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Underediting of GluR2 mRNA, a neuronal death inducing molecular
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Abstract

Deficient RNA editing of the AMPA receptor subunit GluR2 at the Q/R siteis a primary cause of neuronal death and recently has been reported
to be a tightly linked etiological cause of motor neuron death in sporadic amyotrophic lateral sclerosis (ALS). We quantified the RNA editing
efficiency of the GluR2 Q/R site in single motor neurons of rats transgenic for mutant human Cu/Zn-superoxide dismutase (SOD1) as well as
patients with spinal and bulbar muscular atrophy (SBMA), and found that GluR2 mRNA was completely edited in all the motor neurons examined.
It seems likely that the death cascade is different among the dying motor neurons in sporadic ALS, familial ALS with mutant SOD1 and SBMA.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: ALS; SOD1; Spinal and bulbar muscular atrophy; Motor neuron; RNA editing; GluR2; AMPA receptor; Neuronal death

1. Imtroduction

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease with selective loss of both upper
and lower motor neurons, and familial cases are rare. The
etiology of sporadic ALS remains elusive but recently deficient
RNA editing of AMPA receptor subunit GluR?2 at the Q/R site is
reported in motor neurons in ALS that occurs in a disease-
specific and motor neuron-selective manner (Kawahara et al.,
2004; Kwak and Kawahara, 2005). Moreover, underediting of
the GIuR2 Q/R site greatly increases the Ca®* permeability of
AMPA receptors (Hume et al.,, 1991; Verdoorn et al., 1991;
Burnashev et al., 1992), which may cause neuronal death due to
increased Ca** influx through the receptor channel, hence mice
with RNA editing deficiencies at the GluR2 Q/R site die young
(Brusa et al., 1995) and mice transgenic for an artificial Ca®*-

* Corresponding author. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.
E-mail address: kwak-tky @umin.ac.jp (S. Kwak).
! Present address: The Wistar Institute, Philadelphia, PA, USA.

permeable GluR2 develop motor neuron disease 12 months
after birth (Kuner et al., 2005). Such evidence lends strong
support to the close relevance of deficient RNA editing of the
GluR?2 at the Q/R site to death of motor neurons in sporadic
ALS. However, although we and other researchers have
demonstrated that dying neurons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 2005), it
has not yet been demonstrated whether the underediting of
GluR2 occurs in dying motor neurons in motor neuron diseases
other than ALS. Such investigation is of particular importance
since it will help clarify whether the molecular mechanism of
motor neurons death is common among various subtypes of
motor neurons.

ALS associated with the SOD1 mutation (ALS1) is the most
frequent familial ALS (Rosen et al., 1993), and mutated human
SOD1 transgenic animals have been studied extensively as a
disease model of ALS1, yet the etiology of neuronal death in
the animals has not been elucidated. Another example of non-
ALS motor neuron disease is spinal and bulbar muscular
atrophy (SBMA), which predominantly affects lower motor
neurons with a relatively slow clinical course. Since the CAG
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Table 1
RNA editing efficiency of single motor neurons in SBMA

Case Age at death Sex No. of CAG Postmortem GluR2(+) MN with 100% editing efficiency
(year) repeats” delay (h) MNP (% of GluR2(+) MN)

SBMA, case 1 71 M 48 2.5 12 12 (100)

SBMA, case 2 78 M 42 2.5 16 16 (100)

SBMA, case 3 60 M 44 1 16 16 (100)

® Number of CAG repeats in the androgen receptor gene.

® Motor neurons in which GluR2 RT-PCR amplifying product was detected.

repeat expansion in the androgen receptor gene has been
demonstrated in SBMA (La Spada et al., 1991), and
pharmacological castration is therapeutically effective in
animal models (Katsuno et al., 2002, 2003), the death cascade
responsible for SBMA is likely different from sporadic ALS. In
this paper, an investigation is carried out into whether or not the
dying mechanism underlying sporadic ALS is the same as
ALS1 and SBMA by determining the editing status of the
GluR2 Q/R site in single motor neurons.

2. Materials and methods

The animals used in this study were SOD19%4 and SOD 1R transgenic
male rats (Nagai et al., 2001) (n=3 each) that had exhibited progressive
neuromuscular weakness with their littermates as the control (n=3 each)
(Table 2). The first sign of disease in these rats was weakness of their hindlimbs,
mostly exhibited by the dragging of one limb. Onset of motor neuron disease
was scored as the first observation of abnormal gait or evidence of limb
weakness. The mean age of onset of clinical weakness for the SOD1°%4
and SOD1™® lines was 122.9 4 14.1 and 144.7 + 6.4 days, respectively. As
the disease progressed, the rats exhibited marked muscle wasting in their
hindlimbs, and then in the forelimbs. The mean duration after the clinical
expression of the disease in the SOD1%** and SOD1™* lines was 8.3 + 0.7
and 24.2 4= 2.9 days, respectively (Nagai et al., 2001). The rats were killed 3
days and 2 weeks after the onset for the SODI1%%3* and SOD1H4R lines,
respectively, and we examined their fifth lumbar cord. Animals were handled
according to Institutional Animal Care and Use Committee approved protocols
that are in line with the Guideline for Animal Care and Use by the National
Institute of Health. Spinal cords were isolated after deep pentobarbiturate
anesthesia. In addition, spinal cords were obtained at autopsy from three
genetically confirmed patients with SBMA (Table 1). Written informed consent
was obtained from all subjects prior to death or from their relatives, and the
Ethics Committees of Graduate School of Medicine, the University of Nagoya
and the University of Tokyo approved the experimental procedures used. Spinal
cords were rapidly frozen on dry ice and maintained at —80 °C until use.

Table 2
RNA editing efficiency of single motor neurons in mutated human SODI1
transgenic rats

Case (n) GluR2(+) MN with 100%
MN?* editing efficiency
(% of GluR2(+) MN)
SOD1%%A.1 13 13 (100
SOD1%%43 21 21 (100)
SOD1%%34A3 21 21 (100)
SOD1H46R 1 19 19 (100)
SOD1H4R o 23 23 (100)
SOD1H46R 3 20 20 (100)
SOD1%%34, littermates (3) 22 22 (100)
SOD1%6R littermates (3) 20 20 (100)

* Motor neurons in which GluR2 RT-PCR amplifying product was detected.

Single motor neurons were isolated and collected into respective single test
tubes that contained 200 pl of TRIZOL Reagent (Invitrogen Corp., Carlsbad,
CA, USA) using a laser microdissection system as previously described
(Kawahara et al., 2003b, 2004) (LMD, Leica Microsystems Ltd., Germany)
(Fig. 1a). After extracting tota]l RNA from single neuron tissue, we analyzed the
RNA editing efficiency at the GluR2 Q/R site by means of RT-PCR coupled
with digestion of the PCR amplified products with a restriction enzyme Bbv-1
(New England BioLabs, Beverly, MA, USA) (Takuma et al., 1999; Kawahara
etal., 2003a, 2004), and the editing efficiency was calculated by quantitatively
analyzing the digests with a 2100 Bioanalyser (Agilent Technologies, Palo Alto,
CA, USA), as previously described (Kawahara et al., 2003a). Briefly, after gel
purification using Zymoclean Gel DNA Recovery Kit according to the man-
ufacturer’s protocol (Zymo Research, Orange, CA, USA), PCR products were
quantified using a 2100 Bioanalyser. An aliquot (0.5 p.g) was then incubated at
37 °Cfor 12 h with 10 X restriction buffer and 2 U of Bbvl in a total volume of
20 .l and inactivated at 65 °C for 30 min. The PCR products had one intrinsic
Bbvl recognition sites, whereas the products originating from unedited GluR2
mRNA had an additional recognition site. Thus, restriction digestion of the PCR
products originating from edited rat (278 bp) and human (182 bp) GluR2
mRNA should produce two bands (human GluR2 in parenthesis) at 219
(116) and 59 (66) bp, whereas those originating from unedited GluR2 mRNA
should produce three bands at 140 (81), 79 (35), and 59 (66) bp. As the 59
(66) bp band would originate from both edited and unedited mRNA, but the 219
(116) bp band would originate from only edited mRNA, we quantified the
molarity of the 219 (116) and 59 (66) bp bands using the 2100 Bioanalyser and
calculated the editing efficiency as the ratio of the former to the latter for each
sample.

The following primers were used for PCR for rat and human GluR2
(amplified product lengths are also indicated): for rat GluR2 (278 bp): 1F
(5'-AGCAGATTTAGCCCCTACGAG-3') and 1R (5-CAGCACTTTCGAT-
GGGAGACAC-3"). for human GluR2, the first PCR (187 bp): hG2F1 (5'-
TCTGGTTTTCCTTGGGTGCC-3') and hG2R1 (5-AGATCCTCAGCACT-
TTCG-3'); for the nested PCR (182bp): hG2F2 (5-GGTTTTCCTITG-
GGTGCCTTTAT-3') and hG2R2 (5'-ATCCTCAGCACTTTCGATGG-3').
We confirmed that these primer pairs were situated in two distinct exons with
an intron between them and did not amplify products originating from other
GluR subunits (data not shown). PCR amplification for rat GluR2 was initiated
with a denaturation step that was carried out at 95 °C for 2 min, followed by 40
cycles of 95 °C for 30 s, 62 °C for 30 s, and 72 °C for 1 min. PCR amplification
for human GluR2 began with a 1 min denaturation step at 95 °C, followed by 35
cycles of denaturation at 95 °C for 10s, annealing at 64 °C for 30's and
extension at 68 °C for 60 s. Nested PCR was conducted on 2 ! of the first
PCR product under the same conditions with the exception of the annealing
temperature (66 °C).

3. Results

The number of motor neurons was severely decreased in the
spinal cord of SBMA patients, and we analyzed 44 neurons
dissected from three cases (12 from case 1, 16 from cases 2 and
3). Restriction digestion of the PCR products yielded only 116
and 66 bp fragments but no 81 or 35 bp fragments as seen in
ALS motor neurons in all the SBMA motor neurons examined.
Likewise, restriction digestion of the PCR products from motor
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