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Fig. 1. Rates of functional recovery after sciatic nerve injury. Functional
recovery was evaluated by the degree of toe spread (A) and intermediary toe
spread (B) of the hind paw. (4) PBS cantrol group; () 100 pg/m] rhGAL-
1/0x group: () 5pg/ml thGAL-1/Ox group. Data are meanz: S.EM.
(=12}

ference between the PBS group and the two thGAL-1/0x

groups. Recovery curves drawn from the toe spread and in; =
termediary toe spread data are shown in Fig. 1. Statistical
analysis of the recovery curves in the early period until post- o

operative day 14 revealed no significant differences among

the three groups. After postoperative day 21, however, .t'he re-
covery curves of intermediary toe spread showed a si gnificant

difference between the PBS group and the 5 and 100 pg/ml
thGAL-1/0x groups (P value <0.05 by analysis of variance,
ANOVA). The recovery curves of toe spread aftér postbi)er-
ative day 21 also showed significant differences between the
PBS group and the two thGAL-1/Ox groups (P value <0.05
by ANOVA), with a significantly improved rate of récovery
in injured nerves supplemented by the delivery of exogenous
thGAL-1/Ox.
Histological analysis was performed by light microscopic
examination after the functional assessment. The regenerat-
ing axons at 100 days after operation were observed at a
site 21 mm distal to the nerve-transected site (Fig. 2), and
the numbers of regenerating myefinated. fibers were quan-
titatively examined (Fig. 3). The frequency distribution of
myelinated fiber diameters showed that the number of re-
generating myelinated fibers was significantly higher in the
100 pg/m1 thGAL-1/Ox group than in the PBS control group

+ Fig. 2. Light micrographs of the sciatic nerves. At 100 days after operation,
., thecross sections at a site 21 mm distal to the nerve-transected site in the
" aperated ratand the exact same position in the normal control rat were stained

with toluidine blue. (A) PBS control; (B} thGAL-1/0x 100 p.g/ml; and (C)

- -._:pnnperaled control. Scale bar: 50 pum.
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Fig. 3. Fiber-size distribution of the myelinated fibers in the cross sections
at a site 21 mm distal to the nerve-transected site 100 days after operation.
Unoperated group {closed bar), PBS control group (open bar}, 100 pg/ml
thGAL-1/0x group {striped bar). Data are means £ S.EM. (r=4).
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Table 1
MNCYV in the sciatic nerve at 84 days after the operation

PBS group {#=10) 100 pg/m! thGAL-1/0x {n=8)

Animal number MNCYV {m/s) Animal number MNCV (m/s)
1 238 1 19.6
2 20.6 2 29.8
3 27.7 3 20.1
4 239 4 30.3
5 19.9 5 21.5
6 231 6 27.1
7 245 7 353
8 26.0 8 30.9
9 21.9

10 23.6

(P values <0.05 by ANOVA), and the total number of regener-
ating myelinated fibers was approximately 6 and 26% higher
in the 5 and 100 pg/ml groups, respectively, than in the PBS
control group. The numbers of mediumn-sized myelinated
fibers (6-11 pwm in diameter) were especially increased in the
thGAL-1/0x groups, averaging 983.4+168.8 (100 pg/ml,
n=4) and 846.81+136.2 (5pg/ml, r=2); on the other
hand, in the PBS group, only 580.6 £ 128.4 (n=4) was the
average.

MNCV was measured to confirm the recovery promoting
effect of rhGAL-1/0x. Table 1 shows the results of MNCV
measurement at 84 postoperative days. MNCV in PBS treated
group was 23.5+ 0.7 (n=10), indicating that the operation
was reproducible enough to perform the evaluation. Com-
pared to the control group, the data in thGAL-1/0x treated

group was divided into two groups; five of the 8 rats show-
ing large MNCV (29.8, 30.3, 27.1, 35.3, and 30.9), and the”

other three rats showing small MNCV (19.6, 20.1, 21.5).

The average of the small MNCV group {20.4 0.6, n=3), %, site was found to increase both the number and the diameter of

" regenerating myelinated fibers, especially of medium-sized

which was seemed to be similar to that of the control group,

was clearly different from that of the large MNCV group™= "
(30.7 £ 1.3, n=5). This division might be due to insuffi-
cient supply of the factor into the operated region. MNCV -
of the large MNCV group was specifically different from

that of the control group (P value <0.003 by an unpaxred
t-test),

In our previous study [6], the acceleration of axona] re-
generation by oxidized galectin-I was shown by the appli-
cation of rhGAL-1/0x to in vivo injured penpheral nerve
models. Recently, Fukaya et al. [3] investigated the effects of
oxidized galectin-1 on the regeneration of- rat spinal nerves
using acellular autografts and allografts durmg the period of
one to 2 weeks after the injury, with spec:a] attention to the
relationship between axonal regenerahon and Schwann cell
migration. The administration of rhGAL-1/0x was found to
promote axonal regeneration from. motoneurons as well as
from DRG neurons; this was confirmed by a fluorogold tracer
study [3]. Moreover, the migration of Schwann cells from
both proximal and distal stumps was enhanced, and Schwann
cell migration was found to precede axonal growth in the pres-
ence of exogenous rhGAL- 1/0x in ‘the grafts. These results

strongly suggest that oxidized galectin-1 is a key factor in the
initial stages of axonal regeneration.

The present study provides evidence in favor of the idea
that oxidized galectin-1 advances the restoration of nerve
function after peripheral nerve injury. Functional recovery
was evaluated by measuring the degree of toe spread because
this examination is a simple and easily available method of
evaluating the effects of given factors on functional recovery
after sciatic nerve injury [2,4]. Fig. 1 shows that the thGAL-
1/0x groups experienced functional recovery 1-2 weeks ear-
lier than did the PBS group, which is consistent with data
provided by studies on treatment with brain-derived neu-
rotrophic factor (BDNF) or other trophic factors {5,12.13,18].
The functional recovery of both toe spread curves began
to show a significant difference between the thGAL-1/0x
groups and the PBS control group after postoperative day 21.
Although further improvements were expected, the effect was
limited to the initial advancement of recovery. This may be
due to the method of application of hGAL-1/0x, which was
supplied using a mini-osmotic pump. The operated site was
quickly covered with connective tissues, preventing diffusion
of thGAL= 1/0x. A constant delivery system of thGAL-1/0x
to the mjured sites may make it possible to achieve further
1rnprovements in recovery.

The reconstructlon of myelin in regenerating fibers is an
1mporta.nt step for the restoration and functional recovery
of injured nerves. Therefore, histological analysis was per-

fbﬁpgd_jivith special attention to the remyelination of the re-
! genierating fibers after the functional assessment. Based on
.. the fiber-size distribution of the myelinated fibers of unoper-
‘ated axons (Fig. 3), it is clear that reconstruction of myelin in
« ithe operated groups is insufficient at 100 postoperative days.

Héwever, administration of thGAL-1/0x to the nerve injury

fibers. These histological and quantitative studies support the
data obtained from our tests on functional recovery. The pro-
motion of MNCV recovery by the treatment of hGAL-1/0x
confirmed it.

The mechanism which controls how oxidized galectin-
1 promotes peripheral nerve regeneration remains unclear.
Recently, however, we have shown that macrophages are
the target cells and that oxidized galectin-1 stimulates
macrophages to secrete a factor that promotes axonal growth
and Schwann cell migration [8]. This essential function of ox-
idized galectin-1 for peripheral nerve regeneration is thought
to be specifically different from other known neurotrophic
factors.

A factor that initiates the regeneration process is a can-
didate for enhancing nerve recovery, and oxidized galectin-1
seems to be one of the triggers of nerve regeneration [6-8,10].
The present study shows that administration of thGAL-1/0x
to the sciatic nerve injury site improves functional recovery at
a concentration {p.g/ml order) at which no toxic phenomena
were observed. Thus, thGAL-1/0x is potentially therapeutic
for functional restoration after peripheral nerve injury.
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Calcium-permeable AMPA receptors promote
misfolding of mutant SOD1 protein and
development of amyotrophic lateral sclerosis
in a transgenic mouse model

Minako Tateno', Hisako Sadakata®, Mika Tanaka?, Shigeyoshi Itohara®, Ryong-Moon Shin®,
Masami Miura®, Masao Masuda®, Toshihiko Aosaki®, Makoto Urushitani', Hidemi Misawa®
and Ryosuke Takahashi’*

Laboratory for Motor System Neurodegeneration and 2Laboratory for Behavioral Genetics, Brain Science Institute,
RIKEN, Wako, Saitama 351-0198, Japan, ®*Neural Circuits Dynamics Research Group, Tokyo Metropolitan Institute of
Gerontology, Itabashi, Tokyo 173-0015, Japan and “Department of Neurology, Tokyo Metropolitan Institute for
Neuroscience, Fuchu, Tokyo 183-8526, Japan

‘Received Aprii 21, 2004; Revised and Accepted July 20, 2004

Mutant Cu/Zn-superoxide dismutase (SOD1) protein aggregation has been suggested as responsible for
amyotrophic lateral sclerosis (ALS), although the operative mediating factors are as yet unestablished., To
evaluate the contribution of motoneuronal Ca®*-permeable (GIuR2 subunit-lacking) a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-type glutamate receptors to SOD1-related motoneuronal death,
we generated chal-GIuR2 transgenic mice with significantly reduced Ca**-permeability of these receptors
in spinal motoneurons. Crossbreeding of the hSOD1%%*A transgenic mouse model of ALS with chai-GluR2
mice led to marked delay of disease onset (19.5%), mortality (14.3%) and the pathological halimarks such
as release of cytochrome ¢ from mitochondria, induction of cox2 and astrogliosis. Subcellufar fractionation
analysis revealed that unusual SOD1 species first accumulated in two fractions dense with neurofilaments/
glial fibrillary acidic protein/nuclel and mitochondria long time before disease onset, and then concentrated
into the former fraction by disease onset. All these processes for unusual SOD1 accumulation were consider-
ably delayed by GluR2 overexpression. Ca?*-influx through atypical motoneuronal AMPA receptors thus pro-
motes a misfolding of mutant SOD1 protein and eventual death of these neurons.

INTRODUCTION

Amyotrophic lateral sclerosis {ALS) is a fatal, adult-onset
neurodegenerative disease characterized by a selective loss
of motoneurons in the spinal cord and brainstem (1).
Mutation of Cu/Zn-superoxide dismutase (SODI) is the
most frequent cause of familial ALS (2). Introduction of
such mutated SOD1 genes into mice causes ALS-like symp-
toms characterized by the selective death of spinal motoneur-
ons, despite a ubiquitous expression of mutant proteins (3).
Several lines of evidence have demonstrated that mutant
SODI1 toxicity is not essentially due to decreased dismutase
activity, but rather to a ‘gain of toxic function’ (4). This

so-called ‘oligomerization hypothesis’ has recently attracted
attention from ALS researchers. The hypothesis maintains
that mutant SOD1 proteins are misfolded, and consequently
oligomerized and aggregated, gaining toxic properties at
some stage in their formation (5). The hypothesis is based on
the numerous observations that SOD1-containing inclusions/
high-molecular-weight-shifted protein complexes are speci-
fically found in spinal motoneurons and their surrounding
astrocytes from autopsied patients and transgenic mice
carrying mutant SOD1 genes (6—8), in spinal cord extracts
from mutant SOD1 transgenic mice (9—12) and in cultured
motoneurons into which mutant SOD1 has been micro-
injected (13).

*To whom comespondence should be addressed at: Laboratory for Motor Systemn Neurodegeneration, Brain Science Institute, Riken, 2-1 Hirosawa,
Wako, Saitama 351-0198, Japan. Tel: +81 484676072; Fax: +81 484624796; Email; ryosuke@brain.riken.jp
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However, in addition to this line of evidence, glutamate-
induced excitotoxicity has also been implicated in the patho-
physiology of ALS patients and mutant SOD! transgenic mice
{14—17). Pharmacological experiments have strongly sug-
gested that the excitotoxicity of spinal motoneurons largely
depends on Ca®*-permeable a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors specifically
expressed in a subset of neurons, including spinal motoneur-
ons (18,19). AMPA receptors, major mediators for fast excita-
tory neurotransmission in the mammalian central nervous
system, are composed of a heteromeric complex of four sub-
units GluR1-GluR4, and the absence of GluR2 renders the
receptor Ca’*-permeable (20). As this unique property of
GluR2 is generated posttranscriptionally by RNA editing, an
editing failure can also produce Ca’*-permeable AMPA
receptors (21). Reduced editing efficiency of GluR2 mRNA
has been specifically reported in spinal motoneurons from
human sporadic ALS patients (22), further suggesting that
Ca®*-permeable AMPA receptor-mediated excitotoxicity is
closely linked to the vulnerability of spinal motoneurons in
ALS. However, whether and in what manner this atypical
type of AMPA receptor affects mutant SOD1-induced moto-
neuronal degeneration remains to be elucidated.

The purpose of the present study was to explore a mechan-
istic link between glutamate toxicity and the conversion of
mutant SOD1 into aberrant forms by modification of the
electrophysiological properties of motoneuronal AMPA recep-
tors in an ALS mouse model. The chat-GluR2 transgenic
mouse line was generated to overexpress G/uR2 in a cholin-
ergic neuron-specific manner, resulting in a large reduction
in Ca®*-permeability of motoneuronal AMPA receptors. We
detected various types of abnormally folded SODI proteins
in fractions derived from different cellular compartments
from ASODI%%** mice spinal cords. Double transgenic mice
carrying both char-GluR2 and hSODI1%*** displayed a marked
delay of disease onset, followed by delayed formation of all
the abnormal SODI species. These results indicate that
Ca’*-permeable AMPA receptors in motoneurons contribute
to the conformational changes of mutant SOD1 and the sub-
sequent neurodegeneration associated with these changes.

RESULTS

Generation and characterization of chat-GluR2
transgenic mice: cholinergic neuron-specific
GluR2 overexpression results in substantial
reduction of Ca**-permeable AMPA receptors in
spinal motoneurons

A mouse line with reduced numbers of Ca®*-permeable
AMPA receptors in spinal motoneurons was generated.
Spinal motoneurons are typical cholinergic neurons, constitut-
ing a minor population among total spinal neurons. Thus, a
cholinergic neuron-specific promoter, i.e. the choline acetyl-
transferase (ChAT) gene promoter (23) (Fig. 1A) was used
to preferentially increase GIuR2 expression in spinal moto-
neurons. Three independent chat-GIuR2 transgenic lines,
Tg3, Tg7 and Tgl0, were established. To examine the copy
number of the char-GluR2 transgene, Taqman quantitative
DNA PCR and genomic Southern blotting were performed.

Results from Tagman PCR indicated that the Tg3, Tg7 and
Tgl0 lines contained ~2, 10 and 16 copies of the chat-
GluR2 transgene, respectively, a finding which was also sup-
ported by genomic Southemn blotting (Fig. 1B). Expression
patterns of the transgenes in the spinal cord were examined
using in situ hybridization (Fig. 1C), revealing a preferential
transcription of transgenes in cholinergic neurons in chat-
GIuR2 mice. To quantify the GluR2Z mRNA level in spinal
motoneurons, motoneurons were carefully purified from frozen
slices of spinal cord using laser microdissection, because other
neuronal populations such as dorsal horn neurons express high
level of GluR2, Quantitative PCR analysis revealed that spinal
motoneurons in Tg7 expressed levels of GluR2 mRNA nearly
5-fold higher than those of non-transgenic control mice
(Table 1). Tgl0 included numerous copies of the transgene,
but displayed lower levels of GIuR2 expression than Tg7,
probably owing to DNA methylation of transgenes (data not
shown). No significant changes in mRNA levels of ChAT,
endogenous SODI, GIuR3 or GluR4 were observed in chat-
GIuR2 transgenic mice compared with non-transgenic mice.
Western blotting of the extracts prepared from the spinal
cord ventral region also revealed a significant increase of
the GluR2 protein level in Tg7 compared with that in non-
transgenic littermates (Fig. 1D). GIuR2 expression was thus
significantly increased in spinal motoneurons in chat-GluR2
mice without affecting the expression of other AMPA receptor
subunits. Next, the Ca**-permeability of AMPA receptors in
spinal motoneurons was examined. Whole-cell patch-clamp
recordings were performed on motoneurons in spinal cord
slices. The first two graphs in Figure 1E represent typical I-V
relationships, showing distinct inward rectification in wild-
type (wt), whereas a linear relationship is seen in Tg7. Nor-
malized I-V relationships reveal a clear difference between
wt and Tg7 (P < 0.001). The rectification index, an index of
Ca®*-permeability calculated as the ratio of chord conduc-
tance at +40 and —70 mV, was estimated as 0.262 £ 0.024
for wt and 0.436 £+ 0.038 for Tg7 (mean + SEM, P <
0.001). Thus, the majority of AMPA receptors in spinal
motoneurons were Ca®*-impermeable in Tg7 mice, but were
Ca’*-permeable in non-transgenic controls.

Crossbreeding 2S0OD1 G934 transgenic mice with
char-GiuR2 transgenic mice markedly delays disease
onset and mortality

The chat-GluR2 transgenic mouse was mated with a
hSOD1%%** transgenic ALS mouse to generate double trans-
genic (GS) mice. Most of the spinal motoneuronal AMPA
receptors were actually Ca®*-impermeable in GS mice, but
Ca®*-permeable in littermates carrying only the hSODI%%*4
transgene (S mice, Fig. 2A). The GIL line of ASODI Go3A
mice develops overt symptoms defined as disease onset at
around 7 months, a classification based on a sudden decrease
in motor performance in behavioral tests such as the rotarod
test (25,26). Death occurs at around 8.5—9 months. To evalu-
ate the effects of reduced Ca>*-permeability in AMPA recep-
tors on the clinical course of ALS, motor performance was
assessed by the rotarod test. Figure 2B depicts the rotarod
score of each mouse measured every week, clearly showing
that mice carrying the SODJ G934 gene are rapidly declining
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Figure 1. Generation and characterization of chat-GluR2 transgenic mice, (A) The DNA fragment introduced into chat-GIuR2 transgenic mice contains the rat
GIuR2 and EGFP coding sequences driven by mouse ChAT promoter, GIuR2 and EGFP are transcribed into the same mRNA, but are independently translated
owing to the IRES. The striped and filled boxes represent exons of the endogenous ChAT gene and SV40 polyadenylation signal, respectively. (B) Transgene
copy number was examined by genomic Southern blotting using the probe indicated in (A) (24) and by Tagman quantitative DNA PCR. The arrowhead indicates
the YhoI-Sall-digested 9.0 kb fragpment of the transgene. (C) Transgene expression is predominant in cholinergic neurons. Either digoxigenin-labeled EGFP or
ChAT riboprobe was used to hybridize to spinal cord sections. Both EGFP and ChAT were preferentially expressed in large cells (diameter >25 pum) located in
the ventral hormn, representing spinal motoneurons. {D} The GluR2 protein level is increased in the ventral half of the spinal cord in chat-GIuR2 transgenic mice.
The ventral half was carefully dissected from T10-L5 segments of spinal cords, Extracts of ventral spinal cords (40 ug, n = 4} and cerebrum (10 pg, n =2}
were immunoblotted, T P < 0.05, 1 P < 0,01, (E) The majority of AMPA receptors in spinal motoneurons were Ca®*-impenmeable in chat-GIuR2 transgenic
mice, The excitatory postsynaptic potential (EPSC) of AMPA components was measured from 23 motoneurons of chas-GluR2 transgenic mice (Tg7,n = 11) and
22 motoneurens of non-transgenic C57BL/6J mice (wt, n = 9), using the whole-cell patch-clamp method. Insets represent synaptic currents at holding potentials
of =70 and +40 mV.
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Table 1. GluR2 mRNA level is to increased in motoneurons of char-GluR2 transgenic mice

Mouse GluR2 GluR3 GluR4 ChAT S0D1
C57BL/6] (n =3} 1.00 1.00 1.00 1.00 1.00
GluR2-Tg3 (n = 3) 0.96 + 0.27 0.91 £ 0.13 1.23 £ 0.27 1.01 £ 0.16 0.74 £ 0.20
GluR2-Tg7 (n=3) 4.78 + 0.85° 1.02 £ 0.54 1.21 £ 0.26 1.17 £ 0.38 1.09 + 0.41
GluR2-Tgl0 (n = 6} 1.58 + 0.38** 092 £+ 0.92 1.22 + 0.48 1.15 + 0.58 1.02 + 0.15

Motoneurons in spinal cord were collected using laser microdissection. Transcription levels of several genes were examined by Taqman real-time
quantitative PCR, Data were normalized with G4PDH expression and then represent relative expression levels compared with levels in C57BL/6J
non-transgenic control mice (mean + SD). Not significantly different (P > 0.05) except for *(P = 0.0015) and **(P = 0.0184), compared with

nen-transgenic controls.

in performance score after a certain period. The day just
before the decline in score was defined as the day of disease
onset, and the mean time of disease onset was compared
between S and GS littermates. Disease onset in GS mice
was delayed, by 42.9 days (19.5%) in Tg7 and 18.7 days
(8.5%) in Tgl0, as compared with S mice. Lifespan was
also prolonged in GS mice, by 37.5 days (14.3%) in Tg7
and 15.2 days (5.7%) in Tgl0 (Fig. 2C, Table 2}. No signifi-
cant difference in rotarod score or lifespan was observed
between the chat-GluR2 and wt mice (data not shown). Fur-
thermore, no prolongation of lifespan was observed in the
GS mice generated from Tg3 (data not shown), which animals
displayed no additional G/uR2 expression in spinal moto-
neurons (Table 1). The number of motoneurons in the spinal
cord was counted, revealing that degeneration of motoneurons
was also delayed in GS mice from the Tg‘? line (Fig. 2D).
All these results indicate that reducing Ca“*-permeability in
AMPA receptors delays disease onset and motoneuron death
caused by mutant SODI, presumably in a dose-dependent
manner,

cytochrome c-release from mitochondria, cox2-induction
and gliosis are delayed by GluR2 overexpression

We next investigated whether pathological changes related to
dissase onset are verifiably affected by overexpression of
GluR2. Of the numerous events accompanying disease onset
in ASODI®®A mice, we focused on cytochrome c-release
from mitochondria and induction of cyclooxygenase-2 (cox-
2), as a treatment of hSOD1%*** mice with agents inhibiting
these events delays disease onset (26,27). Cytochrome c,
which is normally localized to the intermembrane space of
mitochondria, activates caspases and subsequent apoptosis
after release into the cytosol (28). Cox-2 catalyzes the syn-
thesis of prostaglandin E2, which stimulates glutamate
release from astrocytes and plays a key role in the inflamma-
tory process (29). Cytosolic extracts (26) and RNA. were pre-
pared from the spinal cord lumbar region, as this is the most
severely affected region in ALS. Cytochrome ¢ became
clearly detectable in the cytosolic fraction around 7 months
in S, but was only faintly detectable even at 8 months in GS
littermates, indicating that the release of cytochrome ¢ is con-
siderably delayed in GS mice (Fig. 3A). Induction of cox-2
transcription was also significantly delayed in GS in compari-
son to S littermates (Fig. 3B). After disease onset, ASODI 74
mice exhibit severe gliosis in the spinal cord owing to

exacerbated inflammation (30). We also found that astrogliosis
was remarkably delayed in GS mice (Fig. 3C). Reducing
Ca®*-permeability of AMPA receptors is thus likely to
affect the upstream events of cytochrome c-release and cox-
2 induction among the processes triggered by mutant SOD1
proteins.

Mutant SOD1 protein is converted into various unusual
forms in different cellular compartments, but the conver-
sion is markedly delayed by GluR2 overexpression

The misfolding and subsequent conformational changes in
mutant SOD1 proteins are hypothesized to be responsible for
the death of motoneurons in SOD1l-related ALS (5,9,10).
Most SODI1 proteins are located in the cytosol, but very
small populations are found in organelles such as mitochon-
dria (31) and nuclei (32). Therefore, we roughly divided a
homogenate from the lumbar spinal cord into a crude mito-
chondrial fraction and a post-mitochondrial fraction by
simple centrifugation (31), and analyzed in which fraction
the misfolded and hence high-molecular-weight-shifted SOD1
proteins were detectable. Most organelles and cytoskeletons
were found to be contained in the crude mitochondrial
fraction, whereas cytosolic proteins were in the post-
mitochondrial fraction (data not shown). )

As the post-mitochondrial fraction contained an extremely
large amount of SOD1 proteins, it was a formidable task to
detect high-molecular-weight-shifted SOD1 species in this
fraction by conventional western blotting (data not shown).
To enhance the sensitivity of detection, the post-mitochondrial
fraction was size-fractionated using size-exclusive chromato-
graphy with high-performance liquid chromatography (HPLC),
and the HPLC fractions were immunoblotted. The results as
shown in Figure 4A indicated that, in addition to the very
large amount of SOD1 monomers, high-molecular-weight-
shifted SOD1-immunopositive species corresponding to dimer
(*2), trimer (*3) and tetramer (*4) sizes of mutant SOD1 were
detectable in 2-, 6- and 8-month-old S mice, respectively
(Fig. 4A). These oligomer-sized species were not observably
detected in the lumbar spinal cord from wt or the cercbrum
from S littermates even at 8 months, suggesting that the con-
version of the SOD1 protein into oligomer-sized forms prefer-
entially occurs in the spinal cord. The molecular shifts of those
species were not due to ubiquitination, as they were not
detected by anti-ubiquitin antibody (Supplementary Material,
Fig. S1). Formation of oligomer-sized SOD1 aberrant forms
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Figure 2. GluR2 overexpression markedly delays disease onset and prolongs survival in ASOD]%%* transgenic mice. (A) The majority of AMPA receptors in
spinal motoneurons were Ca®*-impermeable in GS (chat-GIuR2/+:hSODI 93411} littermates, but Ca?*-permeable in S (RSODI“*#/+) littermates. EPSCs of
AMPA components were measured from 19 (8, n = 5) and 21 {GS, n = 4) spinal motoneurons in the same way as in Figure 1E, Rectification index was esti-
mated as 0.321 + 0.036 for S and 0.535 £ 0.018 for GS$ (mean + SEM, P < 0.01). (B) GluR2 overexpression delayed the decline of motor performance
assessed by the rotarod test. Each point represents the mean of four measurements per day every week on each mouse, Significance of difference in comparison
of GS versus S littermates was analyzed by repeated measured ANOVA followed by Fisher’s PLSD post koc test (Tg7: P < 0.0001 and Tgl®: P = 0.0005). In
both lines, P < 0.001 after 32 weeks of age. (C) Cumulative probability of disease onset and survival was compared between 5 and GS littenmates. Data were
analyzed by Kaplan-Meier life test and log-rank test, and the result is summarized in Table 2. (D) Degeneration of spinal motoneurons was significantly delayed
by GluR2 overexpression, The 30 um thick frozen sections were prepared from T10-L5 segments of spinal cords and stained with 0.01% toluidine blue, Large
neurons with diameter =25 pm in the ventral horn, which are most severely depleted in kSODI%%* mice, were counted serially i all sections. Data represent
the means + SEM from 46 mice in each stage. 1 P < 0.05,} P <00l and # P < 0.001.
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Table 2. Prolenging effects of GluR2 overexpression on the disease onset and survival

chat-GluR2-Tg RSODIS A4 chat-GluR2H+, hSOD1%9*4 1+ P

Tg? Onset 219.7 + 3.0 2626 + 2.6 <0.0001
Survival 2625+ 4.5 3000 +3.5 <0.0001
Length 428 + 22 379 4 24 0.1563
n 12 10

Tgl0 Onset 2198 + 2.6 238.5 £2.7 <0.0001
Survival 2645 + 22 2797 + 3.1 0.0005
Length 448 +20 408 £2.0 0.2189
n 15 15

Data are expressed as means + SEM, Statistical significance in comparison of ASODI/+ (S) and chat-GluR2/+
hSODI+ (GS) littermates was assessed by ANOVA followed by post hoe Fisher’s PLSD test.

was significantly delayed in GS compared with S littermates.
On the other hand, western blotting of the crude mitochondrial
fractions revealed that a significant population of SOD1 pro-
teins in this fraction was converted into species distinct from
those found in the post-mitochondrial fractions (Fig. 4B). In
addition to dimer-sized SOD1, two major species between
the monomer and dimer sizes (~25 and 35 kDa} were detected
in symptomatic mice. Formation of all the unusual species in
crude mitochondrial fractions was also delayed by more than 1
month in GS compared with S littermates.

Certain populations of SOD1 proteins, probably growing
aggregates, can be efficiently trapped onto membranes com-
posed of cellulose acetate, and these filter-trapped SODI
species extensively increased in tandem with disease pro-
gression in mutant SOD1 transgenic mice (10). Figure 4C
indicates that the filter-trapped SOD1 aggregates were con-
siderably increased during disease onset in S mice, but
increased more slowly in GS compared with S littermates.

Unusual SOD1 species first accumulate in the

fractions dense with neurofilaments, GFAP, nuclei and
mitochondria, which accumulation is markedly delayed
by GluR2 overxpression

The finding of unusual SOD1 species depicted in Figure 4 led
us to do further subcellular fractionation analysis in order to
define in which cellular component such unusual species are
localized We thus divided the lumbar spinal cord into four
different organelle-enriched fractions (P1-P4) and a super-
natant fraction (S) consisting of cytosolic proteins (Fig. SA).
Immunoblots of these fractions revealed that unusual SOD1
species (*) first appeared in the P1 and P2 fractions long
time before disease onset, and then, intensively accumulated
into the P1 fraction by the disease onset (Fig. 5B). Nuclei
and certain kinds of cytoskeletons such as neurofilaments
and glial fibrillary acidic protein (GFAP) were effectively con-
centrated into the P1 fraction, whereas mitochondria are con-
centrated into the P2 fraction. In S mice, the dimer-sized
species were first detected in the P! and P2 fractions at 4
months. At 7 months, the stage of disease onset, the P1 frac-
tion contained a considerable amount of unusual SOD1
species of approximately the size of a dimer, 25 and 35 kDa,
which were very similar to those detected in the crude mito-
chondrial fractions as depicted in Figure 4B. These species

were only weakly detected in P2, P3 and P4 fractions at the
stage of disease onset, but then accumulated with disease pro-
gression. All these unusual SOD1 species were hardly detect-
able in the cerebrum, cerebellum, testis and muscle from S
mice even at end stage (data not shown for cerebellum and
muscle), and were hardly detectable in the spinal cord from
9-month-old wt littermates. In GS littermates, dimer-sized
species were faintly detected in the P1 and P2 fractions at 6
months of age. Other species accumulated to an enormous
extent in the Pl fraction at 8 months of age, the stage of
disease onset in GS mice, indicating that the formation of
these unusual SOD1 species was delayed concomitantly with
the delay of disease onset in GS compared with S littermates.
These observations strongly suggest that the misfolding and
subsequent conformational changes of mutant SOD1 proteins
are delayed when the Ca?*-permeability of AMPA receptors is
significantly reduced.

The increase of oxidatively modified proteins is attenuated
by GluR2 overexpression

Although the mechanism underlying the marked effects of
reduced AMPA receptor Ca®*-permeability on the confor-
mational changes of mutant SOD1 is currently unclear, the
attenuation of cellular oxidative stress may be involved. Oxi-
dation of human SOD! proteins in vitro causes cleavage
and/or conjugation (33), resulting in the formation of various
types of unusual SOD1 species (34,35). Moreover, elevated
cellular oxidative stress and resulting oxidative modification
of proteins and lipids such as carbonylation are reported in
spinal cords from ASODI G934 mice (36—38). Thus, we com-
pared the level of carbonylated proteins in spinal cord extracts
between S and GS littermates, taking it as a marker of cellular
oxidative stress. The results in Figure 6 reveal that carbony-
lated proteins in spinal cords increased only gradually before
disecase onset, then, increased substantially at disease onset
in both S and GS mice. Such drastic increase was not observed
in the extracts from cerebrum even in 9-month-old S mice,
Statistical analysis revealed that the increase of carbonylation
was significantly delayed, by at least 2 months, in GS com-
pared with S littermates. This delay of protein oxidative modi-
fication might help explain why conformational changes of
SOD1 proteins are delayed in GS mice.
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Figure 3. GluR2 overexpression delays cytochrome c-release from mitochondria, cox-2 induction and subsequent astrogliosis. (A) Cytochrome ¢ release from
mitochondria into the cytosol was markedly delayed by GluR2 overexpression. Cytosolic (15 pg) and crude mitochondrial (2 p.g) fractions from the lumbar
spinal cords were immunoblotted. Hsp60 was used as a marker protein for mitochondria. The anti-SODI1 antibody used in this paper recognizes both human
(upper band, 22 kDa) and mouse (lower band, 16 kDa) SODI. t P <0.05, in comparison of § and GS littermates. (B) Induction of cox-2 transcription was
significantly delayed by GluR2 overexpression. RT—PCR analysis was performed using total RNA exiracted from lumbar spinal cords. To confirm exponential
amplification in each PCR condition, results using two dilution series of template, which differed in concentration by an order of magnimude, are shown. Sig-
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GFAP antibody.

DISCUSSION

Motoneuronal Ca**-permeable AMPA receptors
contribute to selective cell death in SOD1-related ALS

The present study demonstrates that motoneuronal Ca**-
permeable AMPA receptors contribute to the development of
SODI1-related ALS. Reducing permeability by motoneuron-
preferential GIuR2 overexpression significantly prolongs the
lifespan of ALS mice by delaying disease onset (Fig. 2B and
C). The mutant SODI protein level in the ventral spinal cord
was not significantly different between S and GS littenmates
(Supplementary Material, Fig. $2), and GIuR2 mRNA level in
spinal motoneurons did not significantly change during the
course of disease in ASODI**4 mice (data not shown). Thus,
the beneficial effects of GluR2 overexpression do not result

. from either a reduction of mutant SOD1 expression or a simple

comfensation of decreased GIuR2 expression, but from reduced
Ca’"-influx through motoneuronal AMPA receptors,

A recent study on chimeric mice between wild-type and
mutant SOD1 transgenic mice revealed that the death of moto-
neurons expressing mutant SOD1 can be delayed when the
surrounding non-neuronal cells do not express mutant SOD1
(39). This finding indicates that motoneuronal death triggered
by mutant SOD1 is not cell-autonomous, but also depends on
the interactions with surrounding glial cells expressing mutant
SODI1. However, there must be a reason why only moto-
neurons die among the neurons surrounded by non-neuronal
cells expressing mutant SOD1. The present study provides
evidence that the expression of Ca®*-permeable AMPA recep-
tors confers a critical feature on motoneurons such that they
undergo death in response to mutant SOD1 effects within
themselves and surrounding cells.
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Figure 4. Distinctive patterns of unusual SOD1 species are found in the fractions derived from the cytosol and organelle/cytoskeleton, the formation of which is
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Figure 5. Unusual SODI species first appear in the fraction enriched in neurofilaments, GFAP, nuclei and mitochondria, which is markedly delayed by GluR2
overexpression. {A) The procedure for subcellular fractionation. The representative organelles and cytoskeletons enriched in each fraction are indicated. (B)
Unusual SODI species (asterisks) were first detected in P1 and P2 before disease onset, and then accumulated in other organelle fractions with disease
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for each marker protein. Accumulation of unusual SOD1 species in spinal cords was significantly delayed in GS compared with § littermates. 1 P < 0.05,
3 P < 0.01 and # P < 0.001 (S versus GS littermates).
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Ca’*-influx though motoneuronal AMPA
receptors promotes conversion of SOD1 protein
into aberrant forms

In addition to delaying the disease onset, GluR2 overexpres-
sion succeeded in delaying the conversion of SOD1 protein
into unusual forms (Figs 4 and 5B). To date, more than 20
papers have reported the delay of disease onset in mutant
SOD1 transgenic mice by various pharmacological or trans-
genic techniques (1). However, the effects of such trials on
SODI1 conformational changes have yet to be shown. Here,
we provide the first evidence that disease onset is delayed
when conversion of SOD1 into unusual forms is delayed, con-
sistent with the hypothesis that SOD1 aggregation participates
in ALS pathogenesis.

This study also provides an outline of the temporal profile
for the formation of unusual SOD1 species during the clinical
course of mouse ALS. Previous studies with western blots
detected two distinct pattems of unusual SODI1 species in
spinal cord exiracts from mutant SOD1 transgenic mice.
One is a set of oligomer-sized species (9), and another con-
tains species between a monomer and dimer in size (10—
12). Here, we show that trimer- and tetramer-sized species
are detectable in the post-mitochondrial fractions containing
cytosolic proteins (Fig. 4A), whereas species between a
monomer and dimer in size are detected in the crude mito-
chondrial fractions containing major cellular components
such as organelles and cytoskeleton. On the other hand,
dimer-sized species were detectable in both fractions
(Figs 4B and 5B). The amount of trimer and tetramer-sized
species in the cytosol seemed comparatively very small to
the unusual species in the organelle/cytoskeleton fractions,
as these species are rio longer detectable in Figure 5B, an
experiment in which the same subcellular fraction amounts
were loaded to the respective lanes. The first detectable
unusual SOD1 species are dimer-sized species that appear
several months before disease onset. Subsequently, a very
small population of SOD1 proteins grows into trimer- and

tetramer-sized species in the cytosol. On the other hand, a
large amount of SOD1 protein is converted into ~25 and
35 kDa-sized species. These unusual species first appear in
the P1 and P2 fractions and then extensively accumulate
into the P1 fraction by disease onset. The presence in the P2
mitochondrial fraction might be related to the dysfunction of
mitochondria that has been reported in ASODI®®** mice
around disease onset {1,31). In the P1 fraction, nuclei and
certain kind of filamentous cytoskeletons such as neurofila-
ments and GFAP, but not actin filaments or microtubiles,
are effectively concentrated. The extensive accumulation of
unusual SOD1 species in the Pl fraction implies that these
species are fundamentally associated with neurofilaments or
GFAP, because a further fractionation study revealed that
these species do not independently accumulate in the nuclei
(data not shown). Abnormalities in the neurofilaments
observed in ALS patients and mutant SOD1 mice, such as
an accumulation of neurofilament inclusions (1) and a defect
in axonal transport (4), might be closely related to this
phenomenon. Alternatively, those SOD1 species might be
involved in aggresome-like structures, as observed in HEK293
cells transfected with G85R and G93A SODI1 mutants (9).
After disease onset, unusual species spread to other organelle
fractions enriched in lysosomes, peroxysomes and microsomes
derived from the endoplasmic reticulum (ER), Goelgi apparatus
and plasma membrane. These alterations in SOD1 proteins
are thought to predominantly occur in motoneurons and
surrounding astrocytes, as SODl1-containing proteinacious
inclusions, which are likely to have developed from high-
molecular-weight-shifted SOD1  species, are specifically
detected in motoneurons and neighboring astrocytes in end-
stape ASODI%*** mice (6—8). The reduction of Ca**-influx
through motoneuronal AMPA receptors successfully delayed
the formation of the entire range of unusual SODI1 species
in the spinal cord extracts (Figs 4 and 5A) as well as the
development of astrogliosis (Fig. 3C). These results suggest
that Ca*-influx through motoneuronal AMPA receptors can
affect the physiology of neighboring astrocytes as well as
their own, and contributes to the misfolding and subsequent
conversion of SODI1 protein.

Ca®*-influx through AMPA receptors enhances ROS
production, which may induce the misfolding of
SOD1 proteins

Ca’*-influx through motoneuronal AMPA receptors seems
to ephance oxidative stress primarily in motoneurons and
secondarily in neighboring astrocytes. Activation of Ca**-
permeable AMPA receptors causes rapid increases in the
level of cytosolic calcium, which are rapidly attenuated by
trapping with Ca®*-chelating proteins and by incorporation
of calcium into mitochondria and ER (40). As spinal moto-
neurons are less capable of buffering increased calcium
levels, probably due to a lack of major Ca®*-chelating proteins
such as parvalbumin and calbindin D28K {41), a large pro-
portion of free calcium is reported to be incorporated into
mitochondria, resulting in enhanced ROS production (42).
Evidence suggests that ROS generated in motoneurons can
exit from the motoneurcns and cause oxidative disruption of
glutamate transporters and increased ROS level in neighbering



astrocytes (43). The loss of astrocytic glutamate transporters,
which has been preferentially observed in the affected area in
ALS patients and mouse models {15,43,44), accelerates AMPA
receptor-mediated Ca?*-influx and ROS generation within
motoneurons, resulting in a vicious cycle to enhance the oxi-
dative stress in motoneurons and neighboring astrocytes (45).

Enhanced ROS levels might, in part, account for the for-
mation of unusual SODI species, as oxidative modification
by ROS has been shown to convert SOD1 proteins into a
variety of unusual forms, at least in vitro (34,35). We found
a good correlation between the levels of carbonylated proteins
and unusual SOD1 species in the spinal cord extracts from S
and GS mice. Both levels were rapidly increased at disease
onset, but these increases were similarly attenuated when the
Ca?*-permeability of AMPA receptors was reduced (Figs 4,
5B and 6). This correlation may imply that the increased cel-
lular oxidative stress resulting from activation of motoneuro-
nal Ca>*-permeable AMPA receptors induces the misfolding
and subsequent conversion of SOD1 protein within motoneur-
ons and adjacent glial cells.

MATERIALS AND METHODS

The sequence information for the primers and probes is
described in Supplementary Material, Table S1. All the data
shown are representative of three mice per group when the
number of mice (n) used for experiments is not mentioned.
Signals in immunoblots and RT-PCR were quantified with
NIH image software (1.61J). Statistical significance was
assessed by the two-tailed Student’s r-test when the statistical
method is not mentioned. All protein electrophoreses in
this paper utilized SDS—PAGE under reducing conditions.
Antibodies were used for immunoblots and immuno-
histochemistry, which comprised of: anti-SOD1 (Stressgen,
SOD-100), anti-GluR2 (BD PharMingen, 556341), anti-ChAT
{Chemicon, AB144P), anti-cytochrome ¢ (BD PharMingen,
556433), anti-Hsp60 (Sigma, H4149), anti-actin (Chemicon,
MAB1501), anti-GFAP (Chemicon, MsX GFAP), anti-prohibitin
(NeoMarkers, MS-261-P0), anti-CoxIV (Molecular Probes,
A-6431), anti-nucleoporin p62 (BD Transduction Laboratories,
N43620), anti-ribophorin 1 (Santa Cruz, sc-12164), anti-Lampl
(BD PharMingen, 553792), anti-adaptin gamma (BD Transduc-
tion Laboratories, A36120), anti-neurofilament-M (Chemicon,
AB1987), and anti-beta-tubulin (Sigma, T 4026) antibodies.

Generation of GluR2 transgenic mice

The transgene construct contained the 6.4 kb promoter region
of the mouse ChAT gene (AF019045), the 2.6 kb rat GluR2
coding sequence (CDS, M85035), intemnal ribosome entry
sequence (IRES), EGFP CDS and the SV40 polyadenylation
signal, in that order. As the Ch4T promoter region contains
an open reading frame of a vesicular acetylcholine transporter
(VACKT) intronless gene (23), we introduced a stop codon
at the 55th amino acid position to avoid producing a func-
tional VACHT protein from this construct. The region from
IRES to the polyadenylation signal was derived from the
pIRES2-EGFP vector (Clonetech), with a base substitution

. 50 as to delete a Not site in the EGFP 3'-untranslated region.
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The NotI-digested 10.9 kb DNA fragment was injected into
C57BL/6J mouse eggs, and three transgenic lines, Tg3, Tg7
and Tgl0, were established.

Tagman quantitative DNA PCR was performed using
probe—primer sets specific to EGFP and two internal control
genes, SODI and CPTI, on an ABI7700 thermal cycler (PE
Biosystems) under the conditions recommended by the manu-
facturer. Data were normalized using results from the EGFP
knock-in mouse in the Cx43 gene (M. Tanaka and S. Itohara,
unpublished data), which displays a single copy of EGFP in
the genome. Then absolute EGFP copy numbers in Tg3
(n=13) Tg7 (n=23) and Tgl0 (n =5) of chat-GluR2 mice
were calculated as 2.10 + 0.04, 931 £+ 0.14 and 1644 £
0.67 copies for the SODI control, and 2.13 % 0.07,
10.20 + 0.09 and 16.43 + 1.28 copies for the CPTI control,
respectively (mean + SD). The transgene copy number was
thus represented as the mean of these two values.

Electrophysiological recordings

Electrophysiological experiments were performed as pre-
viously described (46) using 200-250 wm slices of spinal
cord lumbar regions from mice at the postnatal ages of 4-7
days. Whole-cell patch-clamp recordings were performed
with motoneurons identified using biocytin-containing
Cs-based intracellular solution. To isolate the AMPA current,
the extracellular solution contained 20 puM bicuculline,
25 pM D-2-amino-phosphonovaleric acid (D-APV) and 10 pM
strychnine, which blocks the GABA, NMDA and glycine
receptors, respectively. A glass electrode containing artificial
cerebrospinal fluid positioned in the spinal cord was used for
synaptic stimulation.

Quantitative analysis of gene expression levels in
motoneurons

Spinal cords from 6-8-month-old mice were dissected
without fixation, immediately embedded in OCT compound
(Tissue-Tek), and frozen in liquid nitrogen. Frozen sections
30 wm thick were processed and stained using 0.01% toluidine
blue, and motoneurons in spinal cords were clipped out of sec-
tions using laser microdissection (AS LMD, Leica) according
to the manufacturer’s protocol. About 1000 clipped slices of
motoneurons were collected per mouse and subjected to
RNA purification using an RNAeasy kit (Qiagen), followed
by ¢DNA synthesis primed with oligo-dT using Superscript
I (Gibco-Brl). The gene expression level was examined by
Tagman real-time quantitative PCR using probe—primer sets
specific to target genes. PCR was performed on an ABI7700
thermalcycler (PE Biosystems) under the manufacturer’s rec-
ommended conditions, using cDNA derived from 60 (for
GluR2-4 and ChAT) or 10 (for SODI and GAPDH) clipped
slices of motoneurons as templates. Data were normalized
with the expression level of GAPDH, and presented as a rela-
tive expression level compared with the level in the CS7BL/6J
non-transgenic control mouse,

Animals

Non-transgenic littermates without any transgene are indicated
as wt to distinguish them from non-transgenic control mice,
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C57BL/6] mice. All data except for Table 1 and Figure 1E are
comparisons among littermates. The GIL line of transgenic
mice harboring the G93A-mutated human SODI gene
(B6SIL-TgN(SOD1-G934)1Gur") was purchased from Jackson
Laboratories and backerossed with C57BL/6J mice, We used
the littermates generated by crossing male ASODI%** mice
(fourth backcross-generation) with female chat-GIluR2 trans-
genic mice for all analyses except for a study of disease onset
and mortality in Tgl0 line (Table 2 and Fig. 2B and C}, that
involved three S and three GS littermates generated from
the third backcrossed ASODI*** mouse. To determine the
day of disease onset, mice were subjected to the rotarod test
(47). The retention time on a rotating wheel, the rotarod
score, was measured four times per day with a I-week interval
in a blind fashion. Each trial lasted for a maximum of
5 min, during which time the wheel rotates with a linear accel-
eration from 4 to 40 rpm. The day of disease onset was
defined as the day just before the mean retention time of
four trials was sequentially shortened to <80% of the
previous time. The end time was defined as the day of death
or the day when the mouse was unable to right itself within
30 (25).

Preparation of crude mitochondrial and
post-mitochondrial fractions

Crude mitochondrial and post-mitochondrial fractions were
prepared according to an established method (31) with
certain modifications. The bovine strum albumin concentra-
tion in buffer H was reduced to 0.1%. The spinal cord L1-L5
segments were homogenized in buffer H (1 mg tissue/10 pl
buffer H) on ice and centrifuged at 600g for 5 min at 4°C
to remove unbroken cells. The supernatant was centrifuged
at 13500g for 10min at 4°C, dividing into pellet (crude
mitochondrial fraction) and supernatant (post-mitochondrial
fraction).

Size-exclusive chromatography

Approximately 200 pg of cytosolic extracts were filtered
through Millex-HV PVDF filters (Millipore, 0.45 pm dia-
meter), concentrated with a Vivaspin column (Vivascience,
cut-off size, MW 10 000), then resolved on a Superdex200
PC3.2/30 column (linear fractionation range, MW 10 000-
600 000; bed volume, 2.4 ml; Pharmacia Biotech) at a flow
rate of 40 pl/min in 50 mM sodium phosphate with 150 mM
NaCl, pH 7.0. Fractionation started when 800 pl was eluted,
and a 30 plitube of elutant was collected for a total of 48
tubes. Void volume was determined by the elution profile of
dextran blue (2000 kDa). The column was calibrated using
gel filtration calibration kits for high- and low-molecular
weights (Amersham Bioscience).

Subcellular fractionation

Figure 5A represents a schematic of this procedure. Whole
spinal cords were gently homogenized in modified buffer H
{0.22 M p-mannitol, 0.07 M sucrose, 20 mm HEPES, pH 7.4,
1mM EGTA and complete protease inhibitor cocktail
(Roche), at 1 mg tissue/10 pl buffer] with a glass—Teflon

homogenizer (10 up-and-down strokes) on ice, and centrifuged
at 600g for 10 min. The supernatants were sequentially centri-
fuged at 5000g for 15 min, 8000g for 15 min and 100 000g for
1h, to obtain three pellets (P2, P3 and P4) and the resulting
supernatant (S). The pellets generated by the first brief centrifu-
gation were very gently suspended with 2.2 M sucrose contain-
ing complete protease inhibitor cocktail {1 mg starting tissue/
15 pl), and centrifuged at 40 000g for 1 h. The resulting
pellets (P1) were rinsed with modified buffer H followed
by centrifugation at 12 000g for 10 min. The pellets of P,
P2, P3 and P4 were finally resuspended with 1/4, 2, 1/2 and
1/2 volume (1) of modified buffer H per starting tissue
weight (mg), respectively. All centrifugations were performed
at 4°C.

Measurement of protein carbonylation

Freshly dissected tissues were scnicated in buffer [50 mM Tris—
HCL, pH 7.6, 20 mM Na,P,04, 20 mM sodium fluoride, 1 mm
EGTA, 5 mM EDTA, 5 mM DTT and complete protease inhibitor
cocktail (Roche), at 1 mg tissue/20 ! buffer] and centrifaged at
500¢ for 5min. The supematants were further centrifuged at
100 000g for 1 h, and the resulting supernatants were used. The
levels of carbonylated proteins in these supernatants were evalu-
ated by measuring absorbance derived from dinitrophenyl
(DNP)-hydrazone as previously described (36) with slight modi-
fications. We started with 40 pg of protein and used 6% SOD fora
solubilization of the trichloroacetic acid precipitates.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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COMPARATIVE STUDY OF GENE EXPRESSION OF CHOLINERGIC
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Abstract —By reverse transcription—polymerase chain reac-
tion, Southern blot analysis, direct sequencing, and immuno-
histochemistry, we studied the expression of cholinergic neu-
ronal markers {choline acetyltransferase [ChAT], vesicular ace-
tylcholine transporter [VAChT], and a high-affinity choline
transporter [CHT1]), and gene regulatory molecules (repressor
element-1 silencing transcription factor/neuron-restrictive si-
lencer factor [REST/NRSF) and CoREST) In the human spinal
cord and term placenta, both of which are well known to contain
cells synthesizing acetylcholine, H-type, M-type, N2-type, and
R-type ChAT mRNAs, VAChT mRNA, and CHT1 mRNA were
detected in the spinal cord, but only H-type, M-type, and N2-type
ChAT mRNAs, in the term placenta. REST/NRSF and CoREST
were detected in the spinal cord and the placenta, but the
amounts of both mRNAs were greater in the placenta than in the
spinal cord. Further microdissection analyses revealed that the
placental trophoblastic cells contained more REST/NRSF and
CoREST transcripts than the spinal large motor neurons. Large
motor neurons in the anterior homn of the spinal cord were
immunohistochemically stained for ChAT and VAChHT. In the
placenta, stromal fibroblasts, endothelial cells, and trophoblas-
tic cells of the chorionic villi were positively stained with anti-
ChAT antibody but not with anti-VAChT antibody. These find-
Ings suggest that transcriptions of the R-type ChAT and VAChT
mRNAs are coordinately suppressed in the human term pla-
centa, which might be regulated in part by a REST/NRSF com-
plex that binds to a consensus sequence of repressor element
1neuron-restrictive silencer element (RE1/NRSE) in the 5' re-
gion upstream from exon R, whereas transcriptions of the H-
type, M-type, and N2-type ChAT mRNAs might be independent
of control by RE1/NRSE. It is possible that at least two separate
regulatory mechanisms of gene expression are present for the
human cholinergic gene locus, which might be selected by

*Correspondence to: Y. Oda, Pathology Laboratory, ALP Company,
Limited, 309 Chikaoka-machi, Kanazawa, Ishikawa 920-8217, Japan.
Tel: +81-76-237-4230; fax; +81-76-237-8027.

E-mail address: oda-y@alp-grp.jp (Y. Oda).

Abbreviations: ACh, acetylcholine; BSA, bovine serum albumin; ChAT,
choline acetyltransferase; CHT1, high-affinity choline transporter;
EDTA, ethylenediaminetetraacetic acid; PBS, phosphate-buffered sa-
ling; RE1/NRSE, repressor element 1/neuron-restrictive silencer ele-
ment; REST/NRSF, repressor element 1-silencing transcription factor/
neuron-restrictive silencer factor; RT-PCR, reversa transcription—poly-
merase chain reaction; TPBS, phosphate-buffered saline containing
0.05% Tween-20; VAChKT, vesicular acetylcholine transporter.

different combinations of DNA motifs and binding proteins to
function in neuronal and non-neuronal cells. © 2004 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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Acetylcholine (ACh) is synthesized from choline and acetyl
coenzyme A by the enzyme choline acetyltransferase
(ChAT) in the cytoplasm of cholinergic nerve terminals,
and is then translocated into synaptic vesicles by the ve-
sicular ACh transporter (VAChT; Oda, 1999). Choline is
recruited by being taken up from extracellular fluid by a
high-affinity choline transporter (CHT1) in the cholinergic
neurons (Okuda et al., 2000). These molecules, ChAT,
VAChHT, and CHT1, are essential for the ACh neuretrans-
mission of cholinergic neurons. Over the last decade, the
gene structures and regulation mechanisms of the gene
expression of these three molecules have been scrutinized
in several mammalian species, as well as Drosophifa and
Caenorhabditis. For example, the genes of ChAT and
VAChT are organized into a ‘cholinergic gene locus,’
where the first intron of the ChAT gene encompasses the
open reading frame encoding VAChT (Benjanin et al.,
1994; Erickson et al., 1994; Roghani et al., 1994). The
expressions of the two molecules are coordinately regu-
lated by multiple regulatory elements, such as cholinergic
differentiation factor/leukemta inhibitory factor, ciliary neu-
rotrophic factor, cAMP, and retinoids, in chelinergic neu-
rons (Berrard et al., 1995; Berse and Blusztajn, 1995;
Misawa et al., 1995). More recently, the gene encoding
CHT1 has been cloned and the biological characteristics of
the molecule have been clarified (Apparsundaram et al,,
2000; Okuda et al., 2000; Okuda and Haga, 2000).
Syntheses of the cholinergic neuron-essential mole-
cules involved in ACh neurotransmission are elaborately
controlled by DNA regulatory elements and the DNA bind-
ing proteins. For example, in vitro expression studies using
rodent cell lines have indicated that nuclear proteins, in-
cluding repressor element 1-silencing transcription factor/
neuron-restrictive silencer factor (REST/NRSF), bind to rat
repressor element 1/neuron-restrictive silencer element
(RE1/NRSE), which is located upstream of exon R of
ChAT, to repress both the R-type of ChAT and VAChHT in
non-neuranal cells {Ldnnerberg et al., 1996; De Gois et al.,
2000). The human cholinergic gene locus contains a se-
quence homologous to rat RE1/NRSE in a correspending
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region (Hahm et al., 1997; Tanaka et al., 1998). Therefore,
it can he speculated that the expression of the cholinergic
gene locus is repressed in the human non-neurcnal cells
by similar mechanisms as those in rodents. ACh is, how-
ever, also synthesized by ChAT in a variety of non-
neuronal tissues or organs (Sastry and Sadavongvivad,
1979; Wessler et al., 1998). In particular, the placenta has
been well known to contain large amounts of ACh and
ChAT, although the biological functions are still unclear
(Stabile et al., 1989; King et al., 1991; Sastry, 1997}. Our
previous immunohistochemical study detected ChAT and
ACh in the chorionic villi of the human placenta (Oda et al.,
1996). The accumulation of evidence by the studies on
non-neuronal cells or tissue indicates that the expression
of the cholinergic neuron-essential molecules is not com-
pletely repressed in non-neuronal cells, and suggests that
some of the molecules are independently expressed by
different mechanisms in non-neuronal cells than in cholin-
ergic neurons. However, there have been no comparative
studies on the expression of the molecules involved in the
synthesis and function of ACh between human neuronal
and non-neuronal tissue. In addition, the expression of
regulatory factors for the human cholinergic gene locus
has not been studied in human neuronal and non-neurconal
tissue synthesizing ACh in vivo. In this study, we compared
the expression of cholinergic neuron-essenttal molecules
(ChAT, VACHT, and CHT1) and the gene requlatory fac-
tors (REST/NRSF and CoREST) between the human spi-
nal cord and term placenta to clarify the differences in the
gene expression and regulation in these tissues.

EXPERIMENTAL PROCEDURES
Tissue preparation

The human spinal cords were obtained from three autopsied
patients with neither a clinical history nor pathclogical findings
suggestive of neurological or psychiatric diseases with permission
from the relatives. The postmortern delays were 3, 3.7 and 4.3 h,
The human term placentas were obtained after the delivery of 13
individuals with their consent. The tissues were cut into slices
5mm thick. Some tissue slices for immunohistochemistry were
fixed by immersion in freshly prepared 4% paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.4) for 1 day at 4 °C. Follow-
ing fixation, the tissue slices were embedded in paraffin. Unfixed
tissue slices for RNA preparation were embedded in Tissue-Tek
0.T.C. Compound (Sakura Finetechnical Co., Tokyo, Japan), or
quickly frozen in liquid nitrogen,

Detection of ChAT, VAChT, CHT1, REST/NRSF, and
CoREST mRNAs by reverse
transcription—-polymerase chain reaction (RT-PCR),
Southern blot analysis, and direct sequencing

Total RNA was extracted from the unfixed frozen tissues by the
acid guanidinium thiocyanate—phenol—chloroform method (Sam-
brook et al., 1989). For comparative analyses of REST/NRSF and
CoREST mRNAs in the large motor neurons of the spinal cord and
trophoblastic cells of the placenta, total RNAs were extracted with
an RNA isolation kit (Ambion inc., Austin, TX, USA) from the large
motor neurcns (2300 to approximately 4300 cells) and the placen-
tal trophoblastic cells, which were collected from O.T.C. Com-
pound-embedded, frozen-tissue sections by a laser capture mi-
crodissection system (LM100; Clympus, Tokyo, Japan), according

to the manufacturer's protocol. The large motor neurons and
placental trophoblastic cells were recognized in unstained, frozen-
tissue sections under the microscope of the laser capture micro-
dissection system. The large motor neurcns were captured one by
one, Syncytiotrophoblast and cytotrophoblast were collected to-
gether from the chorionic villous surface. Using the total RNA
extracted, RT-PCR was performed by Reverse Transcription Se-
ries (Promega Corporation, Madison, WI, USA). The base se-
quences of PCR primers and the sizes of the PCR products for the
detection of ChAT, VACKT, CHT1, REST/NRSF, and CoREST
mRNAs arg shown in Table 1. One or two pairs of primers for
H-type, M-type, N-type, and R-type ChAT mRNAs were prepared
based on the genomic (Rebert and Quirin-Stricker, 2001; Misawa
et al., 1997) and complementary DNA sequences {Oda et al,,
1992; Fig. 1). Two pairs of primers for CHT 1 were prepared based
on the genomic (GenBank, ACO09963) and complementary DNA
sequences (GenBank, AB043997). Two pairs of primers for
REST/NRSF and CoREST were prepared based on the genomic
structure (Palm et al, 1999; GenBank, AL136293; GenBank,
AL132801) and complementary DNA sequences (GenBank,
U22314; GenBank, XM 028944; GenBank, AF155595). These
primers were designed to contain introns in the amplified region to
distinguish the PCR products of the RNAs from those of a minute
contaminant of the genomic DNAs. A pair of primers for VAChT
was prepared based on the genomic DNA sequence {(GenBank,
U10554), The rat VAChT gene is transcribed as several mRNAs
with different 5'-noncoding regions (Cervini et al., 1995) like the
ChAT gene, but the diversity of the human VAChT mRNA has not
been demonstrated yet, Since one of the purposes of the present
study was to compare VACKT gene expression between the hu-
man spinal cord and term placenta, we used PCR primers to
amplify the common coding region of VAChT. To confirm whether
cDNA was successfully synthesized from the frozen tissues, p-ac-
tin (Clontech, Palo Alto, CA, USA) and B2-microglobulin {Noonan
et al., 1990) were amplified simultaneously. p-Actin amplification
was used as a control for semiquantification. A cycle consisting of
1 min at 94 °C, 1 min at 63 °C, and 1 min at 72 °C was repeated
for 30, 33, 35, 38, or 40 cycles. For $-actin and B2-microglobulin,
a cycle consisting of 1 min at 84 °C, 1 min at 59/57 °C, and 1 min
at 72 °C was repeated for 25, 30, or 35 cycles. The PCR product
was electrophoresed on a 2, 3, or 4.5% agarose gel containing
ethidium bromide, and visualized by illumination using UV light.
PCR for negative controls was performed without a step of re-
verse-transcriptase reaction. To detect the specific RT-PCR prod-
ucts for ChAT, Southern blot analysis was subsequently done,
because the PCR products with expected molecular weights were
not so much generated as expected. On the other hand, in the
cases of VAChT and CHT1, the PCR products were generated
much more, compared with the cases of ChAT species, which
could omit a further Southern blot analysis. After agarose gel
electrophoresis, the PCR products for ChAT were blotted onto a
GeneScreen Plus filter membrane (DuPont-New England Nu-
clear, Boston, MA, USA). After being fixed by uitraviolet light, the
fiter was prehybridized at 42 °C for 2 h in 5x S8C (1X
85C=0.15 M NaCl and 0.015 M sodium citrate, pH 7.0}, 5% Den-
hardt'’s solution (1X Denhardt's solution=0.02% Ficoll, 0.02%
polyvinylpyrrolidone, and 0.02% bovine serum albumin), 50% for-
mamide, 1% SDS, and 150 pg/ml sonicated salmon sperm DNA.
The filter was then hybridized at 42 °C for over 18 h with the above
solution containing a 32?P-labeled probe (5-TGCAGAGA-
TGAAGCACTGAGCACAG-3' for H-type; 5'-TGCAGGGATGCA-
GAGGTGTGGA-3' for M-, N-, and R-types) derived from an in-
ternal sequence of the amplified products, washed three times in
a solution of 2X SSC and 1% SDS for 30 min at 42 °C, and then
subjected to autoradiography. In addition, to estimate the relative
abundance of each type of ChAT mRNA in the spinal cord (three
samples} and term placenta {eight samples), semiquantitative
PCR analysis was performed according the methods of Misawa et
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Table 1. PCR primers amplifying ChAT, VAChT, CHT1, REST/NRSF, CoREST, @2-microglobulin, and B-actin mRNAs, and the product lengths

Genes Primers Product lengths, bp
ChAT
R-type
F 5'-ACACTCCTGAGTGGTGCGGTG-3 160
R 5-TTTTCCAGGATGGGCGTCTTG-3'
N-type”™
F 5 -GAGAAAGGAGTAGGAGCCTAG-3 131 (N2)/303 (N1)
R 5. TTTTCCAGGATGGGCGTCTTG-3’
M-type
F 5'.-TCAACGCCGCTCTGGGGAC-3 112
R 5 -TTTTCCAGGATGGGCGTCTTG-3
H-type
F1 5"-ATGCATTCCTTTCCCTCCACCAACG-3' 190
R 5 -ACTGCTGGGAGTTTTTGCTGCCATC-3”
F2 5 TTCACCCTACTCCACACCAGAGATG-3' 154
R 5 ACTGCTGGGAGTTITTGCTGCCATC-Y
VAChT
F 5'-CCTGGCTGCCGGCCTTCGTG-3 300
R 5'-AATAGGAGATGTCGGCGATG-3'
CHT1
F1 5 -AAGCCATCATAGTTGGTGGCCGAG-3' 134
R1 5'.CCAAGCTAGGCCATTACCTGGTAC-3'
F2 5 -AAGCCATCATAGTTGGTGGCCGAG-3' 97
R2 5-GCTGTGCCATTGATATACCCTCCT-3'
REST/NRSF**
F1 5'-CTCAGAAGACTCATCTAACTAGAC-3' 84/88 (N4)/146 (N62)
R1 5'-AGGCCACATAACTGCACTGATCAC-3
F2 5'-GACTCATCTAACTAGACATATGCG-3' 81/85 (N4)/143 (N62)
R2 5 -ATTAGAGGCCACATAACTGCACTG-3'
CoREST
F1 5 -GAGGCAAATGGAAACAATCCC-3' 91
R1 5-CCTGAGGAACTGTCTCAGTAG-3'
F2 5 -ACGTTGGACTACAGAAGAGCAG-3' 89
R2 5. TCCCAATCACGTCTGAGATTGC-3"
B2-microglobulin
F 5'-ACCCCCACTGAAAAAGATGA-3 114
R 5'-ATCTTCAAACCTCCATGATG-3'
B-actin
F 5'-ATCTGGCACCACACCTTCTACAATGAGCTGCG-3' 838
R 5.CGTCATACTCCTGCTTGCTGATCCACATCTGC-3'

* And **; splicing variants are in parentheses.
* Misawa et al. {1997) ** Palm et al. (1999)
F, forward; R, reverse.

al. (1997) with some modifications. Briefly, the 5’-region of H-type,
M-type, N-type, and R-type ChAT mRNA sequences were ampli-
fied with the first strand cDNA generated from the samples for 20,
25, 28, 31, and 34 cycles. One picogram of pBluescript (Strat-
agens, La Jolla, CA, USA) carrying each typs of ChAT cDNAs was
used as a control. After amplification, 10 pl of PCR products were
electrophoresed on an agarose gel, transferred onto a nylon mem-
brane, and hybridized with a 32P-labeled probe (5'-TGCAGGGAT-
GCAGAGGTGTGGA-3"), which could detect all types of the ChAT
PCR products. The hybridized signals were densitometrically an-
alyzed with an image analysis software NIH Image 1.61 (NIH,
Bethesda, MD, USA). The intensity of the positive bands was
measured. and the values of the ChAT bands that were generated
with lotal RNAs extracted from the spinal cord or placenta tissue
were normalized to those of the coresponding bands that were
generated with 1 pg of the control plasmids,

To examine whether REST/NRSF contains exan N between
exons V and VI (Palm et al., 1999), the nucleolide sequence of the
PCR products was determined in both directions by cycle-se-

quencing using a dye terminator cycle sequencing kit (Perkin-
Elmer Corporation, Foster City, CA, USA).

Experiments for the detection of ChAT mRNAs by Southern
blot following RT-PCR, VAChT mRNA by RT-PCR and CHT1 by
RT-PCR were performed simultaneously for all tissue samples in
the same conditions, and repeated twice. Amplifications of REST/
NRSF, CoREST, B-actin, and B2-microglobulin mRNAs by RT-
PCR were performed simultaneously for all tissue samples in the
same conditions. For relative quantification of REST/NRSF and
CoREST ftranscriptions in the human spinal cord and term pla-
centa, the specific PCR bands of the agarose gel were densito-
metrically analyzed with an image analysis software NIH Image
1.61. The intensity of the PCR bands was measured, and the
values of the REST/NRSF bands (33-cycle PCR with total RNAs
extracted from spinal cord or placenta tissug and a set of REST/
NRSF F2 and R2 primers; 38-cycle PCR with total RNAs extracted
from spinal motor neurons or placental trophoblastic cells and a
set of REST/NRSF F2 and R2 primers) or the CoREST bands
{33cycle PCR with total RNAs extracted from spinal cord or



