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Abstract

TDP-43 pathology in spinal motor neurons is a neuropathological hallmark of sporadic amyotrophic lateral sclerosis (ALS)
and has recently been shown to be closely associated with the downregulation of an RNA editing enzyme called adenosine
deaminase acting on RNA 2 (ADAR2) in the motor neurons of sporadic ALS patients. Because TDP-43 pathology is found
more frequently in the brains of elderly patients, we investigated the age-related changes in the TDP-43 localization and
ADAR2 activity in mouse motor neurons. We found that ADAR2 was developmentally upregulated, and its mRNA expression
level was progressively decreased in the spinal cords of aged mice. Motor neurons normally exhibit nuclear ADAR2 and TDP-
43 immunoreactivity, whereas fast fatigable motor neurons in aged mice demonstrated a loss of ADAR2 and abnormal TDP-
43 localization. Importantly, these motor neurons expressed significant amounts of the Q/R site-unedited AMPA receptor
subunit 2 (GluA2) mRNA. Because expression of unedited GIuA2 has been demonstrated as a lethality-causing molecular
abnormality observed in the motor neurons, these results suggest that age-related decreases in ADAR2 activity play
a mechanistic role in aging and serve as one of risk factors for ALS.
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Introduction

Given that abnormal processing and mislocalization of the 43-
kDa TAR DNA-binding protein (TDP-43) occurs in a variety of
neurodegenerative diseases, including amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FI'LD-TDP) [1,2],
much effort has been made to understand the molecular bases of
the abnormalities that occur in TDP-43 proteinopathies. TDP-43
pathology is frequently observed in spinal motor neurons of
patients with sporadic ALS, implicating TDP-43 pathology as
a pathological hallmark of ALS.

Recent studies on the spinal cords of patients with sporadic ALS
have demonstrated that TDP-43 pathology exclusively appears in
motor neurons with reduced expression of the RNA editing
enzyme, adenosine deaminase acting on RNA 2 (ADAR2) [3].
ADAR2 catalyzes the adenosine-to-inosine (A-to-I) conversion of
pre-mRNA, including the glutamine/arginine (Q/R) site in the
pre-mRNA of AMPA receptor subunit 2 (GluA2), a subunit of the
L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors [4]. In the motor neurons of patients with sporadic ALS,
the A-to-I conversion at the GluA2 Q/R site is inefficient, and
approximately half of the motor neurons express the Q/R site-
unedited GIuA2 in the majority of ALS cases, rendering the

PLOS ONE | www.plosone.org

expression of unedited GluA2 as another disease-specific molec-
ular abnormality of sporadic ALS [5,6]. Importantly, the ADAR2-
lacking motor neurons underwent slow cell death specifically
because of their failure to edit the Q/R site of GluA2, as observed
in the conditional ADAR2 knockout (ADAR21¥1%/VACKT-
Cre.Fast, or AR2) mice [7]. This indicates that failure of the
GluA2 Q/R site resulting from reduced ADAR2 expression is
involved in the pathogenesis of sporadic ALS. Because the AMPA
receptors that contain the Q/R site-unedited GluA2 are perme-
able to Ca®', the neurotoxicity mediated by Ca®'-permeable
AMPA receptors containing unedited GluA2 is likely the
mechanism involved in the degeneration of motor neurons in
sporadic ALS patients [8,9].

Aging is a risk factor in many neurodegenerative disorders,
including ALS. The majority of patients with ALS manifest initial
symptoms after middle age, and the incidence of ALS increases
with age [10,11]. In addition, the disease progression after onset is
faster in elderly patients compared with younger patients [11].
TDP-43 pathology is observed more frequently in elderly patients
than in younger patients and in neurologically normal elderly
people, although this is not frequent (approximately 3%) [12,13].
The close association between TDP-43 pathology and reduced
ADAR?2 expression in ALS motor neurons suggests a molecular
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link between the two [3], and investigation of the molecular link in
the motor neurons of elderly subjects will provide insight into the
molecular mechanisms that underlie the age-related acceleration
of ALS symptoms. In this study, we demonstrated that TDP-43
mislocalization occurred in association with the reduction of
ADAR2 activity in the motor neurons of aged mice.

Materials and Methods

Ethics Statement

All of the studies were performed in accordance with the
Declaration of Helsinki, the Guideline of Animal Studies of the
University of Tokyo and the NIH. The animal handling
committee at the University of Tokyo also approved the
experimental procedures performed in this study.

Case Material
We used C57BL/6] mice at one day, and 1 week, 2, 6, 12, 15,
and 26 months of age (n =3 for each group).

Isolation of AH and Motor Neurons Tissue

Anterior horns of the spinal cord (AH) and motor neurons in the
AH were isolated from frozen spinal cord tissues with a laser
microdissection system (Leica AS LMD, Leica Microsystems) as
previously described [6,7,14]. Frozen AH tissues were dissected
separately from the posterior horns and white matter from 20-um-
thick cervical cord sections under a binocular. Whole spinal cord
was isolated from the mice at 1 day and 7 days of age. For the
analysis on the MN tissues, we dissected five motor neurons with
diameter larger than 20 um in the lateral area of each AH, and
collected them together into a single test tube containing 200 ul of
TRIZOL Reagent. We dissected motor neurons from 4 AH of
each mouse.

Analysis for Editing Efficiency at A-l Sites

Total RNA was isolated from the dissected tissues, and first-
strand cDNA was synthesized and then treated with DNAase I
(Invitrogen) as previously described [7,14]. Editing efficiencies at
the Q/R sites in GluA2 mRNAs were calculated by quantitative
analyses of the digests of RT-PCR products with BbvI as previously
described [5,6,7,15]. In brief, 2 pul of cDNA were subjected to first
PCR in duplicate in a reaction mixture of 50 pl containing
200 mM each primer, 1 mM dNTP Mix (Eppendorf AG), 5 pl of
10x PCR buffer and 1 pl of Advantage 2 Polymerase mix (BD
Biosciences Clontech). The PCR amplification began with a 1-min
denaturation step at 95°C, followed by 40 cycles of denaturation at
95°C for 10 s, annealing at 60°C for 30 s and extension at 63°C
for 40 s. Nested PCR was conducted on 2 ul of the first PCR
product under the same conditions with the exception of the
annealing temperature (58°C). Primer pairs used for each PCR
were used previous report [7] (Table S1). After gel purification
using the Zymoclean Gel DNA Recovery Kit according to the
manufacturer’s protocol (Zymo Research), an aliquot (0.5 1g) was
incubated with Bbol (New England BioLabs) at 37°C for 12 h. The
PCR products originating from Q/R site-edited GluA2 mRNA
had one intrinsic restriction enzyme recognition site, whereas
those originating from unedited mRNA had an additional
recognition site. Thus, restriction digestion of the PCR products
originating from edited GluA2 mRNA should produce different
numbers of fragments (two bands at 219- and 59-bp) from those
originating from unedited GluA2 mRNA (three bands at 140-, 79-
and 59-bp). As the 59-bp band would originate from both edited
and unedited mRNA, but the 219-bp band would originate from
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only edited mRNA, we quantified the molarity of the 219- and 59-
bp bands using the 2100 Bioanalyzer (Agilent Technologies) and
calculated the editing efficiency as the ratio of the former to the
latter for each sample (Figure S1) [7]. With similar methods, we
calculated the editing efficiencies at the lysine/glutamate (K/E)
sites in cytoplasmic fragile X mental retardation protein interact-
ing protein 2 (CYFIP2) mRNA and pre-mRNA (Table SI)
[5,6,14,15,16,17,18]. Following restriction enzymes were used for
restriction digestion of the respective A-to-I sites; Msel (New
England BioLabs) for the K/E site. Primer pairs used for each
PCR and sizes of restriction digests of PCR products were
indicated in Table S1.

Immunohistochemistry

Under deep anesthesia with isoflurane, mice (6, 15, and
26 months of age, n=3 for each group) were transcardially
perfused with 3% paraformaldehyde and 1% glutaraldehyde in
phosphate-buffered saline (PBS). The spinal cords were removed
and immersed in serially increasing concentrations of a sucrose-
PBS solution (final sucrose concentration of 30%). Immunohisto-
chemical procedure was carried out on 10-um-thick sections,
which were cut with a cryostat (Model HM500 O; MICROM)
after rapid freezing with dry ice. The sections mounted on slides
were then washed with PBS and incubated with the primary
antibody for 1 hour at room temperature. Polyclonal anti-RED 1
(Exalpha Biologicals, Inc; at a dilution of 1:100) and rabbit
polyclonal anti-TARDBP (Protein-Tech Group, Inc; at a dilution
of 1:3,000) were used [3]. After 3 washes with PBS, 5 min at room
temperature, samples were incubated for 30 min with donkey anti-
sheep IgG conjugated to the fluorescent Alexa 555 dye (Invitrogen
Molecular Probe; at a dilution of 1:400) or chicken anti- rabbit
IgG conjugated to the fluorescent Alexa 488 dye (Invitrogen
Molecular Probe; at a dilution of 1:400) in PBS containing the
fluorescent nuclear probes TOPRO3 (Invitrogen Molecular
Probe; at a dilution of 1:250). After 3 washes, samples were
mounted in Vectashield Medium (Vector Laboratories Inc, Abcys,
Paris, France) for viewing with a fluorescence microscope

(BIOREVO BZ-9000; Keyence Corp, Osaka, Japan).

Morphological Observation

Sections of the fifth lumbar (L5) spinal cord segment were
sequentially immunostained for ADAR2 and TDP-43 using the
immuno-fluorescence system. ADAR2-positive and -negative
motor neurons were separately counted among those with
diameters larger than 20 pm (short axis) in ten sections for each
mouse. The number of TDP-43-positive motor neurons in the
ventral gray matter (ventral to the line running though the ventral
edge of the central canal) was counted in ten L5 sections for each
mouse.

Quantitative PCR

The expression levels of ADAR2 and GluA2 were measured
using the LightCycler system (Roche Diagnostics, Indianapolis,
IN) [5,6,15]. To prepare an internal standard for quantitative
PCR, gene-specific PCR products of approximately 1 kb in length
were amplified from human cerebellar cDNA with the same
primer pairs as previously reported (Table S2) [5,6,7,15]. Each
cDNA sample was amplified in a reaction mixture (20 pl total
volume) composed of 10 pl of 2 x LightCycler 480 Probes Master
Roche (Roche Diagnostics), 0.5 mM of each primer set and
0.1 mM probes (Universal Probe Library Set, Human, Roche
Diagnostics) (Table S3).
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Statistics

Differences and correlations between two groups were evaluated
using Mann-Whitney U-test with SPSS software (version 15; SPSS
Inc., Chicago, IL). Moreover, differences between six or seven
groups were evaluated using repeated ANOVA with GraphPad
Prism version 5 (GraphPad Software, Inc., La Jolla, CA).
Differences were considered statistically significant with P<<0.01
and highly significant with P<<0.001.

Results

Mice that were less than one year old exhibited nuclear TDP-43
immunoreactivity in all neurons, including motor neurons
(Figure 1A). In contrast, TDP-43 immunoreactivity was less robust
in the nucleus and demonstrated abnormal cytoplasmic staining in
the motor neurons of aged mice that were 15 months of age
(Figure 1B).

Double immunostaining for TDP-43 and ADAR2 revealed
strong immunoreactivity to both TDP-43 and ADAR2 in the
neuronal nuclei in young mice but low or absent immunoreactivity
to ADAR2 and cytoplasmic mislocalization of TDP-43 in the
motor neurons of aged mice (Figure 2A). There was a strict
correlation between the abnormal TDP-43 localization and the
reduced or absent ADAR2 immunoreactivity in the nuclei of these
motor neurons. ADAR2 immunoreactivity was decreased, and
TDP-43 expression was abnormally localized from the nuclei to
the cytoplasm in some motor neurons at 15 and 26 months of age.
The mislocalization of TDP-43 was observed only in the motor
neurons with low or absent ADAR2 immunoreactivity. The
number of motor neurons with abnormal immunoreactivity
increased in an age-dependent manner. In particular, this increase
was observed most robustly after 15 months of age. In addition, at
26 months of age, approximately 15% of the motor neurons were
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devoid of ADAR2 nuclear immunoreactivity (Figure 2B). Based on
the large size and expression pattern in the lateral AHs (Figure 2C),
these motor neurons are most likely fast fatigable (FF) motor
neurons [19,20,21].

Next, we examined the age-dependent changes in the activity of
ADAR2 in the lysates of the AHs. The expression level of ADAR2
mRNA relative to the GluA2 mRNA increased during de-
velopment and decreased in the aged mice (Iigure 3A). Consistent
results were obtained when we normalized the ADAR2 mRNA
level with B-actin mRNA (Figure S2). Because ADAR2 specifically
catalyzes the A-to-I conversion at the Q/R site of the GluA2 pre-
mRNA and the K/E site of the CYFIP2 pre-mRNA [17,18,22],
we examined the proportions of these mRNAs that were edited at
the corresponding A-to-I position of the total mRNA (referred to
as the editing efficiency). The editing efficiency at the GluA2 Q/R
site. was 100% across the ages examined, and we observed
a developmental increase in the editing efficiency at the CYFIP2
K/E site (Figure 3B). These results indicated that the de-
velopmental increase in the ADAR2 expression correlated with
the ADAR2 activity at the CYFIP2 K/E site. However, an age-
dependent reduction in ADAR?2 expression may not be sufficiently
extensive to decrease the editing efficiency at the CYFIP2 K/E site
or the GluA2 Q/R site in the AH.

Because the motor neurons with mislocalized TDP-43 were
found only in the lateral AH (Figure 3C), we investigated the
ADAR2 activity at the Q/R site of GluA2 mRNAs in the lysates of
five laser-captured motor neurons in the lateral AHs (Figure 3C).
The editing efficiency of the GluA2 Q/R site in the lysates of
laterally located large motor neurons was decreased in an age-
dependent manner; 100% (mice at 12 months, n=10), 98.1%
*0.8% (15 months, n=12, p<0.005) and 95.3% =*2.6%
(26 months, n=10, p<<0.01) (Figure 3D). In contrast, the RNA
editing at the GluA2 Q/R site in the lysates of neurons in other
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Q

Figure 1. Abnormal localization of TDP-43 in aged mouse spinal cords. TDP-43 (green) immunoreactivity is shown in the anterior horn (AH)
cells of mouse spinal cords. (A) TDP-43 immunoreactivity (white arrows) is confined to the nuclei in the neurons, including the large motor neurons of
the mouse at 6 months of age. (B) TDP-43 is absent from the nucleus and mislocalizes into the cytoplasm in the mouse at 26 months of age. Each
frame area is enlarged in the inset to show the subcellular localization of TDP-43. TOPRO3 (blue) stains the nucleolus. Scale bars: 120 um. Inset:

40 um.
doi:10.1371/journal.pone.0043469.g001
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Figure 2. Motor neurons exhibiting an age-related increase of abnormal TDP-43 localization and reduced ADAR2 immunoreac-
tivity. (A) Representative confocal images of mouse anterior horns of the spinal cord (AH) at 6 months (6 mo), 15 months (15 mo) or 26 months
(26 mo) of age. Three mice at each age were investigated. The frame area is enlarged in the inset to show TDP-43 (green) and ADAR2 (red)/TOPRO3
(blue) in the motor neurons. Both the ADAR2 and TDP-43 immunoreactivities are confined to the nuclei of all mouse motor neurons at 6 months of
age. Scale bars: 100 pm. Inset: 20 um. (B) Numbers (means + SEMs) are shown for motor neurons with normal ADAR2- and TDP-43-immunoreactivity
(blue columns), those with low ADAR2-immunoreactivity in the nucleus and mislocalization of TDP-43 (beige columns), and those that lack ADAR2-
immunoreactivity in the nucleus (pink columns) in wild-type mice at different months (m) of age (1-6, 12, 15, and 26 m; n=3 each). The number of
motor neurons with normal immunoreactivity is significantly decreased (*p<<0.01), whereas the number of motor neurons with abnormal ADAR2/
TDP-43-immunoreactivity is significantly increased after 15 months of age compared with 12 months of age (p<0.01, ¥p<<0.01, Mann-Whitney U-
test). (C) The positions of the motor neurons with abnormal immunoreactivity in the mouse AH at 26 months (n=3). The colors (blue, beige, and
pink) representing the motor neurons with different immunohistochemical patterns are the same as in Figure 2B. All of the motor neurons examined
in the 3 mice at 26 months of age are plotted in the same figure as the AHs. Note that the motor neurons with abnormal immunoreactivity (beige
and pink) are localized in the lateral areas of the AHs, suggesting that they are the fast fatigable motor neurons.
doi:10.1371/journal.pone.0043469.9g002
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Figure 3. Age-related changes in ADAR2 activity in the AHs and motor neurons. (A) The relative abundance of the ADAR2 mRNA in the
anterior horns of the spinal cord (AHs) is shown at the GIluA2 mRNA base (n =3 for each age). The expression level of ADAR2 mRNA developmentally
increases and decreases in an age-dependent manner from 26 months of age. The columns and bars represent means = SEMs. The data were
analyzed using repeated ANOVA. Contrast tests were used to compare the means of the ADAR2 activities between the groups after 2 months of age.
The values in the four groups (2, 6, 12, and 15 months of age) were significantly higher than the value in the group at 26 months of age (*p<<0.01).
(B) The editing efficiency at the GIuA2 Q/R site was maintained at 100% across the ages, whereas the editing efficiency at the CYFIP2 K/E site
developmentally increased in the AHs. The data were analyzed using repeated ANOVA. Contrast tests were used to compare the means of the editing
efficiencies between the groups. The values in the five groups (1 week of age, 2, 6, 12, and 15 months of age) were significantly higher than the value
in the group at one day of age (*p<<0.01). (C) Mouse AHs at 26 months of age are demarcated with dotted lines. A magnified view of the boxed
region is shown in the right panel. The figures show the AHs pre- and post-dissection of the five motor neurons in the lateral AHs. Dissection was
performed with a laser microdissector. The sections were stained with 0.1% toluidine blue. Scale bars: 100 um. (D) The editing efficiencies at the
GluA2 Q/R site in the lysates of five motor neurons obtained from mice at 26 months (26 mo), 15 months (15 mo), and 12 months (12 mo) of age. The
editing efficiencies for the 26 mo group (95.3% *2.6%; n=12) were significantly lower than those for the 12 mo group (100%; n=10) (**p<<0.001)
and 15 mo group (98.1% *0.7%; n=10) (*p<<0.005). Each circle represents the editing efficiency at the GluA2 Q/R site in the lysates of five motor
neurons from the 26 mo (black), 15 mo (gray), and 12 mo groups (white). The columns and bars represent the means * SEMs. The data were analyzed
using a Mann-Whitney U-test.

doi:10.1371/journal.pone.0043469.9003

areas of the spinal cord was preserved even in mice at 26 months addition, the number of abnormal TDP-43-expressing motor

of age (99.7% =0.78%). It is likely, therefore, despite the
widespread reduction in the ADAR2 mRNA expression level in
the aged mouse spinal cord, the age-dependent reduction in
ADAR2 activity reached at a level insufficient to edit the Q/R site
of all of the GluA2 mRNA only in the motor neurons in the lateral
AHs of the elderly mice.

Discussion

We demonstrated that both TDP-43 and ADAR2 localized
normally to the nuclei of the motor neurons of young and adult
mice. In contrast, TDP-43 mislocalized from the nucleus to the
cytoplasm in association with a reduction of ADAR2 immunore-
activity in the nuclei of motor neurons in an age-dependent
manner. These two abnormalities were always observed in the
same motor neurons, which were located in the lateral AHs. In
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neurons increased with aging, specifically after 15 months of age.
ADAR?2 expression also decreased in an age-dependent manner;
however, after examination of the AH lysates, we determined that
this occurred without a significant reduction in the editing
efficiency of the ADAR2-mediated A-to-I positions. Interestingly,
the laterally located motor neurons exhibited a Q/R site-unedited
GluA2 mRNA with abnormal TDP-43 and ADAR2 immunore-
activity in the aged mice. Taken together, these results suggest that
ADAR2 expression is downregulated in an age-dependent fashion
in murine motor neurons, and mislocalization of TDP-43 occurs
in association with the expression of QQ/R site-unedited GluA2
mRNA but not with a reduction of ADAR2 mRNA.

The laterally located large motor neurons in which ADAR2
downregulation and mislocalization of TDP-43 were observed are
most likely fast fatigable (FF) motor neurons that extend fast-
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conducting axons [19,20,21]. The twitch force of fast motor units
in the electromyogram is affected earliest in patients with sporadic
ALS [23], and FF motor units degenerate early compared with
motor neurons that innervate slow muscles or those that are
involved in eye movement and pelvic sphincter control in ALS
patients and aged subjects [24,25]. Moreover, FF' motor neurons
are selectively vulnerable to stress caused by axonal injury [26]
and aging [27,28] in wild-type mice, exhibiting a 35% decrease in
the number of FF motor units and a 15% decrease in size in the
medial gastrocnemius muscles [29,30]. It is of interest that the
laterally located large motor neurons (here we arbitrarily call as FF
motor neurons) are more susceptible to age-related degeneration
and other unfavorable conditions compared with other types of
motor neurons in humans and rodents.

ADAR2 mediates the A-to-I conversion at various positions in
numerous pre-mRNAs that are expressed in the central nervous
systems of mammals and humans, including the Q/R site of
GluA2 and the K/E site of CYFIP2 [17,18,31]. The GluA2 Q/R
site-editing is 100% preserved throughout life and as early as the
embryonic stage in mammalian [32,33] and human brains [34]. In
addition, neurons can express sufficient amounts of ADAR2 to
edit all of the GluA2, which indicates that a mild reduction in the
expression level of ADAR2 does not reduce the extent of the
GluA2 /R site-editing in motor neurons [15]. Therefore, the
expression level of the ADAR2 mRNA relative to the GluA2
mRNA [15] and the extent of CYFIP2 K/E site-editing [17,18,31]
have been used as a marker for ADAR2 activity in mammalian
brains and spinal cords. The results of this study demonstrated that
the change in the extent of the A-to-I conversion at the CYFIP2
K/E site correlated with the developmental changes observed in
the ADAR2 mRNA expression in the murine AHs. One previous
study suggested an age-related reduction in the ADAR2 activity in
the human brain after measuring the editing efficiency of the K/E
site. of CYFIP2 mRNA [35]; however, age-related changes in
either the editing efficiency at the GluA2 Q/R site or the
expression level of ADAR2 mRNA were not reported.

The absence of ADAR2 activity is not injurious to mouse motor
neurons provided that the A-to-I conversion at the GluA2 Q/R
site 1s complete [7]. However, all of the motor neurons slowly
degenerate when they express the Q/R site-unedited GluA2
mRNA regardless of their expression levels in conditional ADAR?2
knockout mice (AR2 and HeteroAR?2) [7,8]. Therefore, FI motor
neurons in aged mice expressing unedited GluA2 will most likely
die, albeit in a small proportion (less than 10%), although the time
in which they undergo cell death is determined stochastically [8].
TDP-43 mislocalization was observed exclusively in the FI" motor
neurons that exhibited low or absent ADAR2 immunoreactivity.
The expression level of the ADAR2 mRNA consistently decreased
in the aged mouse AH, indicating that the expression of the Q/R
site-unedited GluA2, rather than a reduction of ADAR2 activity
per se, 1s associated with TDP-43 mislocalization. The association
of TDP-43 pathology and reduced ADAR2 in aged mouse motor
neurons further supports a molecular link between TDP-43 and
reduced ADAR2 in ALS motor neurons [3]. Given that the
reduction in the expression level of ADAR2 mRINA begins at the
preclinical stage in the motor neurons of sporadic ALS patients
[3], age-dependent downregulation of ADAR2 activity may
accelerate the expression of the Q/R site-unedited GluA2, thereby
playing a role in the age-related increase in the incidence of ALS
and the acceleration of the course of disease in ALS patients [3].
We cannot exclude the possibility, although unlikely, that ADAR2
downregulation and TDP-43 pathology are indirectly linked and
appear more or less by chance. If this hypothesis is correct, TDP-
43 pathology in neurological diseases other than ALS might also
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be explained by a dysregulation of Ca" signaling. Moreover, the
selective appearance of TDP-43 pathology in limited subsets of
neurons and glial cells might result from the cell type-dependent
differences in the vulnerability to Ca®" dysregulation [7,36,37].

ADAR2 activity is decreased in an age-dependent manner in
mouse motor neurons, particularly in the FF motor neurons, and
turther reduction induces TDP-43 pathology via the expression of
the Q/R site-unedited GluA2. The age-related decrease of
ADAR2 activity may make motor neurons more vulnerable to
Q/R site-unedited GluA2-mediated ALS pathology in elderly
individuals, implicating aging as a risk factor for ALS. Thus, an
understanding of the underlying mechanisms of TDP-43 pathol-
ogy will lead to the development of preventive or protective
therapies for ALS patients.

Supporting Information

Figure S1 Analysis with a 2100 Bioanalyzer and exam-
ples of chromatogram. (A) The PCR products originating
from Q/R site-edited GluA2 mRNA had one intrinsic restriction
enzyme recognition site (black arrow), whereas those originating
from unedited mRNA had an additional recognition site (gray
arrow). (B) Restriction digestion of the PCR products originating
from edited GluA2 mRNA should produce different numbers of
fragments (two bands at 219-bp and 59-bp) from those originating
from unedited GluA2 mRNA (three bands at 140-bp, 79-bp and
59-bp). As the 59-bp band would originate from both edited and
unedited mRINA, but the 219-bp band would originate from only
edited mRNA, we quantified the molarity of the 219- and 59-bp
bands using the 2100 Bioanalyzer (Agilent technologies Japan,
Tokyo) and calculated the editing efficiency as the ratio of the
former to the latter for each sample.

(TIF)

Figure S2 Age-related changes in ADAR2 activity in the
AHs. The relative abundance of the ADAR2 mRNA in anterior
horns (AHs) is shown at the B-actin mRNA base (n=3 for each
age). The expression level of ADAR2 mRNA developmentally
increases and decreases in an age-dependent manner from
26 months of age. The columns and bars represent means =
SEMs. The data were analyzed using repeated ANOVA. Contrast
tests were used to compare the means of the ADAR2 activities
between the groups after 2 months of age. The values in the four
groups (2, 6, 12, and 15 months of age) were significantly higher
than the value in the group at 26 months of age (*»<<0.01).

(TIF)

Table S1 Primers for PCR, RT-PCR and restriction
digestion of PCR products.
DOC)

Table S2 Internal standard for quantitative PCR.
(DOC)

Table S3 Probes and primers for Real-Time PCR.
(DOC)
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