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we used AR2H mice at 14 weeks and 17 weeks of age
as representatives of presymptomatic stage mice, AR2 at
15 weeks of age and AR2H mice at 74 weeks as representa-
tives of early symptomatic stage mice, and AR2Slow mice at
140 weeks of age as representatives of late symptomatic stage
mice. We also examined the AR2res mice at 28 weeks and
58 weeks of age to examine the role of exaggerated Ca’*
influx through the AMPA receptors in the formation of
nuclear vacuoles.

2.1.  Presymptomatic stage mice (AR2H mice, 14 weeks
and 17 weeks)

Light-microscopically, anterior horn neurons were relatively
well-preserved, but some large anterior horn neurons showed
simple atrophy by H&E staining, exhibiting a dark, basophilic,
and shrunken appearance. On the plastic sections stained
with toluidine blue of the cervical spinal cord of AR2H mice,
some large motor neurons with simple atrophy were scat-
tered in the anterior horn, accompanied by astrogliosis.
Anterior and posterior horn neurons showed no vacuoles in
the cytoplasm or nucleus. There were no myelin ovoids in the
white matter, anterior roots or posterior roots.

Electron-microscopically, most of the anterior horn neu-
rons were normal-appearing, but some showed simple atro-
phy with small vacuoles in the cytoplasm. The cisterns of
endoplasmic reticulum (ER) were well-preserved in the cyto-
plasm of normal-appearing motor neurons, except for slight
dilatation. Mitochondria were almost always normal-looking,
showing no vacuoles or electron-dense changes of the inner
and outer membranes and cristae.

These light- and electron-microscopic changes were simi-
lar to those observed in age-matched wild type mice.

2.2.  Early symptomatic stage mice (AR2 mice, 15 weeks,
AR2H mice, 74 weeks)

Light-microscopically, in AR2 mice at 15 weeks of age, ante-
rior horn neurons of the cervical spinal cord were relatively
well-preserved, but some large anterior horn neurons showed
simple atrophy by H&E staining, exhibiting a dark, basophilic,
and shrunken appearance. On the plastic sections stained
with toluidine blue, some large motor neurons with simple
atrophy were scattered in the anterior horn, accompanied by
astrogliosis. Anterior and posterior horn neurons showed no
vacuoles in the cytoplasm or nucleus. There were no myelin
ovoids in the white matter, anterior roots or posterior roots.
In AR2H mice at 74 weeks of age, the motor neurons of the
cervical spinal cord were definitely reduced in number, and
there were numerous degenerating anterior horn neurons
with nuclear vacuolization by H&E staining (Fig. 2(a) and (b)).
On the plastic sections stained with toluidine blue, most of
the motor neurons, except a few large ones which were well-
preserved, showed various sizes of vacuoles in the cytoplasm
or nuclei. This was the case for both of the anterior homn
neurons (Fig. 3(a) and (b)), and to a lesser extent of the
posterior horn neurons. Vacuolation was observed predomi-
nantly within the nuclei of motor neurons, and less fre-
quently in the somata. Myelin ovoids and swellings of myelin
sheaths were frequently found in the anterior column and

Fig. 2 - Light micrograph of an anterior horn neuron.

(a) Anterior hormn neurons show degenerative change with
vacuolation (arrows), (AR2H mouse, 74 weeks, early
symptomatic stage). H&E staining. (b) Normal anterior horn
neurons for comparison (Control mouse, 74 weeks). H&E
staining.

anterior roots, and to a lesser extent in the lateral and
posterior columns and posterior roots.
Electron-microscopically, in AR2 mice, a few of the large
anterior horn neurons showed simple atrophy, but most of
them exhibited normal-looking cytoplasm containing abun-
dant rough ER, mitochondria, lipofuscin granules and lyso-
somes. Small vacuoles were occasionally exhibited in the
cytoplasm of motor neurons, most of which were non-
membrane-bound (Fig. 4(a) and (b)). While the cytoplasm of
motor neurons was relatively well-preserved, the interior of
dendrites was frequently loose and disorganized, containing
electron-dense membranous structures. Mitochondria did
not exhibit any prominent vacuolar change. Astrocytes and
oligodendrocytes did not show vacuolation in the cytoplasm
or nucleus, although the lumen of ER in glial cells was
frequently dilated. In AR2H mice, single or multiple vacuolar
changes without a limiting membrane were frequently
observed in the nuclei, and to a lesser extent in the somata
and dendrites, of the anterior horn neurons. Vacuolation was
less frequently observed in the nuclei and the somata of
posterior horn neurons than in that of anterior horn neurons.
Vacuolar changes were also often seen in the nuclei of
astrocytes (Fig. 5(a) and (b)) and oligodendrocytes (Fig. 5(c)
and (d)) in the anterior horns, and to a lesser extent in the
posterior horns. The vacuoles were varied in size, with some
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Fig. 3 - Semi-thin section of an anterior horn stained with
toluidine blue. (a) Most anterior horn neurons show
vacuoles of various sizes in the cytoplasm (arrow head) and
nuclei (arrows) (AR2H mouse, 74 weeks). (b) Anterior horn
neurons are well-preserved, and show no vacuoles in the
cytoplasm or nucleus (Control mouse, 74 weeks).

Fig. 4 - Electron micrograph of small vacuolation in the
cytoplasm of AR2 mouse. (a) A microvacuolation (arrow)
observed in the cytoplasm of a large motor neuron (AR2
mouse, 15 weeks). Scale bar: 1 ym. (b) A higher
magnification of Fig. 4(a). The vacuole has neither limiting
membrane nor organelle. Scale bar: 1 pm.

being large enough to occupy the whole nucleus, and they
occasionally contained membranous structures within them
(Fig. 5(a) and (c)). Mitochondria and the cisterns of ER in the
cytoplasm of motor neurons, oligodendrocytes and astrocytes
were relatively well-preserved. However, the lumen of the
rough ER was occasionally dilated with splitting of the
membrane of the cisternae, expanding into vacuoles.

2.3.  Late symptomatic stage mice (AR2Slow mice,
140 weeks)

Light-microscopically, the motor neurons were definitely
reduced in number, and there were numerous degenerating
anterior horn neurons with nuclear vacuolization by H&E
staining. On the plastic sections stained with toluidine blue,
the pathology of the spinal cord was very similar to that of
AR2H mice (74 weeks): some large motor neurons were well-
preserved, but the majority of neurons showed vacuolar
changes in anterior horn neurons, and less conspicuously in
the posterior horn neurons. In addition, myelin ovoids and
swellings of the myelin sheaths were prominent in the
anterior and posterior columns and in anterior roots, and to
a lesser extent in the lateral column and posterior roots.
Electron-microscopically, the pathological changes were
similar to those observed in AR2H mice (74 weeks). Vacuolar
changes were preferentially observed in the nuclei of motor

neurons, frequently spreading over the whole nuclei, and to a
lesser extent in the somata and dendrites. The nuclei of
motor neurons exhibited a few small vacuoles (Fig. 6(a)) or a
large vacuole occupying almost the whole nucleus with no
vacuoles in the cytoplasm (Fig. 6(b), (c) and (d)). A few
vacuoles were also observed in the cytoplasm without any
vacuole in the nuclei. Although most of the cisternae of ER
were well-preserved, the lumen of the rough ER in the
cytoplasm of motor neurons was occasionally dilated with
splitting of the membrane of the cisternae, expanding into
vacuoles. In addition, there were some small vacuoles origi-
nating in the Golgi apparatus. Vacuolation was also observed
less frequently in the nuclei of posterior horn neurons than in
those of anterior horn neurons, and to a limited extent in the
somata. Astrocytes and oligodendrocytes in the anterior horn
also showed frequent vacuolation in the nuclei, containing a
membranous substance without vacuolar change in the
cytoplasm. Those in the posterior horn to a lesser extent
showed similar characteristics. The somata and dendrites of
anterior horn neurons often contained electron-dense mem-
branous structures. Mitochondria in the cytoplasm of motor
neurons, oligodendrocytes and astrocytes were well-
preserved. The anterior roots were often degenerated, show-
ing shrunken and atrophic axons enclosed by a collapsed and
folded myelin sheath. Light-and electron-microscopically,
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Fig. 5 - Electron micrographs of nuclear vacuolation in glial cells. (a) The nucleus of an astrocyte shows vacuolar change and
includes membranous structures (AR2H mouse, 74 weeks). Scale bar: 1 pm. (b) An astrocyte of a control shown for comparison (20
weeks). Scale bar: 1 pm. (c) The nucleus of an oligodendrocyte shows vacuolar change and includes membranous structures (AR2H
mouse, 74 weeks). Scale bar: 1 um. {(d) An oligodendrocyte of a control shown for comparison (20 weeks). Scale bar: 1 pm.

Fig. 6 - Electron micrographs of nuclear vacuolation in a motor neuron (AR2Slow mouse, 140 weeks). (a) The nucleus of a
motor neuron exhibits three small vacuoles in the interior. Scale bar: 1 pm. (b) There are cytoplasmic intrusions into the
nucleus of a motor neuron. The nucleus contains multiple vacuoles. Scale bar: 0.5 pm. (c) The nucleus of a motor neuron is
distended by a relatively large nuclear vacuole that seems to push chromatin. Scale bar: 0.5 um. (d) Almost all of the
nucleoplasm is distended by a large vacuole that appears to push chromatin and nucleolus up against the nuclear membrane.
The nuclear membrane is partly obscure. Scale bar: 0.5 pm.

anterior horn neurons appeared well-preserved in age- The major light- and electron-microscopic findings for
matched wild type control mice, although some large anterior each experimental group from presymptomatic to late symp-
horn neurons showed simple atrophy (Fig. 7). tomatic stages are summarized in Table 1.
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2.4, AR2res mice (28 weeks and 58 weeks)

ADAR?2flox alleles are targeted by Cre in the same time course
as are AR2 mice, but endogenous GluA2 gene are engineered
to express Q/R site-edited GluA2 in AR2res mice. Therefore
ADAR?-lacking motor neurons express Ca®"-impermeable
AMPA receptors that contain Q/R site-edited GluA2 as motor
neurons of wild-type and AR2res mice exhibit normal beha-
vior without loss of motor neurons (Hideyama et al,, 2010).
There were no nuclear vacuoles in the anterior horn neurons
of AR2res mice (28 weeks and 58 weeks), or age-matched
wild-type mice (12 weeks, 14 weeks, 15 weeks, 16 weeks,
17 weeks, 28 weeks, 74 weeks and 135 weeks).

2.5. Quantitative data on nuclear vacuoles
in motor neurons

To examine whether the formation of nuclear vacuoles
results from ADAR2 downregulation, we examined the num-
ber of large motor neurons bearing nuclear vacuoles in AR2H
mice at different ages. In all the AR2H mice (and AR2 mice,
not shown) irrespective of the age examined, there were large
motor neurons in the spinal cord exhibiting vacuoles in their
nuclei (Fig. 8). Motor neurons with nuclear vacuoles were
most frequent at 2 months of age but were observed even in
mice over 2 years of age. The number of vacuole-bearing
anterior horn neurons decreased with the loss of anterior
horn neurons after 40 weeks of age in AR2H mice (Fig. 8). We
could not observe nuclear vacuoles in motor neurons of wild-
type mice at the comparable ages.

Fig. 7 - Normal anterior horn neurons for comparison
(Age-matched wild type mouse, 135 weeks).

2.6.  Postmortem analysis

Because nuclear vacuoles such as those presented here have
not been reported in neurons or other cells in the central
nervous system, including motor neurons of patients with
ALS, we examined the effects of postmortem delay on the
nuclear vacuole. All the AR2 mice (34 weeks, 30 weeks and 34
weeks) examined at 1 h, 6 h and 24 h, respectively after death
showed no nuclear vacuoles of motor neurons.

3. Discussion

Many pathogenic mechanisms have been proposed as possi-
ble causes of motor neuron degeneration in ALS. Neuronal
excitotoxicity from excessive extracellular glutamate is one of
the potential candidates for the pathogenesis of ALS
(Rothstein et al., 1992; Rothstein et al.,, 1995). In connection
with the neuronal excitotoxicity, inefficient GluA2 Q/R site-
RNA editing found in motor neurons may be associated with
the pathogenesis of sporadic ALS (Kawahara et al., 2004;
Kwak and Kawahara, 2005). That is, unedited GluA2 mRNA
at the Q/R site and the decreased level of ADAR2 mRNA are
expressed specifically in sporadic ALS patients and selectively
in their motor neurons (Kawahara et al, 2004; Kawahara
et al.,, 2006; Akbarian et al., 1995; Hideyama et al., 2012a). The
neuronal loss of ADAR2-lacking anterior horn neurons in AR2

40
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Fig. 8 - Quantitative data on nuclear vacuoles in motor
neurons of the AR2H mice. The total number of anterior horn
neurons at each age in AR2H mice is shown (mean + SEM).
The number of vacuole-bearing anterior horn neurons
(mean -+ SEM) decreased with the loss of anterior horn
neurons after 40 weeks of age in AR2H mice. (n=3-4).

ble 1 - Summary of the pathological changes in conditional ADAR2-knockout mice.
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mice was completely prevented in AR2res mice, in which the
endogenous GluA2 alleles are engineered to express the R
codon (CGG) instead of Q codon (CAG) at the Q/R site, thus
enabling ADAR2-lacking motor neurons to express Q/R site-
edited GluA2 in the absence of ADAR? (Hideyama et al.,, 2010).
These findings indicate the crucial role of RNA editing at the
GluA2 Q/R site for the survival of motor neurons and
demonstrate that expression of Q/R site-unedited GluA2 is a
cause of the slow death of motor neurons.

The results obtained from AR2 mice indicate that motor
neurons undergo Ca®*-permeable AMPA receptor-mediated
slow death (Hideyama et al, 2010). In addition, AR2 mice
possess certain characteristics found in sporadic ALS, includ-
ing slow progressive death of motor neurons, neuromuscular
unit-dependent motor dysfunction, the selective vulnerabil-
ity of facial and hypoglossal nerve nuclei, and differential low
vulnerability of the motor neurons of extraocular muscles,
even though the extent of GluA2 Q/R site editing is signifi-
cantly reduced in the oculomotor nerve nuclei (Hideyama
et al., 2010). Moreover, motor neurons of AR2 and AR2H mice
exhibit mislocalization of TDP-43, a pathological hallmark of
ALS, via activation of calcium-dependent protease calpain
(Yamashita et al, 2012). Expression of unedited GluA2-
containing Ca*"-permeable AMPA receptors results in activa-
tion of calpain-dependent cleavage of TDP-43 into
aggregation-prone fragments in the motor neurons of AR2
mice, suggesting a molecular mechanism underlying TDP-43
pathology in ALS motor neurons. Thus, conditional ADAR2-
knockout mice are considered to be a more specific animal
model for sporadic ALS.

In the previous study of AR2 mice (early symptomatic
stage), we reported several degenerating large motor neurons
with cytoplasmic vacuoles and a significantly decreased num-
ber of ADAR2-lacking motor neurons between 1 and 2 months
of age, while the number of ADAR2-positive motor neurons
remained unchanged after 2 months of age (Hideyama et al,
2010). In this study, some novel findings were found prefer-
entially in the anterior horns in homozygous and heterozy-
gous ADAR2-knockout mice, related to the pathomechanism
of motor neuron degeneration.

First, vacuolation in the nuclei of anterior horn neurons
was the most conspicuous finding. Cytoplasmic vacuolation
of motor neurons is fairly common after a variety of insults,
such as tetanus (Miiller and Jeschke, 1971) and type C viral
infection (Andrews and Andrews, 1976), as well as in the
mutant wobbler mouse (Andrews and Andrews, 1976;
Andrews and Maxwell, 1969) and SOD1-related animal mod-
els for ALS (Dal Canto and Gurney, 1995; Sasaki et al., 2004),
but is quite rare in human motor neuron diseases (Chou,
1979; Hirano and Iwata, 1979; Kohn, 1971; Reif-Kohn and
Munde, 1974; Sasaki et al., 1998). In particular, there have
been no reports of the presence of nuclear vacuoles in
sporadic ALS patients, except for the presence of vacuoles
in the cytoplasm of motor neurons. With respect to the origin
of the vacuolization, in mice possessing the G93A and G37
mutant SOD1, vacuolar changes are derived from the inner
compartment and the intermembrane space of mitochondria
with splitting of the outer and inner membranes (Dal Canto
and Gurney, 1995; Sasaki et al., 2004). Moreover, in experi-
mental type C viral infection and the wobbler mouse, the

vacuolation results from destruction of the ER (Andrews and
Andrews, 1976; Andrews and Maxwell, 1969). Thus, in all of
the previously reported cases, the vacuolation exclusively
occurs in the somata of motor neurons, but not in the nuclei.
Because nuclear vacuoles were observed in some motor
neurons of all AR2 and AR2H mice examined, this unique
morphological change is likely closely associated with the
increase of Ca®* influx through the unedited GluA2-
containing AMPA receptors and is relevant to the death of
motor neurons. The proportion of anterior horn neurons with
nuclear vacuoles was highest at 0.5 years of age. When the
active degeneration of ADAR2-lacking anterior horn neurons
underwent active microglial proliferation (Hideyama et al,,
2010), indicating that the presence of nuclear vacuole is
closely related to the neuronal death. The decrease in the
number of anterior horn neurons with nuclear vacuoles after
0.5 years of age may represent the decline of degenerating
anterior horn neurons with age (Hideyama et al., 2010). The
bidirectional trafficking of molecules between the cytoplasm
and the nucleus is performed through the nuclear pore
complex in the nuclear envelope using nucleo-cytoplasmic
transport. Changes in cytosolic Ca®** can promote transloca-
tion of transcription factors or transcriptional regulators from
the cytosol to the nucleus, whereas changes in nucleoplasmic
Ca*" can also directly regulate gene expression (Alonso and
Garcfa-Sancho, 2011). Recently, there has been increasing
evidence indicating that both passive and facilitated nucleo-
cytoplasmic transport of small molecules and larger mole-
cules, respectively, can be regulated by Ca”" stores in the
perinuclear spaces of the nuclear envelope and the cisternal
spaces of the endoplasmic reticulum (Corbett and Silver,
1997; Miao and Schulten, 2009). Moreover, the malfunction
of nucleo-cytoplasmic transport caused by changes in Ca®" is
associated with degenerative diseases (Mattson et al., 2000).
Notably, there were no nuclear vacuoles in the anterior horn
neurons of AR2res mice or in age-matched wild-type mice in
this study. In AR2res mice, the endogenous GluA2 gene is
engineered to express Q/R site-edited GluA2, rendering these
mice to express normal Ca®*-impermeable AMPA receptors in
the absence of ADAR2. Thus, vacuoles in the nuclei of motor
neurons in our mutant mice result from the increased
cytosolic Ca** through Ca?"-permeable AMPA receptors with
resultant changes in nucleoplasmic Ca®* through the mal-
function of nucleo-cytoplasmic transport, rather than the
failure of RNA editing at ADAR2-mediated positions other
than the GluA2 Q/R site. It is predictable that large nuclear
vacuoles in some surviving motor neurons in the aged mice
may be a consequence of continued Ca®*-mediated nuclear
vacuole formation under the condition of elevated Ca®*
concentration. Age-related ADAR2 downregulation may par-
ticipate in the chronic rise of Ca** concentration in the motor
neurons of aged mice (Hideyama et al,, 2012b). On the other
hand, with regard to the origin of vacuoles in the cytoplasm
of motor neurons in this model mouse, a dilatation of the ER
may contribute to the vacuolization, judging from the largely
dilated lumen of the ER with splitting of the membrane of the
cisternae. The changes in the ER may elicit a Ca** load
imbalance in the ER lumen, which contains the highest
concentration of Ca®* within the cell. However, most of the
vacuoles in the cytoplasm and nuclei of the anterior horn
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neurons were empty non-membrane bound in this study,
which is reminiscent of empty non-membrane-bound
vacuoles observed in the cytoplasm of various cultured cells
(Henics and Wheatley, 1999; Talbot and Garrett, 2001). As for
vacuolar changes in the nuclei of posterior horn neurons, to a
lesser extent, the involvement of posterior horn neurons is
quite conceivable, judging from the presence of cholinergic
interneurons, fibers and plexus in the posterior horns (Barber
et al.,, 1984; Mesnage et al,, 2011; Olave et al., 2002).

Second, vacuolar change of the nuclei of glial cells (astro-
cytes and oligodendrocytes) is also of great interest. Experi-
mental disruption of non-neuronal cells such as astroglia is
neurotoxic and promotes neurodegeneration (Rothstein et al.,
1996). In neurodegenerative diseases, the neuron-astroglia
interaction is often disrupted, as reflected by the severe loss
of astroglial GLT1/EAAT?2 in patients with ALS and rodent
models, which causes neurotoxicity via an increase in gluta-
mate in the extracellular space (Rothstein et al., 1992; Lauriat
et al., 2007). As for the interaction between motor neurons and
glial cells, analyses of chimeric mice containing a mixture of
wild-type and mutant SOD1-expressing motor neurons reveal
that mutant SOD1-expressing glial cells damage wild-type
motor neurons, while wild-type glial cells prevent degeneration
of mutant SOD1-expressing motor neurons (Clement et al,
2003). Although restricting the mutant SOD1 expression
in astrocytes does not cause motor neuron degeneration
(Gong et al, 2000), selective reduction of mutant SOD1 in
astrocytes slows disease progression and doubles the length
of disease duration after onset in mutant SOD1 transgenic mice
(Yamanaka et al, 2008). In contrast, crossing neuron-specific
mutant SOD1 mice with ubiquitously wild-type SOD1-expres-
sing mice leads to wild-type SOD1 aggregation in oligodendro-
cytes after the onset of neuronal degeneration, and neuronal
expression of mutant SOD1 is sufficient to cause motor neuron
degeneration, which in turm may facilitate aggregate formation
and functional deficits in surrounding glial cells (Jaarsma et al,,
2008). Thus, morphological abnormality of vacuolization in the
nuclei of glial cells in this study could not be directly triggered
by ADAR2-knockout because of the control of ADAR2 expres-
sion by the promoter of the acetylcholine transporter gene
which is selectively expressed in cholinergic neurons, but could
be caused by secondary reaction of glia due to increased nuclear
Ca**, judging from expression of AMPA receptors on astrocytes
and oligodendrocytes (Kovacs et al, 2002; Liu et al, 2002).
Impairment of glial cells in tum could facilitate additional
degeneration of motor neurons.

Thus, ADAR2-reduction is associated with progressive
deterioration of nuclear architecture, resulting in vacuolated
nuclei due to a Ca*"-permeable AMPA receptor-mediated
mechanism.

4. Experimental procedures
4.1.  Experimental animals

All studies were performed in accordance with the Declara-
tion of Helsinki, the Guidelines for Animal Studies of the
University of Tokyo (Permit Number: P08-021) and the
National Institutes of Health. The Committee of Animal

Handling of the University of Tokyo specifically approved
this study, including the experimental procedures used. All
surgery was performed under sodium pentobarbital anesthe-
sia, and all efforts were made to minimize suffering.

We used homozygous (ADAR21¥1%X/\AChT-Cre.Fast or AR2)
and heterozygous (ADAR27¥*+/VAChT-Cre Fast or AR2H) condi-
tional ADAR2-knockout mice, in which the ADAR2 gene is
conditionally targeted by restricted Cre expression under the
control of the vesicular acetylcholine transporter gene promoter
in a subset of cholinergic neurons, including the spinal motor
neurons (Hideyama et al, 2010). To examine the expression
level of ADAR? that is required to edit all GluA2 mRNA or the
proportion of unedited GluA2 that is not harmful to motor
neurons, we studied the extent of GluA2 Q/R site editing in
motor neurons lacking one ADAR2 allele in the heterozygous
ADAR?2 mice (Hideyama and Kwak, 2011). Because the ADAR2
gene is targeted postnatally in a manner dependent on the
expression of Cre in motor neurons in AR2 mice, the time-
dependent changes are illustrated by the proportion of Cre-
expressing, and therefore, the proportion of ADAR2-lacking
anterior horn cells in the three lines of AR2 mice in Fig.l. In
AR2 and AR2H mice, Cre-mediated ablation of the ADAR2 gene
occurred in a progressively larger proportion of motor neurons,
and the Cre expression in AR2 mice reached the maximum level
(~50% of motor neurons) by postnatal week 5 (Misawa et al.,
2003). We also used homozygous ADAR27¥1°% /7 AChT-Cre. Slow
(AR2Slow) mice in which the temporal profile of Cre-mediated
knockout of the ADAR2 gene was slower, reaching ~50% of
motor neurons by eight months of age (Hideyama and Kwak,
2011; Misawa et al., 2003). Cre expression levels were found not
to differ between mice heterozygous and those homozygous for
the VAChT-Cre.Fast transgene (Misawa et al., 2003). The number
of ADAR2-lacking anterior hormn cells significantly decreased in
AR?2 mice after 2 months of age as a result of Cre-dependent
knock-out of ADAR2 (Hideyama et al,, 2010). AR2 and AR2Slow
mice displayed a slow, progressive motor dysfunction with a
low rotarod performance and grip strength, the pace of which
was much slower in the AR2Slow. AR2 mice showed a lower
rotarod performance than did their control littermates after 5
weeks of age. Their rotarod performance rapidly declined during
the initial 20-24 weeks of life, followed by stable performance
until about 1.5 years of age. Grip strength declined with kinetics
at about 12 weeks of age, and the decline curve was similar to
that of rotarod performance. AR2 mice had long life spans, but
the rate of death increased after 1.5 years of age as compared
with control mice (Hideyama et al, 2010). On the other hand,
heterozygous AR2H mice did not exhibit significant behavioral
changes until 48 weeks of age (Hideyama and Kwak, 2011).
Approximately half of ADAR2-lacking large anterior horn neu-
rons in AR2 mice underwent degeneration between 1 and 2
months of age and the number continued to decrease thereafter
beyond 1 year of age at a slower pace, while the number of
ADAR2-positive anterior horn neurons remained unchanged
after 2 months of age (Hideyama et al,, 2010). The extent of
loss of anterior hom neurons in heterozygous AR2 mice was
approximately half (26%) of that observed in AR2H mice (46%) at
12 months of age (Hideyama and Kwak, 2011). Therefore, we
designated the AR?H mice younger than 0.5 years of age as mice
in the presymptomatic stage, AR2 mice younger than 20 weeks
of age and AR2H mice younger than 1.5 years of age as mice in
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early symptomatic stage, and AR2Slow mice older than 2 years
of age as late symptomatic stage. We compared the differences
in morphological changes of the spinal cord of the mice in these
three stages as follows: we examined heterozygous AR2H mice
at the age of 14 weeks and 17 weeks as representatives of
presymptomatic stage, homozygous AR2 mice at the age of
15 weeks and heterozygous AR2H mice at the age of 74 weeks
as representatives of early symptomatic stage and homozygous
AR2Slow mice (140 weeks) as late symptomatic stage. Age-
matched wild-type mice were also examined as controls.
Conditional ADAR2-knockout mice and controls were examined
simultaneously.

To demonstrate that the deterioration of the nuclear
architecture is caused by an increased influx of Ca**, due to
a low level of editing at the GluA2 Q/R site, we used AR2res
(ADAR2%¥o%/\y ACh T-Cre. Fast/GluR-B¥%) mice (28 weeks and
58 weeks). In AR2res mice, the endogenous GluA2 gene
(GLIA2) is engineered to express Q/R site-edited GluA2, ren-
dering these mice to express normal Ca**-impermeable
AMPA receptors in the absence of ADAR2 (Hideyama et al,
2010; Kask et al,, 1998). Since AR2res mice do not exhibit
motor dysfunction or neuronal degeneration (Hideyama
et al.,, 2010), they are considered to be a suitable control for
AR2 mice in studying the role of Ca®'-permeable AMPA
receptors in neuronal death-associated events including that
excessive Ca®*, not the failure of RNA editing at the sites
other than the GluA2 Q/R site, is the cause of the large
nuclear vacuoles.

4.2.  Light microscopic analysis

The cervical levels of the spinal cord of AR2 mice (15 weeks,
n=2), AR2Slow mice (140 weeks, n=2), AR2H mice (14 weeks,
17 weeks, 28 weeks, 58 weeks and 74 weeks, n=2, respectively),
ARZres mice (28 weeks and 58 weeks, n=1, respectively) and
control mice (14 weeks, 15 weeks, 17 weeks, 74 weeks and
135 weeks, n=2, respectively) were investigated. Under deep
anesthesia with isoflurane, mice were transcardially perfused
with 3% paraformaldehyde and 1% glutaraldehyde in PBS. The
cervical cords were embedded in paraffin. Paraffin sections
(5 pm thick) were stained with hematoxylin and eosin (H&E).

4.3.  Quantitative analysis of nuclear vacuoles in
motor neurons

We studied the cervical spinal cord of ARZH mice at different
ages (5 weeks, 9 weeks, 17 weeks, 22 weeks, 40 weeks,
57 weeks, 61 weeks and more than 100 weeks, n=3-4,
respectively) to count the motor neurons (mean+SEM) and
the motor neurons with vacuoles (mean+SEM). Fixed spinal
cord segments were cut at 10 pm with a cryotome (CM1850,
Leica microsystems) after immersion with 30% sucrose PBS.
Resulting sections were stained with hematoxylin, and the
numbers of neurons with and without nuclear vacuoles were
separately counted.

4.4.  Electron-microscopic analysis

The cervical levels of the spinal cord of AR2 mice (15 weeks,
n=2), AR2Slow mice (140 weeks, n=2), AR2H mice (14 weeks,

17 weeks, 28 weeks and 74 weeks, n=2, respectively), and
control mice (12 weeks, 14 weeks, 15 weeks, 16 weeks, 17
weeks, 28 weeks, 74 weeks and 135 weeks, n=2, respectively)
were investigated. Under deep anesthesia with isoflurane,
mice were transcardially perfused with 3% paraformaldehyde
and 1% glutaraldehyde in PBS. The spinal cords were
removed and fixed in a solution (0.1 M PBS, 3.5% paraformal-
dehyde, 0.5% glutaraldehyde). After fixation, the spinal cords
were immersed in a solution (0.2 M cacodylic acid 5 ml, 10%
paraformaldehyde 2ml, 25% glutaraldehyde 1ml, distilled
water 2ml) for 12h. The half anterior part at the cervical
spinal cord was sectioned transversely, postfixed in 1%
osmium tetroxide for several hours, dehydrated, and
embedded in epoxy resin. Each block was cut into serial
semi-thin sections (approximately 1pm thick) and stained
with toluidine blue. Appropriate portions of the hemi-
sections of the cervical spinal cord including the anterior
and posterior horms were cut into ultrathin sections, which
were then stained with uranyl acetate and lead citrate for
electron microscopy.

4.5.  Postmortem analysis

The cervical and lumbar levels of the spinal cord of AR2 mice
(n=3, 34 weeks, 30 weeks and 34 weeks, respectively) at
various time courses after death including the long post
mortem delay (1h, 6h and 24 h, respectively) were investi-
gated at the light-and electron-microscopic levels.
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