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cloned into a pCl mammalian expression vector (Promega, Madison,
WiI) that had been digested with the same restriction enzymes. The
construct of Flag-hADAR2 was amplified using PCR with primers
specific for Flag-ADAR2UPL (5'-AAAAAGCTAGCTCCACCATGGATTACAAG-
GATGACGACGATAAGATCGATATAGAAGATCAAG-3') and Flag-ADAR2DW1
(5'-AAAAAGGTACCTCAGGGCGTGAGTGAGAAC-3/). The resultant products
were digested with Nhel and Kpnl and cloned into pCl (Promega). Site-
directed mutagenesis of hADAR2 was conducted to substitute Ala for
Glu (E396A) using a KOD Plus mutagenesis kit (Toyobo, Japan). All
constructs were verified by DNA sequencing.

Cell culture and transfection

Neuro2a cells were cultured in DMEM high-glucose medium (WAKO,
Tokyo, Japan) supplemented with 10% foetal bovine serum (Invitrogen,
Carlsbad, CA, USA), 100 U/ml penicillin and 100 pg/ml streptomycin
(Invitrogen) in 5% CO, at 37°C.The culture medium was changed once
after 24 h and then every 2 days. The cells were grown in 6-well plates
at a density of 3.5 x 10% cell/cm?. The cultured cells were transfected
with 2.5 ug of expression plasmid using Lipofectamine LTX and PLUS™
reagents (Invitrogen). The cells were cultured for 72h and then
harvested.

Production of recombinant AAV vectors

The AAV vector plasmids contained an expression cassette consisting of
the mouse synapsin | (SYNI) promoter, followed by the cDNA of interest,
a woodchuck hepatitis virus posttranscriptional regulatory element,
and a simian virus 40 polyadenylation signal sequence between the
inverted terminal repeats of the AAV3 genome. The AAV9 vp cDNA was
synthesized, and the sequence was identical to that previously
described (Gao et al, 2004) except for the substitution of thymidine for
adenine 1337, which introduced an amino acid change from tyrosine
to phenylalanine at position 446 (Petrs-Silva et al, 2011). Recombinant
AAV vectors were produced by transient transfection of HEK293 cells
using the vector plasmid, an AAV3 rep and AAV9 vp expression plasmid,
and the adenoviral helper plasmid pHelper (Agilent Technologies, Santa
Clara, CA) as described previously (Li et al, 2006). The recombinant
viruses were purified by isolation from two sequential continuous CsCl
gradients, and the viral titres were determined by qRT-PCR. The viral
vectors used for expression of hADAR2 (AAV9-hADAR2), an inactive
mutant hADAR2 with an E396A amino acid substitution (AAV9-
hADAR2%29%Y, Flag-tagged hADAR2 (AAVS-Flag-hADAR2 and AAV9-
Flag-hADAR23%¢% and green fluorescent protein (AAV9-GFP), con-
tained the entire cDNA sequences of ADARB1 (GenBank accession
number NM_015833 and NM_015834) or EGfp.

Animals
The animals used in this study were homozygous conditional ADAR2
knockout mice (ADAR2MMPX\ACKT-Cre.Fast; AR2). In AR2 mice, Adarb1
encoding ADAR?2 is conditionally targeted in motor neurons using the
Cre/loxP system, and ADAR2 activity is completely ablated in
approximately 50% of motor neurons, which are therefore unable
to edit the Q/R site of GIuA2. AR2 mice display slowly progressing motor
dysfunction resulting from a loss of spinal AHCs. Because reduced
GluA2 Q/R site-editing occurs in motor neurons in sporadic ALS, AR2
mice recapitulate the molecular pathology of sporadic ALS.
Recombinant AAV vectors were injected intravenously into mice via
the mouse tail vein. In some experiments (Supporting Information Fig
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S4), AAV vectors were injected in the left ventricle of the heart of mice
anaesthetized with pentobarbital (50 mg/kg, i.p.) over a period of 1 min
with a 0.5 ml syringe equipped with a 29-gauge needle. Homozygous
AR2 mice (n=16) were injected with AAV9-hADAR2 vectors
(2.14 x 10* vg/body) before (n=11) or after (n=5) the initiation
of motor dysfunction that was defined by a decline in rotarod
performance. Age-adjusted AR2 mice were used as disease controls,
and WT or Cre-negative ADAR2"™ mice of the same strain were used as
normal controls. All studies were performed in accordance with the
Guidelines for Animal Studies of the University of Tokyo and NIH. The
Committee on Animal Handling at the University " of Tokyo
also approved the experimental procedures. AR2 mice injected with
AAV9-hADAR?2 vectors before the initiation of motor dysfunction were
used for immunohistochemistry and biochemical analyses at 36 weeks
of age (n=5-8). In some experiments, WT mice of the same strain at
10 weeks of age was injected with AAVS-GFP (7.2 x 10 vg/body) and
histologically observed 11 weeks after the injection.

Behavioural analyses

We determined the maximal time before falling in a mouse-specific
rotarod (Muromachi Kikai Co. LTD MK-610A). After training at 10 rpm,
mice were placed on the rotarod turning at a speed of 4 rpm, and the
speed of the rotarod was then accelerated to 40 rpm linearly over
120s. Each run consisted of three trials, and the maximum value of the
three runs was recorded. We defined disease onset as the time point at
which the mice exhibited <75% of the average performance of the
initial 3 weeks for three consecutive trials. The end point was set as the
point at which the falling time was <10 for 3 consecutive weeks or
the mice reached 36 weeks of age. Grip power was measured using a
dynamometer (NS-TRM-M; Neuroscience Corp.). Spontaneous activity
data from individual mice were collected using a piezoelectric sensor
sheet (Biotex) as previously reported by Nakamura et al (2008). Mice
were housed in cages on a 12 h:12 h light-dark cycle with free access to
food and water. Piezoelectric sensor sheets placed under the cages for
24 h were used to measure the daily activity of the mice. The sensor
sheets’ output voltage signals were proportional to the pressure
generated by the activity of the mice. The signals were sampled at
100 Hz with 16-bit resolution after passing through a 0.5~50 Hz band-
pass filter and then digitized and stored on a computer every minute.To
evaluate spontaneous activity, we calculated the average of 24 h of
data and recorded this value. All behavioural measurements were
conducted weekly by a researcher, who was blind to the virus
administration condition, genotype and age of the mice.

Western blot analysis

Neuro2a cells and frozen tissues were homogenized by sonication in 20
volumes of extraction buffer (50 mM HEPES, pH 7.5, 1mM EDTA,
100 mM NaCl, 20mM DTT and 0.1% CHAPS). The homogenate was
centrifuged at 1000g for 10 min at 4°C. The supernatant was boiled
with 4 x SDS gel loading buffer and subjected to SDS—-PAGE. After
electrophoresis, proteins were transferred to an Immobilon-P transfer
membrane (Millipore, Bedford, MA), and immunoblotting for ADAR2, Flag
and beta-actin was conducted. Goat anti-ADAR2 (E-20) (Santa Cruz
Biotech) (1:2000), rabbit anti-DYKDDDDK Tag (Flag) (Cell Signaling
Technology) (1:2000), and rabbit anti-beta-actin (IMGENEX Corp)
(1:2000) were used as primary antibodies, and peroxidase-conjugated
goat anti-rabbit 1gG (Cell Signaling Technology, Inc) (1:2000) and
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peroxidase-conjugated affinipure donkey anti-goat IgG (H+ L) (Jackson
ImmunoResearch, West Grove, PA) (1:2000) were used as secondary
antibodies. Visualization was conducted using ECL plus Western blotting
detection reagents (GE Healthcare Bioscience, Piscataway, NJ, USA).
Specific bands were detected using a LAS 3000 system (Fujifilm, Tokyo).

RNA extraction and reverse transcription

Total RNA was isolated from the cells and spinal cords of mice using an
RNeasy micro kit (Qiagen) and trizol (Invitrogen) and treated with DNasel
as recommended by the manufacturer. First-strand cDNA was synthe-
sized from the total RNA using a Onestep RT-PCR kit (Qiagen), Ready-To-
Go You-Prime First-Strand Beads (GE Healthcare Bioscience) and 50 ng of
random primers (Invitrogen) as recommended by the manufacturer.

Analysis of the conversion of adenosine to inosine at the GluA2
Q/R site and CYFIP2 K/E site editing

The efficiency of the conversion of adenosine to inosine in the GluA2
mRNA, pre-mRNA and the CYFIP2 mRNA was calculated using a
Bioanalyzer 2100 (Agilent Technologies) following the digestion of PCR
products with restriction enzymes (Bhalla et al, 2004; Kawahara
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et al, 2003, 2004). The amplified GluA2 mRNA and pre-mRNA PCR
products were digested with Bbul (New England Biolabs, Ipswich, MA).
The amplified CYFIP2 mRNA PCR products were digested with Msel
(New England Biolabs).

The PCR products from edited GIuA2 pre-mRNA molecules contain
one intrinsic Bbul recognition site, whereas the products originating
from the unedited GluA2 contain an additional recognition site.
Therefore, digestion of the PCR products from the edited GIuA2 pre-
mRNA and GluA2 mRNA should produce two bands (129 and 71bp,
pre-mRNA; 200 and 44 bp, mRNA), whereas digestion of bands
originating from the unedited GluA2 pre-mRNA or mRNA molecules
should produce three bands (91, 38 and 71 bp, pre-mRNA; 119, 44 and
81 bp, mRNA). The density of the 71- or 44-bp band, which results from
digestion of both the edited and unedited pre-mRNA or mRNA, and the
129- or 200-bp band, which is solely the product of the edited pre-
mRNA or mRNA, were quantified and the editing efficiency was
calculated as the ratio of former to the latter for each sample
(Nishimoto et al, 2008; Sawada et al, 2009). Similarly, Msel digestion of
the RT-PCR product generated from edited CYFIP2 yields two bands
(117 and 209bp), whereas that generated from unedited CYFIP2
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mRNA yields three bands (117, 60 and 149 bp) (Nishimoto et al, 2008).
The PCR primers used in these assays are provided in Supporting
Information Table S1.

Real-time quantitative polymerase chain reaction
Quantitative PCR was performed using a LightCycler System (Roche
Diagnostics, Indianapolis, IN). Standards and c¢DNA samples were
amplified in a reaction mixture (20 wl total volume) composed of 10 pl
of 2x LightCycler 480 Probes Master Roche (Roche Diagnostics), each
primer at 0.5 uM and the Universal Probe Library (Roche Diagnostics)
at 0.1 M. We determined the expression level of ADAR2 mRNA using
different primer pairs for mouse ADAR2, human ADAR2 and total (both
human and mouse) ADAR2 cDNA (Supporting Information Table S2).
The reaction was initially incubated at 95°C for 10min, and
amplification of the templates was performed with a denaturing step
at 95°C for 10s and a primer annealing step at 60°C for 30s. As an
internal control, the expression of human B-actin was also measured in
each sample using a LightCycler Primer/Probe Set (Roche Diagnostics;
Supporting Information Table S2) and the same PCR conditions
(Sawada et al, 2009; Yamashita et al, 2012c).

Immunohistochemistry

Under deep anesthesia with isoflurane mice, were transcardially
perfused with 3.5% paraformaldehyde and 0.5% glutaraldehyde in
phosphate-buffered saline (PBS). The brains and spinal cords were
removed and immersed in serially increasing concentrations of
sucrose-PBS solutions (final sucrose concentration of 30%). The
sucrose-immersed spinal cords were cut at a thickness of 10 um with a
cryostat (Model LEICA CM1850; Leica). The sections were immuno-
stained with a standard avidin-biotin-immunoperoxidase complex
method using VECTASTAIN ABC IgGs (Vector Co.) for the secondary
antibodies. Rabbit anti-TDP-43 (ProteinTech Group, Inc, 1:100) and
sheep anti-rat RED1 (ADAR2; Exalpha Biologicals, Inc, 1:100) were
used for the primary antibodies. Colour was developed using the HRP-
DAB System (Vector Co.).

Immunofluorescent staining of the sections was performed using
rabbit anti-TDP-43 (ProteinTech Group, inc., 1:200) and sheep anti-rat
RED1 (ADAR2; Exalpha Biologicals, Inc, 1:200) as the primary
antibodies. Sections were then incubated with Alexa Fluor 555 donkey
anti-sheep 1gG (Invitrogen, 1:200) and Alexa Fluor 488 chicken anti-
rabbit IgG (Invitrogen, 1:200), respectively, as the secondary antibodies.
The sections were examined under an LSM-510 confocal microscope
(Zeiss) after nuclear staining with 0.5 wM TO-PRO-3 for 30 min.

Morphological observation

Mice were killed by overdose of isoflurane, and the brains and spinal
cords were removed and then either quickly frozen on dry ice (right
hemisphere and the first cervical to the second lumbar spinal cord
segments) or fixed with 3.5% paraformaldehyde and 1% glutaralde-
hyde in PBS (left hemisphere and the rest of the spinal cord). Frozen
samples were stored at —80°C until use. Paraformaldehyde-fixed
samples were immersed in the same fixative overnight and then rinsed
in PBS. Sections of the fixed fifth lumbar (L5) spinal cord segment were
sequentially immunostained for Flag (Flag-hADAR2) and TDP-43 using
the immunofluorescence system. The fluorescent images were analysed
using a fluorescence microscope (BIOREVO BZ-9000; Keyence Corp,
Osaka, Japan). Large AHCs with diameters larger than 20 um were
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separately counted for each mouse. TDP-43-positive AHCs (in the
ventral grey matter ventral to the line running though the ventral edge
of the central canal) were counted in four L5 sections for each mouse.
The ventral roots of L5 were then postfixed in 1% phosphate-buffered
osmium tetroxide. The signal intensity of TDP-43 was examined using
Image | software. TDP-43-positive AHCs were counted when the signal
intensity was more than threefold higher than the background. After
three washes with phosphate buffer, each sample was dehydrated in a
graded series of ethanol and embedded in Epon (Wako). Thin sections
(1 wm) of the L5 ventral root were stained with 0.1% toluidine blue,
digitized using a BIOREVO BZ-9000 (Keyence), and axons were counted
manually by a researcher who was blind to the virus injection condition.

Tyramide signal amplification (TSA)

The perfusion-fixed, sucrose-immersed spinal cords were cut to a
thickness of 12 um using a cryostat (Model LEICA CM1850; Leica). The
sections were incubated with 3.0% H,0, in PBS and TNB blocking
buffer [0.1 M Tris—HCl, pH 7.5, 0.15M NacCl and 0.5% blocking Reagent
(PerkinElmer)]. Sections were serially incubated with goat anti-choline
acetyltransferase (ChAT) (Millipore; 1:2000 in TNB blocjing buffer) at 4°
C overnight, incubated with HRP-conjugated donkey anti-goat 1gG
(Abcam, 1:2000) for another 1h at room temperature and finally
incubated with tetramethylrhodamine plus amplification tyramide
reagent (1:250 in amplification solution) for 20min at room
temperature. After washing, the sections were subjected to the next
round of immunohistochemistry after blocking with 3.0% H,0, in PBS.
The sections were incubated with the rabbit anti-Flag antibody (Cell
Signaling Tech; 1:200) in Can Get Signal buffer A (Toyobo) at 4°C
overnight and then serially with HRP-conjugated chicken anti-rabbit
1gG (Abcam, 1:2000) in Can Get Signal buffer A (Toyobo) for another 1 h
at room temperature and with fluorescein plus amplification tyramide
reagent (1:250 in amplification solution) for 20min at room
temperature. The sections were examined under a BIOREVO BZ-
9000 microscope (Keyence Corp, Osaka, Japan) after nuclear staining
with 0.5 wM TO-PRO-3 for 60 min. Bars represent 50 or 20 wm.

Statistical analysis

Average data are presented as means and s.e.m. Statistical analyses
were conducted using JMP 9 software (SAS Institute, Inc.). For statistical
comparisons of two groups, we used unpaired, two-tailed Student’s t
tests or Mann-Whitney U tests. Differences were considered significant
when p < 0.05.
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Aromatic L-amino acid decarboxylase (AADC) is responsible for the syntheses of dopamine and serotonin. Children
with AADC deficiency exhibit compromised development, particularly with regard to their motor functions. Cur-
rently, no animal model of AADC deficiency exists. We inserted an AADC gene mutation (IVS6+4A>T) and a
neomycin-resistance gene into intron 6 of the mouse AADC (Ddc) gene. In the brains of homozygous knock-in
(KI) mice (DdcV56¥56), AADC mRNA lacked exon 6, and AADC activity was <0.3% of that in wild-type mice. Half
of the KI mice were born alive but grew poorly and exhibited severe dyskinesia and hindlimb clasping after
birth. Two-thirds of the live-born KI mice survived the weaning period, with subsequent improvements in their
growth and motor functions; however, these mice still displayed cardiovascular dysfunction and behavioral prob-
lems due to serotonin deficiencies. The brain dopamine levels in the KI mice increased from 9.39% of the levels in
wild-type mice at 2 weeks of age to 37.86% of the levels in wild-type mice at 8 weeks of age. Adult KI mice also
exhibited an exaggerated response to apomorphine and an elevation of striatal c-Fos expression, suggesting
post-synaptic adaptations. Therefore, we generated an AADC deficient mouse model, in which compensatory reg-
ulation allowed the mice to survive to adulthood. This mouse model will be useful both for developing gene ther-
apies for AADC deficiency and for designing treatments for diseases associated with neurotransmitter deficiency.

© 2013 Elsevier Inc. All rights reserved.

Introduction

itself a neurotransmitter in the basal ganglia. Dopamine is responsible
for reward-driven learning, voluntary movement control, feeding,

Aromatic 1-amino acid decarboxylase (AADC, EC 4.1.1.28) is a
homodimeric pyridoxal phosphate-dependent enzyme involved in the
metabolic pathways responsible for the syntheses of two monoamine
neurotransmitters, dopamine and serotonin (Hamosh and McKusick,
2011). AADC decarboxylates 1-3,4-dihydroxyphenylalanine (1-DOPA)
to dopamine, L-5-hydroxytryptophan to serotonin, and L-tryptophan
to tryptamine (Consortium, 2011; Hamosh and McKusick, 2011).
Dopamine is the precursor of catecholaminergic hormones and is also
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neuroendocrine secretion, cognition, and behavior (Crittenden and
Graybiel, 2011; Hamosh and McKusick, 2011). Serotonin has important
neuromodulatory actions in cognitive, emotional, impulse control, cir-
cadian rhythm, sleep-wake cycle, pain, respiratory, and cardiovascular
functions (Benarroch, 2009). AADC also mediates the syntheses of
trace amines (Berry, 2004).

Defects in the AADC gene result in a deficiency of dopamine and
serotonin and their downstream metabolites. AADC deficiency (MIM
#608643) is an autosomal recessive inborn error of metabolism and
was first identified in 1990 by Hyland and Clayton (Hyland and
Clayton, 1990; Hyland et al,, 1992). Approximately eighty cases were
reported worldwide between 1990 and 2010 (Abeling et al., 1998;
Brautigam et al., 2000; Brun et al., 2010; Fiumara et al,, 2002; Korenke
et al,, 1997; Maller et al., 1997; Pons et al., 2004; Swoboda et al,, 1999;
Swoboda et al,, 2003; Tay et al., 2007). Clinical manifestations of AADC
deficiency include hypotonia, hypokinesia, oculogyric crises, and signs
of autonomic dysfunction, beginning early in life (Brun et al, 2010).
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AADC deficiency is comparatively less rare in Taiwan relative to other
countries because of a splice site mutation (IVS6+4A>T) in the Taiwan-
ese population (Brun et al, 2010). This mutation interrupts the donor
consensus sequence of intron 6, which causes aberrant splicing of the
gene (Lee et al., 2009; Tay et al,, 2007).

L-DOPA is an effective drug for Parkinson's disease and tyrosine
hydroxylase (TH) deficiency. However, L.-DOPA cannot be converted
to dopamine in cases of AADC deficiency, and dopamine does not
cross the blood-brain barrier. Patients with AADC deficiency only
partially respond to dopamine agonists, and many patients die during
childhood (Pons et al., 2004). Recently, gene therapy was tested in
patients with AADC deficiencies (Hwu et al., 2012). The treatment
employed an adeno-associated virus vector that was injected into
the bilateral putamen of patients to replenish AADC levels. Gene ther-
apy improves the motor function of patients and decreases the sever-
ity of oculogyric crisis. However, the development of a treatment for
AADC deficiency is still hampered by the lack of an animal model of
the disease.

Knockout of the mouse AADC (Ddc) gene results in death in utero
(unpublished observation by H.L.). Therefore, in this study, we
employed a knock-in (K1) strategy by inserting an IVS6+4A>T muta-
tion into the mouse AADC gene. Homozygous KI mice were able to
survive into adulthood and exhibited biochemical and movement ab-
normalities similar to those observed in patients with AADC
deficiencies.

Materials and methods
Generating the KI mice

An artificial mouse bacterial chromosome containing exon 6 and in-
tron 6 of the AADC gene was obtained from a 129/Sv] genomic library.
The Kl vector was constructed by the Transgenic Mouse Model Core
Facility (Liu et al., 2003), and Southern blot analyses were performed to
select KI embryonic stem (ES) cells, as previously described (Su et al.,
2007). The AADC genotype was determined by polymerase chain
reaction (PCR) using the primers 5’-AGGCGCATTCCTCIGTAGAA and
5'-CCCAAATAGTGCCAACACCT, followed by direct sequencing. Heterozy-
gous ES cell clones (Ddc**®) were microinjected into 129/B6 blastocysts
and then transferred into pseudopregnant females to generate chimeras.
The chimeric mice were mated with B6 mice to generate heterozygous F1
mice. Mice were housed under standard conditions with artificial 12-h
dark-light cycles. Behavioral tests, tissue sampling, blood sampling, and
imaging analyses were performed on homozygous (DdcV**V*6) KI mice
at 2, 4, 8, and 12 weeks of age. Either wild-type or heterozygous litter-
mates were used as controls. These animal studies were approved and
performed in accordance with the guidelines of the National Taiwan Uni-
versity College of Medicine and College of Public Health Institutional An-
imal Care and Use Committee (IACUC no. 2110134).

RNA analyses

Mice were sedated with avertin (0.3-0.4 pg/g body weight) before eu-
thanasia. Coronal slices of the brain containing either the striatum or the
substantia nigra were homogenized with Trizol® for RNA studies. Total
RNA was extracted using the Trizol® reagent according to the
manufacturer's protocol. The reverse transcription (RT) reaction mixture
included 2 pg of RNA and 0.5 g of oligo(dT). The PCR reactions either in-
cluded exon 6 using the primers 5-ACTGGCTGCTCGGACTAAAG and 5'-
CCCACTTCCAGGAGATTGTC or were specific to exon 6 using the primers
5'-CATGAGAGCTTCTGCCCTTC  (located on exon 6) and 5-
GCAAACTCCACACCATTCAG; the latter was used for mRNA quantitation.
The genes amplified and the PCR primers used are as follows: mouse do-
pamine active transporter (DAT; Slc6a3), 5'-TGCTGGTCATTGTTCTGCTC
and 5'-TATGCTCTGATGCCATCCAT; vesicular monoamine transporter 2
(VMAT2; Slc18a2), 5'-CAAGCTGATCCTGTTCATCG and 5'-GGAAGTGGA

GGCTGTGAGC; TH (Th), 5'-CGTCATGCCTCCTCACCTAT and 5-CCCAGAG
ATGCAAGTCCAAT; catechol-O-methyltransferase (COMT; comt), 5'-
CTGACTACGCTGCCATCACC and 5-TAGCGGTCTTTCCAGTGGTC; c-Fos
(c-fos), 5-GAATGGTGAAGACCGTGTCA and 5'-GCAGCCATCITATTCCGT
TC; substance P (protachykinin-1; Tac1), 5-GGATGCTGATTCCTCAGTTG
and 5'-TAGTTCTGCATCGCGCTTCT; dynorphin (prodynorphin; Pdyn), 5'-
TGCAGTGAGGATTCAGGATG and 5'-GCAACCTCATCTTCCAAGTCA; en-
kephalin (preproenkephalin; Penk), 5-CCTGCCTCCTGGCTACAGT and 5'-
GCAGGAGATCCTTGCAGGT; and B-actin, 5-GCTACAGCTTCACCACCACA
and 5-TCTCCAGGGAGGAAGAGGAT. Quantitative PCR results were
expressed as 2247, representing the quantity of PCR products of KI
mice relative to that of wild-type mice after normalization to the quantity
of B-actin (Livak and Schmittgen, 2001).

Western blot, immunohistochemistry (IHC), and immunofluorescence
(IF) analyses

Mouse brain coronal slices were snap frozen in liquid nitrogen and
stored at — 80 °C for western blot analyses using TH (1:1000, Millipore,
Billerica, MA, USA), AADC (1:1500, Abcam, Cambridge, UK), or tubulin
(1:1500, MDBio, Taipei, Taiwan) antibodies. Mouse striatum was isolat-
ed for western blot analyses using dopamine D1 receptor (1:500, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), D2 receptor (1:500, Santa
Cruz Biotechnology Inc, Santa Cruz, CA, USA), and MAOA (1:500,
Proteintech) antibodies. For IHC and IF studies, mice were perfused
with 4% paraformaldehyde. The brains were removed, post-fixed over-
night at4 °C, cryoprotected with 30% sucrose in phosphate-buffered sa-
line (PBS) for 48 h, mounted in OCT embedding compound, and frozen.
Coronal sections (40 pm in thickness) were cut on a cryostat and col-
lected in PBS. IHC was performed by incubation overnight with TH
(1:50,000) (Nagatsu et al, 1979) or AADC (1:20,000) antibodies
(Nagatsu et al., 1988). The slides were washed, incubated for 2 h with
a biotinylated anti-rabbit IgG secondary antibody (1:200, Vector Labo-
ratories, Burlingame, CA, USA), and visualized using the VECTASTAIN
Elite ABC Kit and Peroxidase Substrate DAB Kit (both from Vector Labo-
ratories, Burlingame, CA, USA). Dual IF staining for TH and AADC was
performed by incubation with a mixture of TH (1:800, ImmunoStar,
Hudson, WI, USA) and AADC (1:5000) antibodies, followed by Alexa
Fluor 594-labeled anti-rabbit IgG and Alexa Fluor 488-labeled
anti-mouse IgG secondary antibodies (both from Life Technologies,
Grand Island, NY, USA). The sections were viewed and photographed
with a confocal laser scanning microscope (FV10i, Olympus, Tokyo,
Japan). Total numbers of AADC- and TH-stained neurons throughout
the entire substantia nigra were counted stereologically in a blinded
fashion with Stereo Investigator software (MBF Bioscience, Williston,
VT, USA) using the Optical Fractionator Probe module. Coronal sections
(10 pm in thickness) were also cut for IHC with c-Fos (1:300, Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) and serotonin reuptake trans-
porter (SERT, 1:500, Millipore, Billerica, MA, USA) antibodies. For
¢-Fos staining, adult mice (8 weeks of age) were injected with apomor-
phine subcutaneously 2 h before sacrifice. The number of c-Fos-positive
nuclei in the striatum was quantified under a light microscope. Three
serial sections were stained, counted, and averaged for each striatum.

Positron emission tomography (PET)

PET was performed as previously reported (Lin et al, 2010;
Vuckovic et al., 2010). For 6-]'®F]fluoro-L-DOPA (FDOPA) PET, mice
were treated with carbidopa (25 mg/kg, ip.) and entacapone
(25 mg/kg, i.p.) 30 min before the injection of FDOPA (250 pCi for
2-week-old mice and 500 uCi for 8-week-old mice, i.p.). Thirty min
after FDOPA injection, mice were anesthetized with isoflurane, and
images were obtained using a small animal PET/CT scanner (eXplore
Vista DR, GE Healthcare, Fairfield, CT, USA).
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(right side) is much smaller than the wild-type (WT) mouse (left side) at 10 days of age.

AADC activity and neurotransmitter levels

Whole brains from mice were snap-frozen in liquid nitrogen and
stored at —80 °C for AADC activity and neurotransmitter analyses.
AADC activity in brain homogenates was assayed based on the measure-
ment of enzymatically formed dopamine, with L-DOPA as a substrate,
using high-performance liquid chromatography (HPLC) with electro-
chemical detection after separation with an Amberlite CG-50 column
(Ichinose et al., 1985). The standard incubation mixture (a total volume
of 400 pl) contained 30 mM sodium phosphate buffer (pH 7.2),
0.17 mM ascorbic acid, 0.1 mM pargyline HCl (a monoamine oxidase in-
hibitor), 0.01 mM pyridoxal phosphate, 1.0 mM -DOPA (or b-DOPA for
the blank), and the enzyme reaction was carried out at 37 °C for
20 min. For measuring neurotransmitter levels, tissues were depro-
teinized by 0.2 M perchloric acid and centrifuged at 15,000 xg for
10 min. L-DOPA, dopamine, 3, 4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), norepinephrine (NE), 5-hydroxytryptamine
(5-HT, serotonin), and 5-hydroxyindoleacetic acid (5-HIAA) levels were
analyzed by HPLC using a previously reported protocol (Homma et al,
2011). To investigate if brain dopamine was synthesized from tyramine,
mice were first treated with reserpine (10 mg/kg i.p., Sigma Aldrich, St.
Louis, MO, USA) 18.5 h before being sacrificed to deplete the vesicular
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stores of dopamine (Bromek et al., 2011). On the day of the experiment,
mice were further treated with either o-methyl-p-tyrosine (a-MT,
300 mg/kg i.p., Sigma Aldrich, St. Louis, MO, USA) 3.5 h before sacrificing
to inhibit TH, or quinine (50 mg/kg i.p., Alfa Aesar, Ward Hill, USA) 1.25 h
before sacrificing to inhibit the alternative pathway enzyme CYP2D. Brain
DOPAC levels were then measured.

Motor and behavioral tests

Hindlimb clasping was measured by hanging mice by their tails.
The score was 1 for any dystonic movement and O for no abnormal
movement. The total clasping score was calculated by adding up the
scores in 2-s segments for 24 s (Gantois et al, 2007). Four-limb
akinesia was measured by hanging the mice by their tails and then
slowly placing them on the ground (Yang et al, 2006). The time
required to move all four limbs and walk was then recorded. Rotarod
tests were performed using machines with 3-cm-diameter spindles
(Ugo Basile, Varese, Italy) (Rozas et al, 1997). Infant mice were
trained at 16 rpm for 60 s; this training was repeated four times.
After resting for 15 min, the mice were tested using five speeds (16,
20, 24, 28, and 32 rpm). Each session lasted up to 120 s, and the
time required for falling from the rod (the latency) was recorded.
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wild-type mice.

Adult mice were trained at 0 rpm for 60 s (repeated 3 times) and
4 rpm for 60 s (repeated three times). The mice were subsequently
tested at an accelerating speed from 4 to 40 rpm over 300 s. The la-
tency and the speed of the rod at the time of falling were recorded.

Blood pressures and heart rates were measured under general an-
esthesia using the BP-2000 Series II Blood Pressure Analysis System
(Visitech Systems, Inc., Apex, NC, USA); measurements were repeated
10 times/afternoon on three consecutive afternoons. Electrocardiog-
raphy (ECG) was recorded under general anesthesia using PowerLab
8/30 to measure the RR interval, PR interval, P duration, QRS duration,
QT interval, and QTc.

Home cage activities, such as travel distance, awakening, drinking,
feeding, grooming, hanging, rearing up, resting, twitching, and walk~
ing, were recorded over a 24-h period and analyzed using Clever Sys
HomeCageScan TM3.0 (Clever Sys., Inc., Reston, VA, USA). Open field
activities were recorded and calculated using Clever Sys TopScanT
(Clever Sys., Inc., Reston, VA, USA). Mice were placed separately in

an arena and observed for 1 h for total distance moved, rearing, and loca-
tion (time spent in the central part of the arena, ratio of the locomotion in
the center of the arena to the total locomotion, and latency to enter the
central part of the arena). The elevated plus maze was arranged to
evaluate anxiety-related behavior according to a previous report (Wu et
al, 2010). The test was performed in a Plexiglas plus maze (size:
65x65 cm) equipped with the video-based EthoVision Color-Pro system
(Noldus Information Technology, Wageningen, Netherland). Mice were
also injected with apomorphine (1.0 mg/kg, i.p.), and their total activity
and number of rears were recorded for 10 min by an automated locomo-
tor activity analyses system (PAS-Open Field, San Diego Instruments, San
Diego, CA, USA).

Statistics

Data are presented as the means <+ SEMs in each figure. Statistical
analyses were performed using the SPSS statistical package, version
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Fig. 3. Immunohistochemical staining showed no AADC expression in the adult (8 weeks of age) Kl mouse brain. (A) Absence of AADC staining in the KI mice striatum (arrows). (B)
Normal AADC staining in the wild-type mice striatum. (C) Normal TH staining in the KI mice striatum. (D) Normal TH staining in the wild-type mice striatum. (E) Absence of AADC
staining in the KI mice substantia nigra (between the arrows), 400x. (F) Normal AADC staining in the wild-type mice substantia nigra. (G) Normal TH staining in the KI mice
substantia nigra. (H) Normal TH staining in the wild-type mice substantia nigra. (1) Absence of AADC staining in the dorsal raphe nucleus of the Ki mice (between the arrows},
50x. (]J) Normal AADC staining in the dorsal raphe nucleus of the wild-type mice. (K) Normal SERT staining in the dorsal raphe nucleus of the KI mice. (L) Normal SERT staining
in the dorsal raphe nucleus of the wild-type mice. (M through 0) 6-[®F]fluoro-L-dopa (FDOPA) positron emission tomography (PET) scans showed no signal in the KI mice.
(M) No PET signal in the striatum of infant (2 weeks of age) KI mice (arrows). (N) Normal PET signal in the striatum of infant wild-type mice. (O) No PET signal in the striatum
of adult (12 weeks of age) KI mice. (P) Normal PET signal in the striatum of adult wild-type mice.

11.5. The Student's t test or Mann-Whitney rank test was applied for
statistical analyses between different groups. The log-rank test was
used to analyze the survival rate. A p value<0.05 was considered
statistically significant.

Results
Producing the IVS6 +4A>T KI Mice

Mouse (NM_001190448.1) (Bruneau et al, 1992) and human
(NM_000790) AADC genes {Sumi-Ichinose et al., 1992) are highly
conserved at the intron 6 donor site (Fig. 1A). The Kl vector contains
a mutation at the intron 6 donor site and a neo gene cassette flanked
by a loxP site in intron 6 (Fig. 1B). The KI ES cells were screened using
Southern blot analyses to identify the BamHI restriction site intro-
duced by the neo cassette (Fig. 1C). The presence of a heterozygous
IVS6+4A>T mutation was further confirmed by direct sequencing
(Fig. 1D). This splicing site mutation, in the presence of the neo
gene cassette in intron 6, resulted in aberrant RNA splicing, which
skips exon 6 in the ES cells (Fig. 1E). Removal of the neo cassette
resulted in an increase in normally spliced AADC mRNA, which
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essentially erased all symptoms in the KI mice (data not shown).
The heterozygous KI mice (Ddc*/V*%) displayed no abnormal pheno-
type. Only half of the homozygous KI mice (Ddc'V*%V5¢) were born
alive, and these mice were undistinguishable from normal littermates
on the day of birth. After birth, the KI mice grew poorly, and at
10 days of age, they were much smaller than the wild-type mice
(Fig. 1F).

Poor growth and abnormal AADC gene expression

The KI mice grew poorly after birth. Suckling was observed; how-
ever, the Kl mice often exhibited sunken abdomens. However, if the
KI mice survived until weaning, their growth rate became normal
(Fig. 2A). The survival rate of the live-born Kl mice was 67.7%
(Fig. 2B). AADC protein expression was not detected in the substantia
nigra of the KI mice, as determined by western blot analyses (Fig. 2C).
Western blot analyses of TH displayed some variability, which may be
a result of slicing the substantia nigra region from the brain (Fig. 2C,
lanes 2 and 4). A majority of the AADC mRNA in the KI mouse brain
lacked exon 6, a similar result to that observed in the ES cells
(Fig. 2D). Quantitative RT-PCR analyses revealed that the amount of



N.-C. Lee et al. / Neurobiology of Disease 52 (2013) 177-190

AADC

AADC =
Bar = 20 um

M N

Stain  Genotype Positive Cell Number o .
Mean sD SE L 2 };’T
AADC wT 12537.6 1247.3 720.1 féim_
Ki 0.0 0.0 0 3
™ wT 11639.0 10322 5960 O 0%
KI 10019.6 1068.6 617.0 . ND

SD, standard deviation; SE, standard error; n=3 AADC TH

Fig. 4. AADC and TH dual immunofluorescence in the substantia nigra of 8-week-old mice. (A through F) Low magnification (100 x) views of the substantia nigra showed that the KI
mice exhibited negative AADC (red) staining (A} but normal TH (green) staining, while the wild-type mice showed both AADC (D) and TH (E) staining, and the staining overlapped
completely (F). (G through L) High magnification (600 x) views of the substantia nigra displaying individual cells. The arrow in panel ], K, and L points to one typical cell where the
red (J) and green (K) colors were merged into an orange color (L). (M) Total numbers of AADC- and TH-stained neurons throughout the entire substantia nigra were counted ste-

reologically. (N) Quantitative results of M.

189



N.-C. Lee et al. / Neurobiology of Disease 52 (2013) 177-190 183

O

1201 *
1001
801
60
40-

Time to move (sec}

204

Time on the rod (sec)

B *

[=2]
1

Clasping score
o

2-.
0 T
WT Ki
D
1504 - WT
-~ Kl
50~
0 ¥ T ¥ T T

16 20 24 28 32
Rod rotation speed (rpm)

Fig. 5. Infant (2-week-old) KI mice displayed severe motor dysfunction. (A) A picture of hindlimb clasping. (B) The hindlimb clasping score was much higher in the KI mice than in
the wild-type mice (p<0.001). (C) Four-limb akinesia test. The KI mice had a significant delay in moving their four limbs after being placed on the ground following tail hanging
(p<0.001). (D) Latency to fall in the rotarod test. The KI mice exhibited a shorter latency to fall off the rotarod than the wild-type mice (p<0.05 for all speeds, n=12). * indicates

p<0.05.

full-length mRNA in the KI mice was <0.5% of that in age-matched
wild-type mice (Fig. 2E). We measured the brain AADC activity in
infant (2 weeks old) and adult (8 weeks old) Kl mice. The results
revealed that the brain homogenate AADC activities in both infant
(2 weeks old) and adult (8 weeks old) KI mice were 0.2-0.3% of
that in the AADC activities in age-matched wild-type mice (Fig. 2F).

Absence of AADC expression in the brain

In the IHC studies, the striata of KI mice were negative for AADC
staining (Fig. 3A), although the TH staining was normal (Fig. 3C).
The staining from wild-type mice is shown for comparison (Figs. 3,
B and D). The substantia nigra of the KI mice did not demonstrate
AADC staining (Fig. 3E) but showed normal TH staining (Fig. 3G)
when compared with the staining in the substantia nigra of
wild-type mice (Figs. 3, F and H). Similarly, the dorsal raphe nucleus
of the KI mice did not show AADC staining (Fig. 31) but showed nor-
mal SERT staining (Fig. 3K) when compared with the staining in
wild-type mice (Figs. 3,] and L). In the FDOPA PET scans, which indi-
cate AADC activity, the striata could be visualized in infant and adult
(12 weeks of age) wild-type mice (Figs. 3, N and P, respectively) but
not in KI mice (Figs. 3, M and 0). Upon dual IF staining for AADC and
TH, most of the TH-positive cells were also positive for AADC in the
wild-type mice (Figs. 4, F and L). However, in Kl mice, the
TH-positive cells were negative for AADC staining (Figs. 4, C and I).
We counted stereologically the total numbers of TH-stained neurons
throughout the entire substantia nigra in both KI and wild-type
mice, and there were no differences between them (Figs. 4, M and N).

Motor and cardiovascular dysfunctions
Infant KI mice displayed delayed eye-opening and ptosis, were

hypoactive and dyskinetic, and exhibited resting tremors (Video 1).
When the KI mice were hung by their tails, they exhibited hindlimb
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clasping (Fig. 5A), which was rarely observed for wild-type mice
(Fig. 5B; p<0.001). In the four-limb akinesia test, in which mice
were placed on the ground after they had been hung by their tails,
the KI mice were slower to move their four limbs and walk than the
wild-type mice were (Fig. 5C; p<0.001). In the rotarod test, the KI
mice fell earlier from the rod than the wild-type or heterozygous
mice (Fig. 5D; p<0.05). When the Kl mice gained weight after
weaning, their motor functions gradually improved. Adult KI mice of
6-10 weeks of age were normal in terms of size and movements
and were visually indistinguishable from the wild-type mice (Video
2). However, in a rotarod test with an accelerating speed and minimal
training, the adult mice tended to fall earlier (Fig. 6A; p =0.056) and
at lower speeds (Fig. 6B; p=0.056) when compared with wild-type
mice. Repeated rotarod tests of the same mice later yielded normal
results. Therefore, adult KI mice are likely to display impairments in
learning new motor skills. Additionally, adult KI mice had lower sys-
tolic blood pressures (Fig. 6C; p=0.009) and lower heart rates
(Fig. 6E; p=10.028) than those of wild-type mice. These cardiovascu-
lar dysfunctions are part of the autonomic dysfunction observed in
patients with AADC deficiency (Swoboda et al., 2003), and are likely
related to the lack of epinephrine and norepinephrine. A mouse
model deficient of dopamine 3-hydroxylase (DBH), which is respon-
sible for the production of epinephrine and norepinephrine from do-
pamine, has been created. The Dbh ™/~ mice had a low heart rate and
were severely hypotensive (Swoap et al.,, 2004).

Behavioral problems

The adult KI mice were fertile but exhibited poor maternal care. In
the home cage test for evaluating unconstrained behaviors, the KI
mice demonstrated more twitching both in the daytime (p=0.032)
and nighttime (p=0.008) (Fig. 7A) and spent less time hanging in
the daytime (Fig. 7B; p=0.008). When the KI mice were placed in
an open field, they tended to spend less time in the center of the
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(p=0.056). (C through E) Bload pressure and heart rate measurements in 6-7-week-old mice (n=>5). (C) The Kl mice had a lower systolic blood pressure (p=0.009). (D) The Kl
mice might have a lower diastolic blood pressure (p =0.075). (E) The KI mice had a lower heart rate (p=0.028). * indicates p<0.05.

cage (Fig. 7C; p=0.076) and had a longer latency before they entered the
center of the cage (Fig. 7D; p=0.175) than that of wild-type mice. To
verify if the KI mice displayed higher anxiety or fear, we utilized the ele-
vated plus maze test, which is based on rodents’ aversion of open spaces.
In this test, the KI mice had lower general activity according to the total
distance moved (Fig. 8A; p=0.002) and the total number of arm entries
(Fig. 8B; p=0.000). The KI mice spent a significantly greater proportion
of time in the closed arms (p=0.001) and less time in the open arms
(Fig. 8C; p=0.049) or at the center (p=0.001). The elevated plus maze
test confirmed that the KI mice displayed higher anxiety levels.

Neurotransmitter deficiencies

In whole mouse brain homogenates, L-DOPA, a precursor of dopa-
mine, accumulated in the KI mice but not in the wild-type mice only
in the KI mice, particularly when they were young (Fig. 9A). The do-
pamine (Fig. 9B), norepinephrine (Fig. 9E), and serotonin (Fig. 9F)
levels were lower in the KI mice than in the wild-type mice.
Metabolites of these neurotransmitters, including DOPAC (Fig. 9C),
HVA (Fig. 9D), and 5-HIAA (Fig. 9G), were also low in the KI mice.
Moreover, the adult KI mice (8 weeks of age) had a relatively higher
neurotransmitter level than the infant KI mice. For example, in KI
mice, the dopamine levels increased from 9.39% of those in infant

wild-type mice (p=0.021) to 37.86% of those in adult wild-type
mice (8 weeks of age) (p=0.050) (Fig. 9B). We then examined the
possibility that the increased level of brain dopamine in the adult KI
mice was synthesized via an alternative pathway, that is, from tyra-
mine to dopamine. To investigate this possibility, mice were first
treated with reserpine to deplete the vesicular stores of dopamine.
These mice were then treated with -MT or quinine to inhibit TH or
the alternative pathway enzyme CYP2D, respectively (Bromek et al.,
2011). The results revealed that brain DOPAC levels were decreased
by a-MT but not by quinine in both KI and wild-type mice. These re-
sults suggested that all of the dopamine in the brains of the adult Ki
mice was synthesized from the classical pathway, which requires
both TH and AADC.

Compensatory regulation in KI mice

We were interested to know if any compensatory regulation oc-
curred in the KI mice due to chronic neurotransmitter deficiency,
including the mechanism that raised the dopamine levels in adult Kl
mice. We first investigated adult KI mice brain gene expression.
Using quantitative PCR, we quantified the amount of mRNA in the
coronary brain slices containing either striatum or substantia nigra.
The results revealed that the mRNA levels for DAT, VMAT2, and TH
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in the substantia nigra did not differ between the KI and wild-type
mice (Fig. 10A). In the striatum, the levels of c-Fos mRNA were higher
in the KI mice than in wild-type mice (p=0.046), but no significant
changes in the levels of COMT, and neuropeptides substance P,
dynorphin, and enkephalin were observed (Fig. 10B). We further
characterized mouse brain protein expression. IHC studies for the do-
pamine membrane transporter DAT showed similar staining patterns
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in both Kl and wild-type mice (Figs. 10, C and D). Western blot
analyses revealed no changes in the levels of dopamine receptors
D1R and D2R; however, the expression of the dopamine-degrading en-
zyme MAOA was slightly lower in KI mice than in wild-type mice
(Fig. 10F, p=10.05).

Because an elevation of c-Fos gene expression may indicate in-
creased post-synaptic neuronal excitability, we stimulated the mice

B ’ *
60'}

T

F 3
(=1
i

Total entries
N
Q

O

] Openarms
B Closed arms

0
o
]

o
<
i

Proportion of entries {%)
N E3
.9

[«

WwT Kl

Fig. 8. Abnormal performance in the elevated plus maze test. (A) Total distance moved. The KI mice moved a shorter distance than the wild-type mice (p = 0.002). (B) Total number of arm
entries. The KI mice had a lower number of entries (p=0.000). (C) Proportion of time spent in each compartment. The KI mice spent more time in the closed arms (p=0.001), but less
time in the open arms {p = 0.049) or at the center (p=0.001). (D) Proportion of entries into open or closed arms. * indicates p<0.05.
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with the dopamine receptor agonist apomorphine. The results revealed
that before apomorphine injection, the KI mice had lower total acti-
vity than the wild-type mice (Fig. 11A; p=0.041). After apomor-
phine (1.0 mg/kg) injection, the KI mice became more active (Fig. 11A;
p=0019) and had more rears (Fig. 11B; p=0.001), while the
wild-type mice were suppressed. We then examined c-Fos expression
2 h after apomorphine (0.5-20 mg/kg) injection. The number of c-Fos
positive nuclei increased with the dosage of apomorphine, and the Ki
mice revealed an exaggerated response (Fig. 11C). We then repeated
the experiment with a 20-mg/kg apomorphine injection, and the differ-
ence in the number of c-Fos positive nuclei between the Kl and
wild-type mice was significant (Figs. 11, C and D; p=0.004).

Discussion

In this study, we generated the first AADC deficiency mouse
mode]. KI mice can survive without pharmacological or genetic res-
cue. The mice exhibited symptoms similar to the clinical manifesta-
tions of human AADC deficiency, including hypokinesia, dyskinesia,
autonomic dysfunction, and behavioral problems. Therefore, this
mouse model will be suitable for the development of gene therapies
for AADC deficiency. Because patients with AADC deficiency do not
respond well to pharmacological treatment, gene therapy is the opti-
mum strategy for treating this disease. However, the current gene
therapy for AADC deficiency only targets the putamen, leaving other
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areas in the brain and body untreated (Hwu et al.,, 2012). The avail-
ability of an animal model is the most significant step for further
development of gene therapies to treat AADC deficiency.

Splicing errors in AADC deficiency

The consequences of the IVS6+4A>T mutation are different be-
tween the mouse model and humans. In K1 mice, this mutation
leads to the skipping of exon 6. In the human AADC gene, a cryptic
splicing donor at the 438 position of intron 6, which leads to a
37-nt insertion into the aberrantly spliced mRNA is observed (Lee et
al.,, 2009). Exon 6-skipped mRNA was still detected in the lympho-
blasts of patients with AADC deficiency; however, but the 37-nt inser-
tion was the predominant mRNA species. Because the KI mice have
less severe symptoms than patients with the IVS6+4A>T mutation,
especially as they mature, patients can be treated by suppressing
the + 38 cryptic splicing site with an oligonucleotide. Splicing site

" suppression is currently one of the most favorable therapeutic

approaches for Duchenne muscular dystrophy (Aartsma-Rus et al,
2002). Although the IVS6+-4 position is conserved among most spe-
cies, zebrafish possess a T rather than an A nucleotide at this position
(Fig. 1A). Studying the mechanism of AADC gene splicing in zebrafish
to learn how to enhance the correct splicing of the AADC gene will be
interesting, as we have learned in the experimental treatment for spi-
nal muscular atrophy (Baughan et al., 2009). Because the IVS6+4A>T
mutation occurs in most Taiwanese patients with AADC deficiency,
the current AADC KI mouse model will also be helpful in developing
an oligonucleotide therapy.

Residual neurotransmitter levels allow KI mice to survive

Knocking out the genes responsible for the production of dopamine
in mice usually leads to embryonic lethality or the early death of mice.
Such animal models include knocking out the TH gene (Kobayashi et
al,, 1995; Zhou et al., 1995), or the 6-pyruvoyltetrahydropterin synthase
(PTPS) (Sumi-Ichinose et al,, 2001) and sepiapterin reductase (SPR)
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(Takazawa et al., 2008; Yang et al,, 2006) genes, which are responsible
for the biosynthesis of tetrahydrobiopterin (BH,). These mice can be
treated by 1-DOPA, which effectively relieves their symptoms and
allows them to survive. A genetic rescue was designed for the TH and
PTPS knockout mice in which TH or PTPS is expressed in noradrenergic
regions under the control of a DBH promoter (Sumi-Ichinose et al,
2005; Zhou and Palmiter, 1995). However, these treatments modified
the disease and prevented the observation of the long-term outcome
or chronic effects of a dopamine deficiency.

The amount of the normally spliced AADC mRNA is critical in our KI
mouse model. The levels of full-length AADC mRNA in the KI mice were
<0.5% of the wild-type mice levels, and the level of AADC activity was
<0.3% of the wild-type mouse activity level. These levels allowed half
of the homozygous embryos to be born alive and two-thirds of the
live-born KI mice to survive to adulthood. Removal of the neo cassette
from the KI mouse genome resulted in a slight increase in the levels of
the normally spliced AADC mRNA but erased all the symptoms of the

KI mice. These results demonstrated the difficulties in creating animal
models with neurotransmitter deficiencies.

Symptoms attributed to serotonin deficiency

One of the limitations of the AADC deficiency model is that symptoms
can arise from either dopamine or serotonin deficiency, as in models in-
volving BH, deficiency (Sumi-Ichinose et al, 2001; Takazawa et al,
2008; Yang et al, 2006). However, if we compare our AADC KI mice
with the tryptophan hydroxylase 2 (TPH2) knockout mice, which lack se-
rotonin in the central nervous system, we can attribute some symptoms
of our AADC KI mice to a serotonin deficiency (Alenina et al., 2009). The
TPH2 knockout mice displayed growth retardation and 50% lethality in
the first 4 weeks of postnatal life. After weaning, the TPH2 knockout
mice exhibited accelerated growth and reached near-normal sizes at
4 months of age. These characteristics are similar to those observed in
our AADC K1 mice. Adult AADC KI mice have other symptoms in common
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with TPH2 mice, including decreased blood pressure and heart rate, high
anxiety, and impaired maternal care. Poor growth was also observed in
TH knockout mice (Zhou and Palmiter, 1995), which suggests that dopa-
mine deficiency affects ingestive behavior (Szczypka et al.,, 1999). Howev-
er, increased brain dopamine levels in adult AADC KI mice coincided with
the age at which serotonin deficiency no longer limits growth.

Etiology for the spontaneous motor symptom relief in adult AADC KI mice

A portion of AADC KI mice can survive to adulthood without
intervention. Therefore, we were able to observe the natural history
of the disease and found that the KI mice had fewer motor symptoms
as they matured. Adult AADC KI mice displayed no dyskinesia and
little hindlimb clasping, and their brain dopamine levels increased
from 9.39% of the wild-type levels in infancy to 37.86% of the
wild-type levels in adulthood. We considered the etiology of the
increase in dopamine levels in the adult KI mice. Firstly, although
AADC activity in the adult mice was still very low, AADC is not a
rate-limiting enzyme and contains high basal activity; therefore, a
small amount of AADC may generate a significant amount of dopa-
mine. Secondly, brain dopamine levels normally increase with age
(Fig. 9B) (Homma et al., 2011) due to an increase in the number of
synapses, an increase in vesicular storage, or regulation of the
recycling system (Tokuoka et al.,, 2011). Thirdly, we demonstrated
a decrease in MAOA in the KI mice, which could lead to an increase
in dopamine concentration by lower dopamine degradation.

In addition to the increased dopamine levels in the brain, post-
synaptic adaptations demonstrated by the increased c-Fos levels may
also contribute to the motor symptom relief in AADCKI mice. The locomo-
tor activity response of dopamine-deficient (TH gene knockout) mice to
dopamine D1 or D2 receptor agonists was exaggerated and that the
acute behavioral response was correlated with c-Fos induction in the
striatum (Kim et al,, 2000). Moreover, trace amines and neuropeptides
also modulate the dopaminergic system. Trace amines activate the trace
amine-associated receptor 1 (TAAR1) and inhibit dopamine uptake by
DAT (Xie et al, 2008). Because AADC mediates the syntheses of the
trace amines tyramine and (3-phenylethylamine (3-PEA) (Berry, 2004),
the Kl mice might also have a trace amine deficiency. Dopaminergic trans-
mission stimulates striatal neuropeptide secretion (Angulo and McEwen,
1994), and neuropeptides also activate dopamine neurons in the
midbrain (Kalivas, 1985). However, we did not observed any significant
change in the neuropeptide mRNA levels in the KI mice. Therefore, the
spontaneous symptom relief in adult KI mice is likely due to multiple
factors.

Limitations of the current study

Currently, the etiology of spontaneous motor symptom relief in
adult KI mice is not fully understood, and more studies will be neces-
sary in the future. In the current study, we did not observe oculogyric
crises in the KI mice. Oculogyric crisis is one of the most severe
symptoms of AADC deficiency and occurs in most (86%) patients
(Brun etal., 2010). Oculogyric crisis episodes are composed of rhyth-
mic movements and dystonia lasting for several hours, and these
episodes recur every 2-3 days. Currently, the mechanism of
oculogyric crisis is unknown. An oculogyric crisis possibly occurred
in the KI mice, but we were unable to recognize the symptoms.
Regarding the application of this mouse model, infant KI mice
displayed more symptoms but are too small for stereotactic surgery.
However, the current gene therapy used in patients with AADC defi-
ciency, which involves the stereotactic delivery of the AAV2-rAADC
vector to the putamen, has achieved reasonable efficacy (Hwu et
al., 2012). Therefore, future developments of gene therapies to
correct AADC deficiency should focus on AAV9 or other modified
AAV serotypes that can target the brain through systemic delivery.
This AADC KI mouse model will be indispensable for those studies.
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Conclusion

We generated an AADC deficiency mouse model, a human dis-
ease of dopamine deficiency and motor dysfunction. Infant AADC-
deficient mice displayed severe dyskinesia and poor weight gain.
Adult AADC-deficient mice exhibited spontaneous motor symptom
relief due to an upregulation of dopamine levels and postsynaptic
excitability. This model is helpful for the development of therapies
for treating dopamine deficiency.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.nbd.2012.12.005.
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Abstract

Relapse of drug abuse after abstinence is a major challenge to the treatment of addicts. In our well-established
mouse models of methamphetamine (Meth) self-administration and reinstatement, bilateral microinjection
of adeno-associated virus vectors expressing GDNF (AAV-Gdnf) into the striatum significantly reduced Meth
self-administration, without affecting locomotor activity. Moreover, the intrastriatal AAV-Gdnf attenuated
cue-induced reinstatement of Meth-seeking behaviour in a sustainable manner. In addition, this manipulation
showed that Meth-primed reinstatement of Meth-seeking behaviour was reduced. These findings suggest that
the AAV vector-mediated Gdnf gene transfer into the striatum is an effective and sustainable approach
to attenuate Meth self-administration and Meth-associated cue-induced relapsing behaviour and that the
AAV-mediated Gdnf gene transfer in the brain may be a valuable gene therapy against drug dependence and

protracted relapse in clinical settings.
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Introduction

Glial cell line-derived neurotrophic factor (GDNF) has
been widely tested as a potential therapeutic agent
for the treatment of Parkinson’s disease (Tomac et al.,
1995; Choi-Lundberg et al.,, 1997; Mandel et al., 1997;
Kordower et al., 2000; Wang et al., 2002; Kirik et al.,
2004), since GDNF was originally purified from a rat
glioma cell-line supernatant as a trophic factor for
embryonic midbrain dopamine neurons (Lin et al., 1993).
Dopaminergic transmission from the ventral tegmental
area to nucleus accumbens and prefrontal cortex plays an
important role in the development of drug addiction and
striatal dopaminergic transmission is critical for the con-
version from drug use to drug abuse or habit formation
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(Everitt and Robbins, 2005; Di Ciano et al, 2008).
Therefore, it is reasonable to postulate that GDNF may be
involved in the development of drug addiction (Pierce
and Bari, 2001). Indeed, GDNF has been identified as a
critical modulator in the development of drug depen-
dence in animal models (Messer et al., 2000; He et al,,
2005; Niwa et al., 2007a, b; Lu et al., 2009). The manipu-
lations that increase contents of GDNF in the striatum
and nucleus accumbens attenuate acquisition of cocaine
self-administration in rats (Green-Sadan et al., 2003,
2005). In contrast, the manipulations that decrease
contents of GDNF in the brain facilitate drug-
induced conditioned place preference and drug self-
administration in rodent animals (Messer et al., 2000;
Niwa et al., 2007a, b; Yan et al., 2007b). Previously,
we have reported that a reduction of endogenous
GDNF protein in heterozygous GDNF knockout mice
(GDNF*/~ mice) not only facilitates the acquisition of
methamphetamine (Meth) self-administration, results in
an upward shift in the dose-response curve and increases
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motivation to take Meth, but also leads to increased vul-
nerability to Meth-primed reinstatement and enduring
vulnerability to cue-induced relapsing behaviour (Yan
et al., 2007b). In a clinical setting, GDNF itself cannot be
orally administered for the treatment of brain diseases.
The next challenge we had was to investigate safe and
permanent potentiation of GDNF expression only in the
critical local brain areas. Adeno-associated viral (AAV)
vector is one of the most useful tools for the delivery of
therapeutic genes into the brain as a potential therapeutic
strategy against brain diseases, because of its safety and
sustainable expression in the dopaminergic transmission
pathways in the brain (Wang et al., 2002; Eberling et al.,
2009; Su et al, 2009). In aged rats or Parkinsonian
non-human primates, AAV-Gdnf-treated animals show
clinical improvement and functional recovery in the
nigrostriatal pathway without adverse effects (Eberling
et al., 2009; Johnston et al.,, 2009; Kells et al., 2010).
Recently, we used the AAV vector as a vehicle of the
aromatic L-amino acid decarboxylase gene into the
putamen of Parkinson’s disease patients for a clinical
phase I study (Muramatsu et al., 2010). In this study, we
determine effects of an intrastriatal microinjection of the
AAV-Gdnf on Meth self-administration, extinction and
reinstatement of Meth-seeking behaviour in mice.

Materials and method
Subjects and drugs

Male C57BL/6] mice were aged 8 wk and weighed
20-25 g at the beginning of the experiments. They were
kept in a regulated environment (23+0.5 °C; 50+0.5%
humidity) with a 12-h light/dark cycle (lights on
09:00 hours). Water and food were available ad libitum.
To minimize the number of animals in the experiments,
a within-subjects design was used in Meth self-
administration, extinction and reinstatement of Meth-
seeking behaviour induced by either Meth-priming
injection or presentation of Meth-associated cues in our
experiments. All procedures followed the National
Institute of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the Nagoya
University Animal Care and Use Committee.

Meth hydrochloride (Dainippon Pharmaceutical
Ltd, Japan) was dissolved in sterile saline and self-
administered at a dose of 0.1 mg/kg.infusion over 5s
(infusion volume 2.1 ul; Yan et al., 2006, 20072).

The AAV vectors expressing GDNF

The AAV-Gdnf or AAV-EGFP was constructed and pre-
pared as previously described (Wang et al., 2002). In the
present study, the final particle titre for the intrastriatal
microinjection of the AAV-Gdnf and AAV-EGFP was
8.4x10" and 6.4x10% vector genome copies/ml, re-
spectively.
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Surgery for intravenous implantation of catheter and
bilateral intrastriatal injection of the AAV-Gdnf

Catheter implantation for Meth infusion

Naive mice were anaesthetized with pentobarbital
sodium (50mg/kg ip.). Indwelling catheters were
constructed of micro-silicone tubing (inner diameter,
0.50 mm; outer diameter, 0.7 mm; Imamura Co., Ltd,
Japan) and polyethylene tubing (inner diameter,
0.50 mm; outer diameter, 0.8 mm). Incisions were made
on the skin of the head and ventral neck and the right
jugular vein was externalized. The end of the catheter
was inserted into the jugular vein via a small incision and
was secured to the vein and surrounding tissue with
silk sutures. The exit port of the catheter passed sub-
cutaneously to the top of the skull and was temporarily
closed with a clamp.

Bilateral intrastriatal microinjection of the AAV-Gdnf and
AAV-EGFP vectors

Once the intravenous was successfully implanted as de-
scribed above, the animals received bilateral microinjec-
tion of the AAV vectors into the striatum, according to
the standard mouse brain coordinates (Franklin and
Paxinos, 2007). Based on previous reports (Tomac et al.,
1995; Chen et al., 2008), the AAV-Gdnf or AAV-EGFP
vectors were bilaterally injected into the striatum
(+0.9 mm anteroposterior, +1.5 mm mediolateral, —3.0
and —2.0mm dorsoventral) at two different depths
through a 10 ul Hamilton syringe (Hamilton Company,
USA) with a 33 gauge blunt hypodermic needle. At
a lower site, the vectors were bilaterally injected in a
volume of 1.0 ul/site over 2 min and the syringe needle
was left in place for an additional 3 min. After the needle
was pulled upward 1.0 mm (upper site), the vectors were
bilaterally injected in a volume of 1.0 ul/site over 2 min
and an additional 3 min for the needle in place. The burr
hole was sealed with quick self-curing acrylic resin
(Shofu Inc., Japan) after each injection.

Measurement of motility in a novel environment

Motility in a novel environment was measured in a
transparent acrylic cage with a black Plexiglas floor
(45 x 45 x40 cm) using infrared counters (Scanet SV-40;
MELQUEST, Japan). Two weeks after recovering from
the bilateral intrastriatal microinjection of the AAV-Gdnf
or AAV-EGFP vectors, the two groups of mice (AAV-
Gdnf and AAV-EGFP) were placed in the centre of the
cage and allowed to move freely for 60 min. Locomotion
and rearing were analysed to examine effects of the in-
trastriatal microinjection of the AAV-Gdnf or AAV-EGFP
vector on motility in general in mice.

Immunohistochemical staining for GDNF

Brain sections (16 um) were cut on a cryostat, thaw-
mounted on Silane-coated slides and stored at —80 °C



