected into the unilateral putamen. Coexpression of the
enzymes in the unilateral putamen resulted in remarkable improvement in manual
dexterity on the contralateral to the vectors-injected side. Transduced cells were
mainly medium spiny neurons and present in a large region of the putamen (>90%
of the putamen). Microdialysis demonstrated that concentrations of dopamine in the
vectors-injected putamen were increased in comparison to the control side. More-
over the level of dopamine was remarkably elevated after systemic administration of
L-dopa with peripheral decarboxylase inhibitor. Monkeys showed no complications
related to the AAV vector injection including dyskinesia.

Clinical Studies of AADC Gene Therapy

Two phase I clinical trials were conducted at the University of California San
Francisco (UCSF) (Christine et al., 2009) and Jichi Medical University (JMU)
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(Muramatsu et «l., 2010) to evaluate the safety and potential efficacy of AAV vector-
mediated gene delivery of AADC to the bilateral putamen in combination with the
oral administration of L-dopa. Both trials confirmed the safety of the AAV vectors
for clinical use in the human brain and the motor symptoms associated with PD
were alleviated.

A low dose cohort of five patients received 1 x 10! vector genome (vg) and
a high dose cohort of five patients received 3 x 10! vg of AAV vector express-
ing AADC (AAV-AADC) in the UCSF study. The mean improvements of the ten
patients in the total score of unified Parkinson’s disease rating scale (UPDRS) were
31% (10.5 points) in the “off” medication state and 32% (10 points) in the “on”
medication state. The mean improvements on the motor score of UPDRS were 36%
(12 points) in the “off” state and 28% (4.3 points) in the “on” state. Positron emis-
sion tomography (PET) using [**F]fluoro-L-m-tyrosine (FMT), a tracer for AADC,
revealed a 30 and 75% increase in Ki® values in the putamen of the low-dose and
high-dose cohort, respectively, at 6 months after the gene delivery.

Six patients received 3 x 10! vg of AAV-AADC in the JMU study. The motor
function in the “off” state improved to a mean of 46% (11.6 points) based on the
motor score of UPDRS at six months after surgery. PET revealed a 56% increase
in FMT activity, which persisted for up to 96 weeks (Fig. 2).

It is worth noting that motor function in the “off” state improved in both stud-
ies. The anti-parkinsonian effects observed after L-dopa administration have gen-
erally been recognized as short- and long-duration responses. The short-duration
response roughly parallels the plasma L-dopa concentrations, while the long-
duration response builds up over weeks and improves trough (worst) motor perfor-
mance in the “off” state (Nutt, 2008). The pattern of the short-duration response
to L-dopa did not change after gene therapy in the JMU study and the beneficial
effect on the “off” state appears to be attributed to augmentation of the long-term
response to L-dopa. Although the mechanism underlying the long-duration response
. is not sufficiently understood, improving the trough or “off” state motor function
by augmenting the long-term response would likely reduce motor fluctuation.

Baseline 96 weeks

Fig. 2. FMT-PET images. Axial images at the level of the putamen are shown before and 96
weeks after gene therapy. The uptake of FMT was observed to increase after the AAV vector-
mediated gene delivery of AADC (red arrows). FMT, 6‘-[18F]ﬂuoro-L,-m-t.yrosine. a tracer for
AADC; PET, positron emission tomography.
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Continuous Synthesis of Dopamine

Gene transfer of AADC alone in combination with oral L-dopa administration would
be a safer strategy for initial clinical trials because excess production of dopamine
could be avoided by reducing the dose of L-dopa. However, TH and GCH gene
transfer into striatal cells may appear offer a more efficient method of supplying
L-dopa. continuously in comparison to the administration of exogenous L-dopa and
avoid motor fluctuations associated with intermittent administration of L-dopa.

A phase I/I1 trial involving the triple gene transfer of TH, GCH and AADC
into the bilateral putamen using a vector derived from the equine infectious anemia
virus (ETAV) has been initiated at the Henri Mondor Hospital in France. Two dose
levels have been evaluated in cohorts of three patients per dose (Oxford BioMedica,
2010). The first cohort of patients, treated at the lowest initial dose level, has now
completed two-year assessments. The mean improvement from baseline in the motor
score of UPDRS was 20%, in two of the three patients sustained effects of 30%
improvement were observed without any increase in L-dopa dose. The third patient
remained at levels of improvement similar to baseline. The maximum improvement
in motor function at one year was 56% in the higher dose group and the mean was
28% for hoth doses relative to the patients’ pre-treatment motor function.

Although it is difficult to package multiple genes in a single AAV vector because
of the limited capacity on the size of the DNA (<5Kb), one cell could be simultane-
ously transduced with different AAV vectors (Shen et al., 2000; Muramatsu et al.,
2002). AAV vectors would therefore be the next choice for clinical trials for triple
gene transfer of the TH, AADC, and GCH.

Other Strategies and Future Prospects

Gene therapy for PD has been tested in clinical trials due to the development of
efficient viral vectors (Kaplitt, 2010). Two other strategies are developed in addition
to dopamine replacement. One is designed to protect nigrostriatal projection by
producing neurturin, a trophic factor for dopaminergic neurons, in the putamen.
The other strategy is to modulate the neural activity along the output pathway of
the basal ganglia by transducing the subthalamic nucleus with vectors expressing
glutamic acid decarboxylase (GAD-65, GAD-67), a key enzyme for synthesis of
the inhibitory transmitter y-aminobutyric acid (GABA). Initial results of phase I
studies indicate that these two strategies are also promising (Kaplitt et al., 2007;
Marks et al., 2008). However, preliminary results of a phase IT double-blind study
of the newrturin strategy failed to show significant beneficial effects over the sham
operation group, thus earlier intervention may be required for success of this kind
of neuro-protective approach in future trials. Another phase I/11 study is ongoing in
which the patients receive AAV vectors expressing neurturin both in the putamen
and the SNe.

There are several PD symptoms that do not respond well to L-dopa, such as
cognitive dysfunction, depressive state, frozen gait, posture reflex disturbance and
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sleep disturbance (Sethi, 2008). Effective therapeutic genes must be identified for
the treatment of these symptoms, and then to be delivered into the appropriate
areas of the brain. The development of vector constructs that avoid over-expression
is also required for increasing safety (Li et ol, 2006). Gene therapy is therefore
expected to become the therapy of choice for PD in the near future.
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ABSTRACT

The recent development of viral vectors, especially vectors derived from adenc-associated virus (AAV), has translated gene therapy for Parkinson's disease (PD) from
animal experiments into clinical trials. The current gene therapy protocols used are based on three major strategies. The first protocol involves local production of
dopamine via the introduction of doparmine-synthesizing enzyme genes into the putamen. The aromatic L-amino acid decarboxylase (AADC) gene has been
transferred in this manner with the aim of efficiently converting orally administered L-dopa. The delivery of triple genes including tyrosine hydroxylase (TH),
guanosine triphosphate cyclohydrolase | (GCH) and AADC is also being undertaken, and is aimed at continuously supplying dopamine into the putamen. The second
protocol involves the protection of nigrostriatal projections via the production of neurturin, a trophic factor for dopaminergic neurons in the putamen. The final
method includes the modulation of neural activity along the output pathway of the basal ganglia by transducing the subthalamic nucleus with vectors expressing
glutamic acid decarboxylase (GAD-65, GAD-67), a key enzyme required for the synthesis of the inhibitory transmitter y-aminobutyric acid (GABA). The initial results

of phase 1 studies using AAV vectors have not only confirmed the safety of these vectors, but have also revealed the alleviation of motor symptoms associated with
PD.
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Introduction (SIRS) following the administration of a large quantity of

Almost two decades have passed since the first gene therapy adenoviral vector into the hepatic artery.’ In addition, some
clinical trial was conducted for the treatment of adenosine children with X-linked severe combined immunodeficiency (X-
deaminase deficiency at the National Institute of Health in the SCID) developed leukemia due to the activation of an oncogene
United States in 1990. Although gene therapy appeared to be a after gene therapy using a retroviral vector.” These reports
ground breaking form of medical treatment at the time, it has describing the severe, adverse effects of gene therapy dampened
not proven to be as successful in treating disease as initially the excitement underlying the success of gene therapy treatment
anticipated. A patient with ornithine transcarbamylase to some extent. However, encouraging results have been obtained
deficiency died of systemic inflammatory response syndrome more recently with clinical studies for Parkinson’s disease (PD).*

Table. Gene therapy clinical trials for Parkinson's disease.

Gene AADC TH/GCH/AADC Neurturin GAD
Function Convert L-dopa to Synthesis of dopamine Neurotrophic factor for Synthesis of inhibitory
dopamine from tyrosine dopaminergic neurons neurotransmitter GABA
Vector Y.\ EIAV - AAV y\Y
Phase 1 | 1 il | ]
Institute UCSF’ MU Henri Mondor UcF* Multi-center’® | NYP Hospital® | Multi-center
Hospital®
Dose 9x10" x 1.3x10" 5.4x10" 3.5x10° 1x10"
3x10"™ 3x10™ 2 5.4x10" Sham 1x10" Sham
3.5x10°
Number of 10 6 6 12 54 12 40
subjects
Target Putamen Putament Putamen STN STN
(Bilateral) (Bilateral) (Bilateral) (Unilaterat) (Bilateral)
PET tracer [**F] fluro-m-tyrosine [*F] fluro-DOPA ["°F] fluro-deoxyglucase

AADC, aromatic L-amino acid decarboxylase; AAV, adeno-associated virus; EIAV, equine infectious anemia virus; GABA, y-aminobutyric acid;

GAD, glutamic acid decarboxylase; GCH, guanosine triphosphate cyclohydrolase I; TH, tyrosine hydroxylase; STN, subthalamic nucleus. Dose of
AAV vectors are represented as vector genome/patient.
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Figure. Current gene therapy strategies for

the treatment of Parkinson's disease

Three gene therapy sirategies are
currently available for the treatment of
(PD. 1) production of dopamine. AAV
vectors expressing AADC or EIAV vector
expressing TH, GCH and AADC are
infused into the putamen. 2) Protection
of the nigrostriatal pathway. The
neurotrophic factor neurturin is
produced continuously in the putamen.
3) Modification of neuronal activity in the
STN by introducing the GAD gene.

AADC, aromatic L-amino acid
decarboxylase; AAV, adeno-associated
virus; EIAV, equine infectious anemia
virus; GABA, y-aminobutyric acid; GAD,
glutamic acid decarboxylase; GCH,
guanosine triphosphate cyclohydrolase |;
GPe, globus pallidus external segment;
GPi, globus pallidus internal segment;
TH, tyrosine hydroxylase; SNc, substantia
nigra pars compacta; STN, subthalamic
nucleus.

Adeno-associated virus vectors

Technology that efficiently introduces a
therapeutic gene into target cells is
essential for successful gene therapy.
Viral vectors, in particular vectors derived
from adeno-associated virus (AAV), have
been shown to be suitable for the
transduction of neurons in the
mammalian brain using stereotaxic
surgery.® AAVs are small {25 nm), single
stranded DNA viruses that belong to
Parvoviridae.” No clear pathogenicity in
humans has been reported, and many
adults synthesize antibodies against
AAVs following latent infection in
childhood.™" The AAV genome exists in
episomes in the nucleus and is rarely
incorporated in the chromosomes, To
date, more than one hundred genotypes
have been defined for primate AAVs. The

vast majority of vectors used in clinical

applications are derived from serotype 2
(AAV2).

AAV2 has a 4.7-kb genome, both ends of
which contain hairpin structures called
inverted terminal repeats (ITR). A region
encoding the non-structural protein Rep
and capsid protein VP are also present.
These regions for Rep and VP can be
substituted with a therapeutic gene
when constructing vectors. AAV vectors
express an exogenous gene in the brain
for long term use (more than seven years)
and do not produce any significant
inflammatory or immuno-logical
reactions.” Although the size of the
genes that can be inserted into the AAV2
genome is limited to less than 4.5 kb,
most of the therapeutic genes fit into this
range. It has also been shown that several
AAV vectors are able to infect one cell at
the same time and can express plural
genes.™ AAV vectors have been applied in
clinical trials for numerous disorders
including hemophilia,” cystic fibrosis'™
and retinal degeneration.” To date,
adverse effects due to the administration
of the vectors themselves have not been
found. In addition to gene therapy, AAV
vectors have also been recently used as a
genetic toolin the neurosciences.™™

Gene transfer of dopamine-
synthesizing enzymes

Dopamine is synthesized in the brain
from diet-derived L-tyrosine. Three
enzymes are essential in this production
process.” Tyrosine hydroxylase (TH) is the
rate-limiting enzyme that converts L-
tyrosine to L-3, 4-dihydroxy-phenyla-
lanine (L-dopa). Guanosine triphosphate
cyclohydrolase | (GCH) is the rate-limiting
enzyme that synthesizes the essential TH
co-factor tetrahydrobiopterine (BH,),
while aromatic L-amino acid decarboxy-
lase (AADC) converts L-dopa to
dopamine. These three enzymes are
transported from the substantia nigra in
an anterograde manner to the striatum.
A severe loss of the nerve terminals in
advanced Parkinson's disease (PD) is
associated with an 80-95% depletion of
striatal enzyme activity. Gene transfer of
TH, GCH and AADC,** or AADC alone, "™
into the striatal neurons has led to
behavioral recovery in primate models of

PD.

Two phase | clinical trials were conducted
at the University of California San
Francisco (UCSF) and Jichi Medical
University (JMU) to evaluate the safety
and potential efficacy of AAV vector-
mediated gene delivery of AADC to the
bilateral putamen. Alleviation of motor
symptoms associated with PD was
observed in both trials. In the UCSF
study,’ a low dose cohort of five patients
received 110" vector genome (vg) and a
high dose cohort of five patients received
310" vg of AAV-AADC. The mean
improvements of the ten patients in the
total score of unified Parkinson's disease
rating scale (UPDRS) were 31% (10.5
points) in the off-state and 32% (10
points) in the on-state. The mean
improvements in the motor score of
UPDRS were 36% (12 points) in the off-
state and 28% (4.3 points) in the on-
state. Positron emission tomography
(PET) using [*FIflucro-m-tyrosine (FMT),
atracer for AADC, revealed a 30 and 75%
increase in K* values in the putamen of
the low-dose and high-dose cohort,
respectively, at 6 months after the gene
delivery. In the JMU study, six patients
received 310" vg of AAV-AADC. Motor
function in the off-state improved to a
mean of 46% (11.6 points) based on the
UPDRS scores at six months after surgery,
without any apparent changes in the
short-duration response to levodopa. PET
revealed a 56% increase in FMT activity,
which persisted for up to 96 weeks
{manuscript in preparation). Phase 2
trials of AAV-AADC are currently in the
planning stages.

Using a vector derived from the equine
infectious anemia virus (EIAV), a type of
lentivirus, a phase I/ll trial involving the
triple gene transfer of TH, GCH and AADC
into the bilateral putamen has been
initiated at the Henri Mondor Hospital in
France.” Two dose levels have been
evaluated in cohorts of three patients per
dose, All patients treated at the second
dose level have completed their six-
month assessments and have shown
improvement in motor function in the
off-state when evaluated on the motor
score of UPDRS. The mean improvement
was 34% relative to the patients' pre-
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treatment motor function.” Studies into
the high dose (5 times the lower dose)
cohort are planned. Using this triple gene
transfer, dopamine will be continuously
produced in the putamen and may
reduce “wearing-off” effects by avoiding
pulsatite stimulation of dopaminergic
receptors,

Gene transfer of neurturin

An alternative approach to gene therapy
for PD is the protection of the
nigrostriatal pathways from progressive
degeneration by providing genes
encoding for neurotrophic factors.
Neurturin is a natural analog of glial cell
line-derived neurotrophic factor
(GDNF).” GDNF is a small glycoprotein
that provides strong trophic support for
the dopaminergic neurons. However,
GDNF protein has limited usefulness as a
therapeutic agent due to its short
duration of activity and poor ability to
cross the blood-brain barrier. In animal
models of neurotoxin induced PD, viral
vector-mediated gene delivery halts
ongoing degeneration of the
nigrostriatal pathway, resulting in
functional recovery, even after
substantial numbers of dopaminergic
cells have been depleted.™*

A phase | gene therapy trial that
introduced the neurturin gene into the
bilateral putamen was conducted at the
UCSF®, The first six patients entered into
the study receiving a dose of 310" vg,
while the next six patients received a dose
of 5.410" vg of AAV vector. A mean
improvement of 36% (14 points) in the
UPDRS motor score in the off-state and a
mean increase of 25% (2.3 h) in on time
without troublesome dyskinesia were
observed one year after surgery.
Subsequently, a phase Il double-blind
control study was undertaken at nine
academic institutions in the United
States, and in which one-third of a total
of 54 patients received sham surgery
(partial burr hole without infusion of
vectors). Significant differences were not
obtained in terms of the degree of motor
performance between the gene transfer
group and the control group at 12
months, although some treatment
effects have since been observed in 30
subjects followed for 18 months under

blind conditions.”® Analysis of post-
mortemn brain tissue from two patients
treated with AAV vectors demonstrated
that neurturin was expressed in the
putamen, but not in the substantia nigra.
Earlier intervention may be required for
success in future trials of this kind of
neuro-protective approach, as most of
the nigrostriatal fibers have already been
lost when the PD symptoms appear.

Gene transfer of glutamic acid
decarboxylase

In PD, depletion of dopamine in the
striatum leads to an increase in the
activity of the subthalamic nucleus
(STN).” The increased excitatory drive of
the STN to the internal portion of the
globus pallidus (GPi) and to the
substantia nigra pars reticulata (SNr)
then exerts inhibitory effects on the
thalamo-cortical projection and
brainstem nucleus, resulting in motor
symptoms such as bradykinesia and
rigidity. During the last two decades,
deep brain stimulation of the STN, which
is thought to modify STN output by high-
frequency stimulation, has become
routine treatment for advanced PD
patients and has resulted in the
improvement of motor function. Gene
transfer of glutamic acid decarboxylase
(GAD-65 and GAD-67), a rate-limiting
enzyme required for the synthesis of
inhibitory transmitter y-aminobutyric
acid {GABA), into the STN is aimed at
converting excitatory output to inhibitory
output, thus, obtaining a similar effect to
electrical stimulation.”

An open-label phase | clinical trial has
been conducted at the New York
Presbyterian Hospital.® A total of 12
patients in three dose-escalation cohorts
received AAV-GAD into the unilateral STN
contra-lateral to more severe rmotor
symptoms. At 12 months after the vector
infusion, the mean improvement on
motor score of UPDRS was 27% in the off-
state and 24% in the on-state.’ A PET scan
using [“FIfluorodeoxyglucose (FDG) as a
tracer revealed a decrease in uptake into
the ventrolateral nucleus (VL) and
dorsomedial nucleus (MD) of the
thalamus on the operated side, and an
increased uptake in the ipsilateral
premotor and motor cortical regions.”

The underlining physiological changes in
PD include, in addition to increases in the
firing rate of the STN, the tendency of
pallidal neurons to fire in more irregular
patterns, as well as abnormal oscillatory
synchronization in the basal ganglia,”
Thus, mechanisms underlying how DBS
and AAV-GAD gene therapy is effective
remain to be defined.” A double-blinded
phase Il study of AAV-GAD infusion into
the bilateral STN is currently underway
for 40 subjects, including 20 subjects that
received sham surgery.

Future prospects

Owing to the development of efficient
viral vectors, gene therapy for PD has
been tested in clinical trials, with the
initial results of phase | studies proving
encouraging. In contrast to cell
transplantation, immunosuppressive
drugs are not necessary for the current
gene therapy strategies. If the primary
purpose of treatment is the supple-
mentation of dopamine into the striatum
for improving motor performance, then
gene therapy appears to be simpler than
cell transplants. Cell therapy may prove

-useful in treating Parkinsonism'including

cerebral ischemia, striato-nigral
degeneration and cortico-basal
degeneration, where neurons in the
striatum are damaged. However, several
PD symptoms that L-dopa is not effective
at rescuing including cognitive
dysfunction, depressive state, frozen
gait, posture reflex disturbance and sleep
disturbance have also been reported.”
For the treatment of these symptoms,
effective therapeutic genes must be
identified and delivered into the
appropriate areas of the brain.
Development of vector constructs that
avoid over-expression is also required for
increasing safety.*® Although AAV and
EIAV are reported to be non-pathogenic
for humans, the long-term safety must be
confirmed. It is expected that in the near
future gene therapy will become the
generalchoice for the treatment of PD.
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| ATl : e . [ S, B

e GluR2, | RG i ‘Glul 2 76%, GIUR:90%, GluRd: | ADARI, ADAR2
GIuRS, i
G|LIP\4 e e e -!

! (1|uf ADARI ] S

& (‘lupﬁ Y, ADARI. ADAR? SR CANA

, Y mﬁu | (GluRo Q/R MR L)

V 5 HT«R 1 A~ E g‘ﬁ‘ﬁh % C /1 /\ /fr.sm ‘h': i / L\M.L R( )%, nl’l IA B n”‘i ADAR ::‘)’:'ff% B

2RI ! i f:15%, D ,.m 70%, E(C h.ﬁ C, D§BI  ADAR? | (5-HT2e 2 %{E D, E EBAERE

o4 i ! { i {J )

b e Byl 1 (86 FACSM | F v s LOTFEL Laae ADAR?

P AUmaFraa f

SET LTy, P rAEE poim mutation Tt 5 HRTINE
!ATF’H a“ ﬁffJ)"f‘ ’E‘ A, Jﬂ’fl‘f’* BRAZALT B2 & TR
B ﬂ « L‘r_) C- UU’RHAn’fE (it
O F R 3 R RTHEZ ﬁ{n'q'_” 5% comec
el DRERS AT, R, f
i ‘I)U i, |
"GRG 7 1/V, Y/C AN VA LTS Mnliu"lé;l/uw :
T DI % B T DM DT T A, ST | O Ol ﬂﬂ

o soalece .
e A A0A5 T DINE N

M@\ t

u”‘l | ”4 ‘fj g;'T)J.{
' TAIpA HHilE %
nhi g fH th)H é?—m‘”[ .

bl 'm

tE Iz ALS

*f%GmMOMMR%ﬁm Pé%#%ﬁéﬁuiaif E4ES
100%REINTVI L W) ETRHRENTHY, TNIZEBVIRE
HERTEHMIZMICIZREWEINTuR,

ZBELDINVN—TZADAR2 2V F4vat V) v o7 b=
v ARMERL, MEMBELEZEC 22 E) BT THD,
ADAR?2 DOIEREFRIEDINFEME ALS DBEHERHIC o223 L

Za—ayvpE— ﬁaff%%lﬂﬂﬂv«vw GluR2 mRNA %ﬁ%wﬁ%
RS DEWZ LD BX O ALS O BE—EE = 2 — 1 vz GluR2
Q/R ZhHZ RNA fRER(ET &> 9 RNA REEFEISHHISERN» D
BEERENICRONE 2 L2RELAELY (M),
RNA fRE & RNA {REEEHE ADAR2
Z D GluR2 Q/R HALD RNA fRELZ FEMICHIE L Tw 2 Qs

RNA #RE£E£ 35 adenosine deaminase acting on RNA type 2 (AT BLTWw3,
ADAR2)TH 3?9, —fRic, $5 5 v 37 ~LEFREN % mRNA
SRETS CEES NI, AT740v 722, 4V oyl X

1) Kawahara Y, et al. Nature. 2004 ; 427 : 801.

TUEI Y HENTHEENS, BEERIEECEE S 2L 2) Tihara K, et al. J Neurosci. 2001 5 21 : 2224-39.

EICED 2 X ) hEABEE LRI WRESD 225, EEF25 233 gia Zﬁet al.letll\}'on. 1?196 ; 1?:70(:) (?:_155)—565.782 o

mRNA B S n 5 @R CREFROGEEMA 6D I LhH 3. S Bomk'S, st ai, ] Mol Med 2005+ 58 110-20.
. kK , et al. ] Mol Med. 2005 ; 83 : 110-20.

Zh% RNA ##& (RNA editing) & FER0, RNAfRED ) LRICE 6) Brusa R, et al. Science. 1695 ; 270 - 1677-80.

Egoa Py ERPES BEICKE, §Y50 OBBEEL 2BA
BY, EMFRCHERRRGTH 2. MFE ALS TROLNB
£ % A-TREIPEHERTROBERICEL T3 (REH).

7) Kawahara Y, et al. J Neurochem. 2003 ; 85 : 630-9.
8) Takuma H, et al. Ann Neurol. 1999 ; 46 : 806-15.
9) Higuchi M, et al. Nature. 2000 ; 406 : 78-81.
10) Keegan LP, et al. Nat Rev Genet. 2001 ; 2 : 869-78.
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HEBRCELER

- INSSyBBREHE
WREEGEREMNRELE

BiilUshA, Tt 2

MAEHEMEIEAIRELTE (amyotrophic lateral sclerosis, WFALS) &, EERBED
BREMERBTHD. HE, WEDOTI—TTEIINS I VBSEEY 712y f 53 GIUR?

\\\\\

RENSHESMC U, ThIZBERBRBE &6 ICEBBEN AR AR TS 5T
TEIZ2HDTHZ. AR TIE, INETOEENAREESEOMBICOVWTRRTH,

L T T T T T A

FUHIC . FEmERIRELEE

FRZEHRMERIZRIE(LAE (amyotrophic lateral scle-
rosis : BAT, ALS) i, &= 2 —n v a3h 2 E»
LMD, RN THEED & RS g R

[#—7— R &I8EE
RNA MR, AMPA %k, ALS, GluR2, Q/Ri
fir

ALS : amyotrophic lateral sclerosis (/g
[EST I whe)

AMPA : a-3-hydroxy-5-methyl-4-isoxazole
propionic acid

DRPLA : dentatorubropallidoluysian atrophy
(HIRBEARAZ R B BV A (RZE30E)

MSA : multiple system atrophy (% %t 55755E)

ADAR : adenosine deaminase acting on RNA

ECS : exon complementary sequence

CYFIP : cytoplasmic fragile X mental retarda-
tion protein interacting protein

LR A L I I R R I N I R R R R R R T

TH5., ALSORIERIIADIOFAHZD 0.8~7.3
N/ FRBE, BREIZ2~3ABETHVEEDSNE
ZRBDoNTORWEY, HBOREEFEOEFED
NRIND, FEARAYI BB T 13— _E R AR /N
FRIDOCHIET - HEMPIBE 2. DT T REE,
MEREARE 2 EIC k5T, %132 ~54F (B 34)
BECTHICELEETH 3.

TRERZERICIE, BRTAICORRICL Z V4~ 2
2RO, BHEAOKIES) = 2 — 0 v OIEIZEIE
THD, BHEZL—1 NI, Bunina/Me & EiEn
LIAT VDL RS F UHUEBE, F ST
VB OMBAE AEP e X0 BiiE,
TDP-43 [51%EE AffEC % 5 skein-like inclusion ®
Lewy body-like hyaline inclusion % & D&t A k34
b5,

MFEEALS IZLEBEDIO%D L2 5D, BAOER
JEVEALS DEEEGTFERIIREBOEFTCREIN
TRz, FIEWEALS LIZRIEA D= X LDER

AMPA receptor and sporadic amyotrophic lateral sclerosis

Takuto Hideyama "2 /Takenari Yamashita!’ /Shin Kwak !’ : Department of Neurology, University of Tokyo, Graduate
School of Medicine !’ /Division for Health Service Promotion, University of Tokyo 2’ (BIRKZERSERE S R RG

REFELMENBED /FRAERE - RERIBERT?)
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BrEZO5ND, HhEMN WRERERTRZH, WM
BIg S vy BEDL, SITEBRREE I & ME
FNTERD, WINLITHIN TR, Z0X)
eRmof, Kwak 512 & o CIFEE ALS BHEES)
Za—uvTik, IVIIVEBREERTH B AMPA
(o-3-hydroxy-5-methyl-4-isoxazole propionic
acid) EHEEY 7122y FD 12 THDH, CaHEdMk
AMPA Z &M% T 5 GluR2 ® Q/R EBALIC RNA R
ENR I SR RIFERO GluR23MAS, HEERFR
0, SIEREIEI > Twa I EBRER I,

8 AMPA Z&a M & BE M IRHRE

1) 7 2 VEIC & 2 EHREBE T
ERRRIZ N F S VBEDBHRISEYETH Y, T
BB —u b IORERANZEEICRITTOS,
ZOIEDEH -0 VICBLTH VY S VBERE
EHEEETHEEL CW5, BEEWEMREILD X A
SALE, SNV I VBICX 2EEREICRS
Ca2*iz ¥ DA & &Rk LEL s R Eh, AHE

WEDHEREL, ML AR — F3¥M@C EwHI b

TH %, WEEMEEMIEE, EiCEBMSREmE 2t
8, TADPAERR ORI @ & &
Z 5N T a7, —HT, BEMISR, in vivoBiER
FTEAEIC B EE ERI SRV EVRET
b AMPA ZEGDRIAMRRICHE T2 2 & T8F
D REIAFEDSAE Z 5 2 R4 EEL I E N,
iz ALS T AMPA Z& % N1 % MFEMIESLY ALS
DFEHIMTCIC BT\ 5 2 & 2T 5 BRVIES
N33 iz, AMPASZEADRE & HEEiE
FLAZDWTERL B,

2) #HIZMAAEE AMPASAR

TNE I VBZEBRIRESATVF 2 VEER
WS OEIND, ZLTAAYF v RNVEIEE
5 ic NMDA B4, #4 =V EEss, AMPARA
FIZ T 545, NMDA ZEAEL M ORI
BA5T 2DIcx LT, AMPAZAMKIZE LY T 7 AR
FiIcHlb 3 o —n v OEREMEIGICES L, EF
Za—uvii, FICEEOEREEMELICRE TS 2
TEPBHLSNTwE, ZOOoFAA=ALE LRI
DT YA =iz 0lk, @FE L Cat A LAl
WCal EEDRERI LR TH 2, RN Ca?tig

110 (746)

ELrRoEE 1, ONMDAZAEKDERLIZL S
F % 250 Cal A, @ Ca?*ZEi#l AMPARE
ROEE, O RSB NY S VBEZEAR EOEE
2 X BIP3EEZNT 2/ EER 6D Ca BIE, @ &
DA X 5 BRI Ca?tF + 2V OBIO 2 X
DA D= A&, ® BAIREEDF IV EBET v 2
NVDEE5E (transient receptor potential) 2316 41T
W3, Bl y MEEEREREIEoRELE 50
DAMPAZEEEZN L RIEPEETH S Z Loth
Dot A—bIPF T T 7 PRERBEER DS,

N REYOBES = —nvizld, A4 VR
BAROHEBRBZ L DIZW LT, AMPAZREFIIEE
WKHRLTRY, BEEMPREITEICAMPAZEEDL
HoTWw3, £, ALSESHRYIEES v b EEH
AR B 5§ % L RIIagt 3L U, AMPA RAHE
FPUFTZAMCE STV AFX 2 —TE 5H3NMDA
BT vy T A Mk TRIFT R E, NMDA
TR LY AMPAZEHEN L MIfastIcifEsIC¢H 5
ZEMRENTLEY,

3) AMPARISEED Ca? TRt RERF

AMPA Z&MZ, BREE, {L¥ B, BHgUEL
E, 45E»PDHEFAICIV4EOY T 2=y b
(GluR1-GluR4) DEME 13X I Ehilrdby
Do AMEBELEIZSNTVS, EY 722y M
HFEERFoTED, HAIKNT70%DT I 7 BESI
oOEAEERE> (B1A).

AMPA Z&EAED Ca? HEBEEZIE T 2EF 2L, ©
GluR2¥% 72=v , @GluR2¥ 7 2=y s DRNA
e (o Q/RERAL), @flip/flop splicing variant
R/GEMDIRESR R EF v 2NV OBEORRET 2 F X
Avhshy, MLt LTz @AMPAZEEEED
Ca?*"MABRIETHIRERAFLALS., LaL,
Ca? " B@ M2 HE T 5RTF O TR CHMIEG I R
T2 TiERY, GluR2D ) v 277 Mz X H/h
Rl R IS E L 555, GluR2 /v 77
b= 2 TIZ LTP 25 O A CHIIESEIZE U8 flip/
flop isoform 1%, MifEFL%E £ LU % \v23, AMPAZZERK
HEZHED 2T, AMPAZAREEDOELD A TIEM
HRAEZ £ U 22\, Zhcx L, RNAMREZEIE
LR ZATIRER 20 AURICERIC X T T
%9 (K1 B).
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A

N>R

GluR2 o/REERE  ~CPR2

B
BTG cluno o) |

u
GIuR2R CAG —* CIG —MRQ | Cg2t Ca?*
(RER)
GluR2Q CAG — CAG —MQQ

(RiREL) DNA

mRNA  T7I/B

st
o

4.1protein family #
(GluR1,GluR4)

PICK1,GRIP1,GRIP2
(GIuR2,GIUR3,GluR4c)

RNAfRERELE
YT TFINT IR

ST TINT IR

E1

GluR2 Q/R BB{iL & MMF4 ALS
1) #HEMREE GIUR2Y 71y K

AMPARBF & CaZ ' EBIEIC &k 2 BEEHIEHBISE

A) AMPAZEMGZHBET 2 GuR1-40&F 722y M, MENONEE, BRALY (Ml~M4), ko
CHRIEP 545, FY 72y b OM2ITid Q/REFM EWEEI B EAHH Y, FEAIE GURZ BT I LY =
Q) THBDIHFLT, GURZZEFETVE=Y (R) TH3. LHLY 2 LL-ULTIE, GURZH Q& a— F L
Twp CAGEWIINTH S, RELBHEAIZ, RNANEERE, mRNAKERZBHIZTF/ v (A) 234 /vy
(D) ~CEEEHEIN, CAG (Q »56CIG (R) ~O7 3V BEBMIEL 2720TH2. Z0ESIE, RNAFE
EMENS. B) 7 v MM T IVE v IR AN XTI, 0T Ty b ok GIuR2 2% { $3E
LTRY, AMPARIZAMED Ca* BBIEIE L, BHEDONRT v MilllE, #E OISR, /%7 Bergmann
ZUTHIMO LS I GIUR2Y 722y FABEALFKRL TRV L ) AHETR, Ca BEMkiIEs. o2 b
AMPAZZEMED Ca? BB, GUR2 DB L > THEZN TV S, GuUR2D ./ v 7 77 F iz k Y /NG EZ ©
ISHIBESEASE T 205, GIluR2 /v 7 77 b= AT LTP BHE DA CHIESIZ 4 U 7\, RNAGES HIE L -2
Fv 7 ATRER 20 HUPICEEIC X 2 EETESTRD 53, C) Q/REFAII Ca? BB ke lc BE AW IZF +
F e RTRELTED, MERTIIRERORMCa® 2 DI LT, RIFER T, BENICHED QT3
COERPBWID EEZLNTWVLS

45, GluR2 % 1 DB E& T AEIE Ca2 HB B MK
W (E1B).
BIZAMPARBHRDZY 722y FOM2 F X A4

BB U 72 &9 IR RSt I B T 2 Ca? HEiEik 2
WRET 5HEFIE, GluR2TH 3, AMPA ZEMAELHER
54209722y D)L GluRl, 3,403 72
=y MR TEER I NAZERITE O Ca2 T EEE 2R
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YI2H B Q/REMSCa? ZBEZHEL <53, [
#Aizld GluR2 BIAA D+ 72 = v + GluRl, 3, 4 ¢l
VEIY (Q) THBEDIZHLT, GIuR2#Z k7L
¥=v (R) TH3. LHLY /AL TlE, GluR2

(747)
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LDy Ty FEKICQEaI-FLTWw3, )
LTRIZEZ2DM ) &, BiBT2RNAREL VY
RERVBI B0 TH5. KFEEEGIUR2 (Q) i3t
DY 7 2=y rEEAMPAZEED Ca®tiEEE: % fl
fegvwoT, WREMGIR2 (R) 2&A7 AMPA
ZREDEEHEIT B, H5WIEKRFEEDGluR2
(Q) Z&A% AMPAZAEOHAHENT 5 & #il
WD Ca2 ™ HiADEE S (E1C).

2) GIuR2 Q/R EPHIFERET (FIMF1E ALS OERE

Za-OVEENIKA#ASND

Fhiz b D 7NN — 7%, IMFEME ALS OFFREHEIEAT 12 BY
BT 2 9FEDS, GluR2Y 7=y DA (Ca?t
BERMEAMPAZEEOEIE&OIEMN) BDd, Zed
GluR2 Q/REBMDIRERET (Ca® iEEE AMPAR
BRDOEBERBEN) 12X 2 b D% L. Kwak
SiEL—F—=A 7u¥ 4ty —% O CHREHR
LR S M EB = o — VR D L, INFENE
ALSHBOES) = o — v > DB MR L ~ )L O
WZEWT, GluR2 mRNAFERBICER LB 2
L0 B X NSRRI AR L OV ) AR -
BRI EN7: GluR2 Q/REMIDIRERET 2 HER L
720 B2 AWRT X9, FEdREOES=2»—1
volE, 2 GluR2 Q/R&Rz13 100 % RNAFRE SN T
WS, ALSBECIMRER L7 T CTOERIT 0~ 100 %
Lo, FHEIZ3I8~T5% LET LWk, —
7, ALSTIIEERZ T v /ANK 7 Vv v ififEoik
£33, FENBE L REICIZIE 100 %IicFE et
7oV, iz, R ETHRAERETH 5 WK
BB ST (dentatorubropallidoluysian
atrophy, B TFDRPLA), %RMEMELE (multiple
system atrophy, BT MSA) ORIMHfE%E R L 7225,
RERREENBERBROL VL CRENTE
h DD X5 I DBERNNEEEDNR, H~vF v
N B DRREERD R TN YN v — RO RMEE Y
7Y, EETELMBEEERCERNICEELZZT
M CHIRERIIMET LTV ARAWI LY G, Zod
FEALHSHABIFRICAE ) TR RN b O TIda {, M
HEALS ICEBRENZAFENTHL I L2XRTS

x5z, BERDEVIC»»PL S TEE =2 —a v
BT REAICIEL (GBI 2 FFEN R TFEMT
b AL OWTHRE L7, EB= a2 —n v icEk

112 (748)

2HEUB MY 7Ly METH S SBMA (BREMEERHZE
WEiE) OEE—a2—uy (B2B) LEH=—a-—1mv
WRERE L 2REEALS TR OEENE ALST
(B2C) LIZOoWTHRABDRAAZALDEL TS
DDE, IO THENE, ZORE, SBMABLIY
SOD1 B 5k %M ALS (ALS1) DEFLI v F2F
OFIE L 7k & T, B—8F=1—u v oiffsf
ZIFEE2Y Pa—)L LR 100 %IFETsh 19,
GluR2 Q/REFAZND RNAMRER K ILES = 2 —1 Vs
MEFEIC M 2 IRICE T 2 IR RN TH 2 WlaeE
BN, o, EE= a2 —u VIO oTF AN
AN SETH D, SBMASRALS] OEE) =2 —n
¥ TIRINFEME ALS &3 B 72 BHIIEIED A h = A L HME)
WTW3 EEZ 6N (F3)19,

DG FEREPHEME EREET 20D THS
L%, GluR2 Q/REAMIDRNAREMLRI 572\ k )
IEBETFRE L~y 2035 20 B BRICRBEERIC
Lo THICER LY o bREND,

RNA RS

1) GIuR2 Q/R#MI& RNARE

—B1z, BEZICmRNAL~LT, BEOEA - K
RBRIZIDEBEEERVIEEMZONA I LD B,
Z#% RNA editing (RNARE) LR (B4 A9,
RNAMREI X W EIFRGEBOBREBRZHE ) L& vy
BEEREZ 2 5ABH Y, EWFWCOEELZRIGT
BB, —IEEBERZHEI RNARERTF /v v (A)
o4 /vy (1) (A—=IFEE) v byy (C) 56
7L (U) (C—UMRE) L»8h 50, WIMHETE
ZEAEDEIETHY, GluR2 Q/RERZIZ, DNAD
5 RNANERER, A—TIREIMEI 5 & TmRNAD
\EDEWR (CAG—CIG) ans, 21T, YRV —
LATCIRITT /¥y (G tEAETHEERREINST:
b, CIGaFYFCGG EREZINTALX =V (R) &k
LTEERRENS (M4B). ZnickhEBFLOIV
Z3Iv (Q 2 FVRERIK7I/ BERINS,
GluR2 Q/R¥BArA3, MWHLE CRMICR DD o 1-iRE
WhrThh, Zofiulic, RO X ICRESMIIZERE
RAFVF 2 RINCH L ALNTED, RNAREDHE
EIZE D F » RVFENELTEEEZONTY S,
RNATREIZ ZD X ) WEYFIIECTbTwaHRR
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100+ hd ? lweo o g Tl DUER ERE, 5 RENE DM bl ”a o R SRR
(&) .
% 80+ - . .'{ » {
s oeof - Y } .
‘jg 40 { t
% 20 .
O Zﬁ &" -~ 3 =
Al A2 A3 A4 A5 C15 A2 A5 M1 M2 Di D2 C1 C2
n=10 20 21 10 17 76 24 24 24 24 23 22 24 20
HeEEE =10 NET IR TR
B C
i CAG  GIUR2 Q/RERfI
TR JE—MNE  REE100% % EEERE % | GIuR2 Q/RER &R
718 48 12/12 100 100 7
788 42 16/16
608 44 16/16 oo b
242429
13014 145£6 (A5 1 23LM 123 LM
G93A|  [H46R

B—iZMiEIc BT % GluR2 Q/REFIRNAMRSES ek 1 & h &zsaim)

A) B (RELRIE S MME, N2 LHIR) 13, ALSEESHI (A1-A5), 3> hu—LB56] (C1-C5) oM
—HHOEB = 2 — 1 I8 B GluR2 Q/RFMZO RNARER &, ALSH 241 (A2, A5), SREEME (MSA) B
261 (M1, M2), @RIZARZHEROV A hZ5iEE (DRPLA) B 241 (D1,D2), av u—LE 24 (Cl, C2) o
H— N7V % v THIRORMERE LR L T\ 5, T - EMEREE L BT L 2 MIa% (n) bRL7% E8=a—n
VIEBWBIEE Y Fu— L 76 EDMFUE, C1:28,C2:12,C3:13,C4:12,C5: 11 ChH %, EH=—2—1
T, EHEI Y P BT RTOMIBIC BT, FISs RERIZ100% THo7, i, ALSEET
&, BT L 5 7 — AT NTICB VL TIRERIZ0 %25 100 % X TREIZE 0, FEay hu— LBtk gL
HEIET LT (Mann-Whitney U test, p < 0.001). —7, /A7 F v iifgic 81 3 BEZ I 50w i,
ALSH#, MSA#, DRPLABEE 2 b u— LV #HOMICIZEEEIZ 2 (Mann-Whitney U test, p > 0.05). B) fi
DEFI= 2 -0 VfF (SBMA) Tid, WEROETIZFED 2\, TG L7 3HIOER, 1R, CAGY ©— k
B, B LB =2 —n v B R L, —F DT 71 RBIED SBMA 85 TCAG Y B — M5 48, H7-3E
Bi=a—u v 12{8F 12489 R T2 GluR2 Q/REFMDIRERIZ 100 % TH 5, MR L LPFDESH= » —1 > O
KREFLRCRINTOR, TOX)RBRBREZECEF L LT3, TEES= 2 — 0> 0 AMPASEKER
MRNAFHEE L FGUR2Y 72 =y FEEPMO = 2 — a0V ICRTE L, b &b & Ca? BB AMPA 4%k
DEEDZ T LH 5 RNARERTOHEXZZIRT LI ENBIFoN 2, C) SIEEALS RS %\ ALSI OF
TNT v b D2RHE (GI3A, HA6R) DMEB= 2 —n Y 2Nz, EDS I 7BZNENDT v F OEBRHET, 2
NENFEERD « TRLEBETOEE = 2 — 0V ORER 2K 3T, WL LTLM (ittermate : [ja) %
AR, BT 7 7ROBFDBZNTNOEEITB O TRELIOER = 2 — 0 VT, BB LT _T oMk ES
22— 3100 % IEBAREI N T W

THY, ZOREEREFRICE DI 2E5E6DHD
9B, WEEEERDIZ:, NEBE, TAdA,
BrRE (RARIE, 5o, B8, BEmEE
BREEE, V-7 A% EOBER CEETHNT
WEHY, b MERLOEEOEENSHL I NAD
DIFMHEMEALS DA TH B (F).
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2) ADAR2IZED &S ICLUTRNAREESIFEIL T
Wa0H?
GluRZ Q/RERALD RNAMREZHFEMICHIE L T»
2 DRNAREREER adenosine deaminase acting
on RNA type 2 (BUF ADAR2) T¥% 2. ADAR2 ® 3
%>, RNAWRSEIEEZ > ADAR & L TlE ADARIL %8
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