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Abstract

Deficient RNA editing of the AMPA receptor subunit GluR2 at the Q/R site is 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 SODI and SBMA.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

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 GluR2 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 GluR2 Q/R site greatly increases the Ca”* permeability of
AMPA receptors (Hume et al., 1991; Verdoorn et al., 1991;
Burnasheyv 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 GIluR2 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
GluR2 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
SODI1 transgenic animals have been studied extensively as a
disease model of ALS]1, 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

0168-0102/$ — see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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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 25 12 12 (100)

SBMA, case 2 78 M 42 25 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 SOD1%9%4 and SOD1M*® ransgenic
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 SOD19%%4
and SOD1"R Jines was 122.9 + 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%%34 and SOD1M**R Jines was 8.3 + 0.7
and 24.2 + 2.9 days, respectively (Nagai et al., 2001). The rats were killed 3
days and 2 weeks after the onset for the SOD1%%** and SOD1M*® Jines,
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 SOD]
transgenic rats

Case (n) GluR2(+) MN with 100%
MN?* editing efficiency
(% of GluR2(+) MN)
SOD1%%34 ] 13 13 (100)
SOD1%%343 21 21 (100)
SOD1%%%4.3 21 21 (100)
SOD1H46R | 19 19 (100)
SOD1H4R ) 23 23 (100)
SOD1146R 3 20 20 (100)
SOD1%%4 | litermates (3) 2 22 (100)
SOD1H4R 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 p) 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 total 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
et al., 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 °C for 12 h with 10 x restriction buffer and 2 U of Bbvl in a total volume of
20 pl and inactivated at 65 °C for 30 min. The PCR products had one intrinsic
BbvI 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): rF
(5'-AGCAGATTTAGCCCCTACGAG-3") and rR (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'-GGTTTTCCTTG-
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
GIuR 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 pl 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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Fig. 1. (a) A single motor neuron from an SBMA patient before (left) and after (right) the dissection with a laser-microdissector. (b and c) An example of
electropherogram by a 2100 Bioanalyser. Samples are the Bbv-1-digest of PCR product from tissues of a single motor neuron from an SBMA patient (b) and from a
mutated human SOD1°%*# transgenic mouse (c). LM: lower marker (15 bp), HM: higher marker (600 bp).

neurons of mutated human SOD1 transgenic rats yielded only
219 and 59 bp fragments (Fig. 1). Therefore, the values of RNA
editing efficiency at the Q/R site of GluR2 were 100% in 44
motor neurons from three SBMA cases (Table 1), 55 single
motor neurons from three SOD19%*# transgenic rats, 62
neurons from three SOD1746R transgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2). The
consistent finding that the GluR2 Q/R site is 100% edited in
motor neurons of SBMA patients and transgenic rats for
mutated human SODI1 is in marked contrast to the finding in
ALS motor neurons that the editing efficiency widely varied
among neurons ranging from 0% to 100% (Kawahara et al.,
2004).

4. Discussion

Compared to the significant underediting reported for the
GluR2 Q/R site in motor neurons of sporadic ALS (Kawahara
et al., 2004), GluR2 mRNA in all the examined motor neurons
of the mutated human SODI transgenic rats with two different
mutation sites and SBMA patients was completely edited at the
Q/R site. We have confirmed that postmortem delay hardly
influenced the editing efficiency at the GluR2 Q/R site
(Kawahara et al., 2003b), hence the significant difference in the
postmortem delay between the SBMA patients in this study and
ALS patients in the previous report (Kawahara et al., 2004)
would not have affected these results. We examined the motor
neurons in the spinal cord segment corresponding to the
hindlimb of mutated human SODI transgenic rats after their
hindlimbs had become weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor neurons remained in
the spinal cord of SBMA patients. Thus our results indicate that
GluR2 RNA editing was complete in the dying motor neurons
in both the mutated human SOD1 transgenic rats and SBMA
patients, implying that the neuronal death mechanism is not
due to the underediting of GluR2 mRNA seen in sporadic
ALS. Since the pathogenic mechanism underlying ALSI is
considered to be the same as in mutant human SOD1 transgenic
animals, motor neurons in affected ALS1 patients would be
expected to have only edited GIuR2 mRNA. Indeed, an
association study of the SOD1 gene in a considerable number of
patients with sporadic ALS reported no significant association
with mutations of the SOD1 gene (Jackson et al., 1997). Due to

the lack of appropriate animal model for sporadic ALS, mutant
human SODI transgenic animals have been used as a model
for ALS in general, particularly in studies searching for
therapeutically effective drugs. However, it should be kept in
mind that mutated human SOD1 transgenic animals are merely
a suggestive model for sporadic ALS and a gain of toxic
function in mutated SODI1 kills motor neurons via mechanisms
other than the demise of RNA editing. There are likely multiple
different death pathways in motor neurons, and motor neurons
in sporadic ALS, ALS1 and SBMA die by different death
cascades.
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Calcium-permeable AMPA channels in neurodegenerative

disease and ischemia
Shin Kwak' and John H Weiss?

Compelling evidence supports contributions of glutamate
receptor overactivation (‘excitotoxicity’) to neurodegeneration
in both acute conditions, such as stroke, and chronic
neurodegenerative conditions, such as amyotrophic lateral
sclerosis. However, anti-excitotoxic therapeutic trials, which
have generally targeted highly Ca?* permeable NMDA-type
glutamate channe!s, have to date failed to demonstrate
impressive efficacy. Whereas most AMPA type glutamate
channels are Ca®* impermeable, an evolving body of evidence
supports the contention that relatively unusual Ca?* permeable
"AMPA channels might be crucial contributors to injury in these
conditions. These channels are preferentially expressed in
discrete neuronal subpopulations, and their numbers appear to
be upregulated in amyotrophic lateral sclerosis and stroke. In
addition, unlike NMDA channels, Ca®* permeable AMPA
channels are not blocked by Mg?*, but are highly permeable
to another potentiaily harmful endogenous cation, Zn?*. The
targeting of these channels might provide efficacious new
avenues in the therapy of certain neurological diseases.
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Introduction

Excessive extracellular exposure to glutamate, an exci-
tatory neurotransmitter, is harmful to neurons and con-
tributes to neurodegeneration in certain diseases of the
central nervous system. In amyotrophic lateral sclerosis
(ALS), toxic elevations of glutamate appear to result from
loss or dysfunction of astrocytic glutamate transporters. In
ischemia, rapid glutamate release combined with defi-
ciency in (or even reversal of) uptake causes extracellular
glutamate accumulation.

Glutamate activates a number of types of postsynaptic ion
channels. Most prominent among these are NMDA (N-

methyl-D-aspartic acid)-type glutamate channels, which
are highly Ca®* permeable, and AMPA (1-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid)-type gluta-
mate channels, which mediate most rapid excitatory
neurotransmission and are generally Ca?* impermeable.
However, some AMPA channels are Ca** permeable and
emerging evidence supports the idea that these unusual
channels, which are preferentially expressed on discrete
populations of neurons, might be crucial contributors to
injury in both ALS and ischemia.

It is also apparent that the number of Ca®* permeable
AMPA channels is subject to regulation both in response
to physiological patterns of synaptic activity and in
certain pathological states. Specifically, whereas rela-
tively few Ca?* permeable AMPA channels are normally
present on hippocampal pyramidal neurons (HPNs), the
number of these channels can increase sharply after
ischemia. By contrast, the motor neurons (MNs), which
selectively degenerate in ALS, normally do possess sub-
stantial numbers of Ca** permeable AMPA channels.
However, recent evidence suggests that the number of
these channels might further increase in ALS. In this
review, we discuss recent evidence for roles of Ca®*
permeable AMPA channels in disease, with particular
emphasis on intriguing clues to their roles in ALS and
ischemia.

What are Caz*-permeable AMPA channels,
and how are they regulated?

Functional AMPA receptors are homo- or hetero-oligo-
meric assemblies that are composed of various combina-
tions of four possible subunits, GluR1, GluRZ, GluR3 and
GluR4. The Ca®* conductance of AMPA receptors differs
markedly according to whether the GluR2 subunit is
present or not. AMPA rcccptors that contain at least
one GluR2 subunit have low Ca** conductance, whereas
those lacking a GluR2 subunit are Ca®* permeable [1].
These properties of GluR2 are generated post-transcrip-
tionally by RNA editing at the Q/R site in the putative
second membrane domain (M2), during which a gluta-
mine (Q) codon is replaced by an arginine (R) codon [1].
The presence of this positively charged remdue, the
arginine, in the pore of the channel impedes Ca®* per-
meation (Figure 1). Analyses of the RNA from adult rat,
mouse, and human brains have demonstrated that almost
all GluR2 mRNA in neurons is edited, whereas in the
GluR1, GluR3 and GluR4 subunits glutamine remains
at this crucial position. AMPA receptors contammg an
unedited GluR2 (GluR2Q) have high Ca®* permeability
[1,2].
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Under normal circumstances, most neurons have few
Ca®* permeable AMPA channels, reflecting the presence
of edited GluR2 subunits and, therefore, arginine imped-
ing Ca®* entry in most of their AMPA channels. Further-
more, AMPA channels are not static, but undergo
dynamic regulation through many mechanisms. Levels
of Ca®* permeable AMPA channels can be regulated by
alterations in receptor trafficking, and a decrease in the
number of these channels can occur in response to phy-
siological activation [3], through mechanisms that appear
to be dependent upon specific protein—protein interac-
tions with GluR2 [4°,5°]. Indicating the importance of
such regulation, insertion of AMPA channels into the

synaptic membrane is sensitive to the editing state of -

the GluR2 Q/R site [6,7]. In contrast to the studies in
which physiological activation resuits in a decrease in the
number of postsynaptic Ca®* permeable AMPA channels,
recent studies have found that the presence of tumor
necrosis factor-alpha (TNF-alpha), a cytokine, can result
in membrane insertion of Ca®* permeable AMPA chan-
nels in some neurons. This mechanism might promote
neuronal injury in pathological conditions associated with

Figure 1

elevations of this cytokine [8,9%,10°]. As discussed below,
the number of Ca®* permeable AMPA channels can also
be regulated at the level of GluR2 mRNA expression, as
is hypothesized to be the case in ischemia [11,12], or by
defects in mRNA editing, as is hypothesized to be the
case in ALS [13°°,14°,15].

How might Ca?* permeable AMPA channel
activation injure neurons?

Although mechanisms of excitotoxic neuronal injury are
complex and not completely understood, intracellular
Ca®* overload is an important trigger. With substantial
intracellular Ca?* loading, Ca®* is taken up into mirto-
chondria, and can cause generation of reactive oxygen
species (ROS) or opening of the permeability transition
pore (see glossary) and release of apoptotic mediators
such as cytochrome C. With more modest intracellular
Ca®* accumulation, injury could be mediated by other
mechanisms, including generation of nitric oxide (NO),
with consequent activation of poly(ADP-ribose) polymer-
ase (PARP) and release of mitochondrial apoptosis indu-
cing factor (AIF) [16].

Another way in which Ca** permeable AMPA channels
might mediate injury is by serving as entry routes for the
divalent cation, Zn?*, which is co-released with glutamate
at certain excitatory synapses. Zn’* accumulates in HPNs
in ischemia and epilepsy, both conditions in which
Zn?* chelators are neuroprotective [17,18]. Whereas the
Zn?* accumulation is probably due to a combination of
‘translocation’ across the synapse and mobilization from

NH2
\
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Structure of an AMPA receptor subunit (GIuR2). The Q/R site is localized in the P-loop or putative second membrane domain (M2), which
faces the channel pore of the AMPA receptor. Permeation of divalent cations is prevented when positively charged arginine (R) is placed in the
Q/R site (through editing of the GIuR2 mRNA), but can permeate when neutral glutamine (Q) is present. Reprinted with permission from Figure 1b

in Nishimoto et al. [50].
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intracellular pools [18], Ca** permeable AMPA channels
are highly Zn?* permeable, and might thus be the primary
route for entry of synaptic Zn?* [19-21]. Similar to Ca**,
Zn?* appears to induce injury through a number of
mechanisms, including enzyme induction, ROS genera-
tion and PARP activation [22]. Intriguingly, however, in
comparison to Ca?*, Zn®* is far more potent at inducing
disruption of mitochondrial function, raising the possibi-
lity that mitochondrial effects contribute prominently

to the degeneration resulting from strong intracellular

Zn%* accumulation {20,23-25].

There are several reasons that Ca’* permeable AMPA
channels might be expected to play greater roles in
neurodegeneration than NMDA channels. First, an
increase in their number, as appears to happen in sporadic
ALS and ischemia, would subject neurons to new meta-
bolic burdens, possibly tipping the balance towards
degeneration. Second, because NMDA channels are sub-
ject to voltage-dependent block by Mg?* ions, they
permit little Ca®* entry in the absence of strong post-
synaptic depolarization. Finally, the high Zn** perme-
ability of Ca?* permeable AMPA channels does not apply
to NMDA channels, which are blocked by Zn**.

Role in amyotrophic lateral sclerosis

An excitotoxic model of ALS was supported by the
observation that astrocytic glutamate uptake is deficient
in the motor cortices and spinals cords of ALS patients
[26]. Furthermore, the finding that MNs are selectively
vulnerable to injury caused by AMPA/kainate receptor
activation [27.28] suggested a crucial role for these recep-
tors. This vulnerability is possibly caused by the fact that
MNs possess substantial numbers of Ca®* permeable
AMPA channels [27,29,30}, a finding consistent with
the observation that MNs possess a lower relative
abundance of GluR2 mRNA as compared with that in
other neuronal subclasses both in humans [31] and in rats
[32].

If Ca®* permeable AMPA channels play a crucial role in
excitotoxic MN injury, an increase in their number
might initiate or accelerate the disease. Recent studies
using real-time reverse transcriptase-polymerase chain
reaction (RT-PCR) to compare GluR2 mRNA expression
between ALS patients and controls found no differences
in total GluR2 mRNA levels or the ratio of GluR2 mRNA
to total AMPA receptor subunit mRNA [31]. However,
these studies did find evidence for a reduction of GluR2
editing efficiency [13°°,14°,15], which appeared to be
selective for MNs [13°°]. Furthermore, the editing defect
appeared to be specific to ALS among several neurode-
generative diseases [14°], and to be specific to sporadic
disease, as GluR2 mRNA was fully edited in G93A and
H46R SOD1 transgenic rat models of familial ALS, and in
humans with spinal and bulbar muscular atrophy (SBMA)
[33°] (Figure 2).

Figure 2
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Ca2* or Zn?* influx through AMPA receptors is regulated by the GIuR2
subunit. AMPA receptors with GIUR2 that has been edited at the Q/R site
are Ca®*-impermeable, but those lacking GIuR2 entirely or with unedited
GIuR2 are Ca®*-permeable. Under basal conditions, hippocampal
pyramidal neurons (HPNs) have relatively few Ca®* permeable AMPA
channels comprising AMPA receptors lacking GIuR2, whereas motor
neurons (MNs) possess a substantial number of these channels. After
ischemia, a decrease in GIuR2 mRNA expression in CA1 hippocampal
pyramidal neurons results in increased numbers of Ca®* permeable
AMPA channels lacking GIuR2, contributing to their delayed
degeneration (Of note, a recent study suggests that loss of editing
efficiency might also contribute to increased Ca?* permeable AMPA
channel expression after ischemia; see update). By contrast, MNs in
sporadic ALS express considerable unedited GluR2 mRNA, probably
resulting in an increased number of Ca?* permeable AMPA channels
containing unedited GIuR2. In either case, an increase in the proportion
of Ca2* permeable AMPA channels enables increased Ca®* and/or Zn®*
entry into the cytoplasm, which contributes to neuronal death partly
through effects on mitochondria. Red, orange and white cylinders
represent edited GIuR2, unedited GIuR2 and AMPA receptor subunits
other than GIuR2 (GluR1, 3 or 4), respectively.

Many recent studies support the theory that Ca®* perme-
able AMPA channels have a crucial role in MN degen-
eration in diverse conditions. A recent study found ventral
root avulsion (see glossary) to cause selective decreases in
the GluR2 protein [34], probably contributing to the MN
injury in that condition. A Ca®* permeable AMPA chan-
nel blocker was found to be protective in a model of virus-
induced MN degeneration [35°]. Transgenic animal
studies have recently solidified the link between Ca®*
permeable AMPA channels and MN loss in SOD1-linked
familial forms of ALS. Specifically, mice with modified
GluR2 (GluR2-N), which results in production of AMPA
channels with enhanced Ca?* permeability, had late life
MN degeneration [36°*}, and crossing either these mice
or mice lacking GluR2 entirely with mice with the G93A
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A feed-forward model of ALS pathogenesis. Present observations provide the basis for a feed-forward cycle leading to selective MN injury in
ALS. (a) Etevations of extracellular glutamate induce (b) excessive Ca?* entry into MNs (through Ca?* permeable AMPA channels), where it is
taken up by mitochondria, (¢) with consequent ROS generation and, possibly, activation of apoptotic pathways, either of which would injure the
neuron. (d) The ROS could pass across the MN plasma membrane and (e) disrupt astrocytic glutamate transporters, thereby causing

further rises in extracellular glutamate. Such a cycle could, in principle, be triggered at different sites (e.g., via glutamate rises or oxidative stress),
and thus might be compatible with a multiplicity of inciting mechanisms (suggested in dashed boxes) leading into a common self propagating

disease pathway. Reprinted from {42°] with permission from Elsevier.

SOD1 model of ALS resulted in marked acceleration of
the disease [37°]. Conversely, when mice with a decreased
number of Ca®* permeable AMPA channels in their MNs
(via targeted GluR2 overexpression) were crossed with the
G93A mice, the disease was significantly delayed [38°].

Mechanisms through which the presence of Ca®* perme-
able AMPA channels contributes to excitotoxic MN
injury are being elucidated. Although these channels
enable rapid Ca®* entry, MNs buffer cytosolic Ca®* loads
poorly [39], and consequently much of the Ca* is readily
taken up into mitochondria, resulting in strong ROS
generation [40,41]. Furthermore, /7 vitro studies indicated
that ROS produced in MNs in response to Ca** perme-
able AMPA channel activation might induce oxidative
dysfunction of glutamate transporters in surrounding
astrocytes [42°]. This mechanism could play a role in
the glutamate transport disruption seen in ALS, and
provides the basis for a feed-forward cycle that could
be integral to progression of the disease [42°] (Figure 3).

Role in ischemia
After transient global ischemia, HPNs, particularly in the
CA1l subzone of the hippocampus, conspicuously

degenerate, often with a delay of several days. Under
basal conditions, HPNs have few Ca®* permeable AMPA
channels. However, recent studies suggest that limited
numbers of these channels are present, and they appear to
be mainly localized to dendritic branches remote from the
soma, where they are difficult to detect electrophysiolo-
gically [43—45].

Observations that GluR2 mRNA is markedly and selec-
tively downregulated in CAl HPNs after ischemia have
led to an hypothesis that consequent increases in the
number of Ca®* permeable AMPA channels contribute to
the delaved neurodegeneration [12] (Figure 2). Studies in
recent years have provided considerable support to this
hypothesis. First, GluR2 protein levels are decreased and
AMPA-mediated Ca®* currents are increased after ische-
mia [11]. Also, increasing the number of Ca?* permeable
AMPA channels in CA1 resulted in an increased vulner-
ability of HPNs to ischemic injury [46], whereas elevating
GluR2 levels appeared to be protective [47°]. Finally,
some neuroprotection was observed upon addition of a
Ca®* permeable AMPA channel blocker many hours to
days after the induction of ischemia [48°°]. This suggests
that new treatments targeting these channels could

Current Opinion in Neurobiology 2006, 16:281-287

www.sciencedirect.com



Calcium-permeable AMPA channels in neurodegenerative disease and ischemia Kwak and Weiss 285

provide therapeutic benefits in humans even when given
well after the ischemic episode.

Intriguingly, recent studies suggest that Zn** has multi-
ple roles in this delayed selective neurodegeneration. In
an #n vitro slice model of acute ischemia, addition of either
an extracellular Zn?* chelator or a Ca®* permeable AMPA
channel blocker decreased both Zn%* accumulation and
consequent neuronal injury [21]. In an 7z vivo animal
model, addition of an extracellular Zn%* chelator either
before or several days (but not several hours) after ische-
mia afforded neuroprotection. The early application of
the chelator attenuated the downregulation of GluR2,
suggesting a role for Zn?* in signaling the increase in Ca”*
permeable AMPA channels. Whereas, late application of
chelator, after Ca?* permeable AMPA channel numbers
had already risen, attenuated the late rise in intracellular
Zn?* associated with injury, suggesting that Ca** perme-
able AMPA channel dependent intracellular Zn** accu-
mulation contributes to the delayed injury {49°].

Conclusions

Recent findings, reviewed above, suggest that increasing
the number of Ca®* permeable AMPA channels might
contribute crucially to neurodegeneration in sporadic
ALS and ischemia. The increase in Ca** permeable
AMPA channels in these conditions could be achieved
through different mechanisms: deficiencies in GluR2
mRNA editing in sporadic ALS or decreased levels of
GluR2 mRNA in ischemia (Figure 2). In addition, basal
levels of Ca®* permeable AMPA channels appear to
contribute to familial ALS associated with SOD1 muta-
tions. Ca?* permeable AMPA channels are probably also
involved in other conditions including epilepsy and Alz-
heimer’s disease, in which decreases in levels of GluR2
have been reported.

There are presently no selective Ca?* permeable AMPA
channel antagonists available for human trials or even for
systegmic administration in animals. Yet, the fact that Ca**
permeable AMPA channels only constitute a minority of
AMPA channels on most neurons makes them particu-
larly attractive targets for therapeutics, as it could be
possible to block much of the current through these
channels without causing the degree of functional impair-
ment that would accompany a comparable level of
NMDA or total AMPA channel blockade. Furthermore,
because an increase in Ca®* permeable AMPA channel
number might be integral to their pathological roles in
certain conditions, in addition to the development of
pharmacological antagonists, strategies for reducing their
numbers or preventing their upregulation might also
provide useful avenues for therapy.

Update
In a recent study [51°°], Peng er 4/. report that forebrain
ischemia in adult rats selectively disrupts Q/R site

editing and the expression of GluR2 subunit mRNA
in vulnerable neurons. The authors provide further evi-
dence that the editing defect contributes to the conse-
quent neurodegeneration of CA1 HPNs. Thus, these
data suggest that alterations of GluR2 editing might
not be unique to ALS, and that this mechanism might
also contribute to delayed neurodegeneration after tran-
sient ischemia.
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Abstract One plausible hypothesis for selective neuronal
death in sporadic amyotropic lateral sclerosis (ALS) is
excitotoxicity mediated by a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) receptors, which are a
subtype of ionotropic glutamate receptors. The Ca** con-
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ductance of AMPA receptors differs markedly depending
on whether the GluR2 (or GluR-B) subunit is a component
of the receptor. The properties of GluR2 are generated
posttranscriptionally by RNA editing at the Q/R site in the
putative second membrane domain (M2), during which
the glutamine (Q) codon is substituted by an arginine (R)
codon. AMPA receptors containing the unedited form of
GluR2Q have high Ca®" permeability in contrast to the
low Ca®* conductance of those containing the edited form
of GluR2R. The role of Ca®*-permeable AMPA receptors,
particularly GluR2 Q/R site RNA editing status, in neu-
ronal death has been clearly demonstrated both in mice
deficient in editing at the GluR2 Q/R site and in mice
transgenic for an artificial Ca®*-permeable GluR2 subunit.
We analyzed the expression level of mRNA of each AMPA
receptor subunit in individual motor neurons, as well as the
editing efficiency of GluR2 mRNA at the Q/R site in the
single neuron level in control subjects and ALS cases.
There was no significant difference as to the expression
profile of AMPA receptor subunits or the proportion of
GluR2 mRNA to total GluRs mRNA between normal sub-
jects and ALS cases. By contrast, the editing efficiency
varied greatly, from 0% to 100%, among the motor neurons
of each individual with ALS, and was not complete in 44
of them (56%), whereas it remained 100% in normal
controls. In addition, GluR2 editing efficiency was more
than 99% in the cerebellar Purkinje cells of ALS, spino-
cerebellar degeneration and normal control groups. Thus,
GluR2 underediting occurs in a disease specific and region
selective manner. GluR2 modification by RNA editing is a
biologically crucial event for neuronal survival, and its
deficiency is a direct cause of neuronal death. Therefore,
marked reduction of RNA editing in ALS motor neurons
may be a direct cause of the selective motor neuron death
seen in ALS. It is likely that the molecular mechanism
underlying the deficiency in RNA editing is a reduction in
the activity of ADAR2, a double- strand RNA specific
deaminase. The restoration of this enzyme activity in ALS
motor neurons may open the novel strategy for specific
ALS therapy.
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ALS: history

The most common motor neuron disease, amyotrophic
lateral sclerosis (ALS), is characterized by a selective loss
of upper and lower motor neurons that initiates in mid-life
by a progressive paralysis with muscle wasting. ALS has a
uniform worldwide prevalence (0.8-7.3 cases per 100,000
individuals), with risk of disease increasing in a age-
dependent manner after the sixth decade of life, and only
approximately 5-10% of all ALS cases are familial. Al-
though three causal genes have been so far identified in
individuals affected with familial ALS (SOD1, ALS2,

death or familial ALS pathology has not been elucidated.
With regard to the non-hereditary form of ALS (sporadic
ALS), which accounts for most cases of ALS, virtually no
clues to the causal mechanism have been gleaned since the
establishment of the disease entity by Jean-M. Charcot in
1874.

ALS etiology: the AMPA receptor-mediated neuronal
death hypothesis

Several hypotheses have been proposed to explain the
etiology of sporadic ALS, including genetic and/or non-
genetic abnormalities of cytoskeletal and axonal transport-
ing proteins [5, 6], vascular endothelial growth factor
(VEGF) [7, 8], and viruses [9, 10], among others. Of these,
one plausible hypothesis for selective neuronal death in
sporadic ALS is excitotoxicity mediated by «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate (AMPA) recep-
tors, which are a subtype of ionotropic glutamate receptors.
Because the pyramidal tract that projects to the motor
neurons in the spinal cord uses glutamate as the excitatory
neurotransmitter, motor neurons express abundant gluta-
mate receptors and hence are vulnerable to exaggerated
receptor activation by glutamate. The first act of the
excitotoxicity story opened by selective loss of glutamate
uptake due to loss of a glutamate transporter in the ALS
motor cortex [11, 12], which was later proved to be not
disease selective [13]. Including the neuronal death in-
duced by glutamate transporter blockade, it has been re-
peatedly shown that motor neurons are differentially more
vulnerable to AMPA receptor-mediated slow neuronal
death than are other neuronal subsets in rat and mouse
spinal cord cultures [14-16] and in the adult rat spinal cord
[17, 18]. An increased influx of Ca?" through activated
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AMPA receptor-coupled channels appears to play a key
role in this type of neuronal death [19, 20].

Functional AMPA receptors are homo- or heterooligo-
meric assemblies that are composed of four subunits,
GluR1, GluR2, GluR3, and GluR4, in various combina-
tions. The Ca®" conductance of AMPA receptors differs
markedly depending on whether the GluR2 subunit is a
component of the receptor. AMPA receptors that contain at
least one GIuR2 subunit have low Ca®* conductance,
whereas those lacking a GluR2 subunit are Ca®" perme-
able (Fig. 1A) [21-24]. These properties of GluR2 are
generated posttranscriptionally by RNA editing at the Q/R
site in the putative second membrane domain (M2;
Fig. 1B), during which the glutamine (Q) codon is sub-
stituted by an arginine (R) codon [22, 23, 25]. Analyses of
adult rat, mouse, and human brain RNA have demon-
strated that almost all GluR2 mRNA in vivo is edited
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Fig. 1 Ca®* permeability of AMPA receptors and the GIluR2
subunit. A Functional AMPA receptors are homo- or heterooligo-
meric assemblies that comprise the four subunits GluR1, GluR2,
GluR3, and GluR4 in various combinations. The Ca™* conductanu,
of AMPA receptors differs markedly depending on whether they
contain the GluR2 subunit. AMPA receptors that contain at least one
edited GIuR2 subunit have low Ca®" conductance (leff), whereas
those lacking a GluR2 subunit (7 gght) and those containing unedited
GluR2Q (middle) have high Ca”" conductance. Neuronal death is
induced when RNA editing at the GluR2 Q/R site is deficient. B
Structure of GluR2: the Q/R site is located in the putative second
membrane domain (M2)
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(i.e.,, R is found at the Q/R site), whereas Q remains at
this critical position in the GluR1, GIuR3, and GluR4
subunits. AMPA receptors contammg the unedited form
of GluRZQ2 have high Ca®' permeability in contrast to
the low Ca“" conductance of those containing the edited
form of GluR2R (Flg 1A) [26, 27].

The role of Ca**-permeable AMPA receptors in neuro-
nal cell death has been demonstrated in animal models.
Although low expression of GluR2 was found to influence
AMPA receptor-mediated neuronal death in cultured
hippocampal neurons from GluR2-null mice [28], low
GluR2 expressed caused abnormal long-term potentiation
(LTP) but not neuronal death in vivo [29]. By contrast, the
effects of the GluR2 Q/R site RNA editing status on
neuronal death have been clearly demonstrated both in
mice deficient in editing at the GluR2 Q/R site [30] and in
mice transgenic for an artificial Ca**-permeable GluR2
subunit [31]. Total Ca®* influx depends on relative Ca®*
permeability, and on the number of open channels, as
determined by the other factors including the proportion of
flip/flop splice variants in AMPA receptor subunits and on
the cellular density of AMPA receptors, although these
factors rarely induce neuronal death.

Accordingly, two mechanisms have been proposed for
the AMPA receptor-mediated neuronal death observed in
ALS spinal motor neurons. The first is a selective
reduction in GluR2 expression, which results in a decrease
in the proportion of GluR2-containing, and therefore Ca"
impermeable, AMPA receptors owing to a low re]atlve
abundance of GluR2 among the four subunits. The second
is a reduction in GluR2 RNA edxtmg, which results in the
number of GluR2Q- -containing, Ca®*-impermeable AMPA
receptors increasing to a non-negligible amount.

AMPA receptor subunits in normal human CNS neurons

To our surprise, only inconsistent evidence had been
available concerning the expression profile of AMPA re-
ceptor subunits in human brain. Therefore, we first quan-
tified the expression level of each subunit in various neural
subsets including spinal motor neurons. Notwithstanding
studies reporting the expression of GluR2 [32, 33], some
studies based on in situ hybridization or immunocyto-
chemistry had claimed that GluR2 is not expressed in the
spinal motor neurons of control human subjects {34, 35],
and there was no evidence concerning whether or not

Fig. 2 Dissection of single
motor neurons with a laser
microdissector. A Before dis-
section; B demargination with a
narrow laser beam; C after
capturing the neuronal tissue.
Bar= 40 pm

GluR2 is present in ALS motor neurons. By means of a
laser microdissector (Fig. 2) and real-time quantitative RT-
PCR, we measured the relative abundance of GluR2
mRNA in situ in human spinal motor neurons and other
neuronal tissues from control subjects. We found a stronger
relative abundance of GluR2 mRNA, representing 77.8-
95.5% of the total AMPA receptor subunits, as compared to
other AMPA receptor subunit mRNAs throughout the
neuronal subsets examined [36]. However, the motor neu-
rons of control subjects expressed significantly lower
levels of GluR2 (77.842.0%), as compared to other neu-
ronal subsets (89.8+1.2% in Purkinje cells, 95.5+0.5% in
cerebellar granule cells; Fig. 3) {36].

In rat spinal cords, the mRNA of all four AMPA re-
ceptor subunits has been detected in spinal motor neurons
by in situ hybridization [37—40], and quantification of the
relative abundance of GluR2 mRNA by single-cell RT-
PCR has demonstrated a weaker predominance of GluR2
(from 2.1 to 63%) in cultured spinal motor neurons than
what we found in human motor neurons [16, 41, 42]. The
AMPA receptor subunit composition did not differ
between motor neurons and dorsal hom neurons in
immature rat dissociated spinal cord cultures [16], but
significantly lower expression of GluR2 mRNA has been
demonstrated in adult rat motor neurons than in dorsal
horn neurons that are dissected with a laser microdissector
(unpublished observation), which probably reflects age-
dependent alterations of the AMPA receptor expression
profile.

With regard to the other AMPA receptor subunits, the
expression profiles differed among neuronal subsets, but
were consistent between the same neuronal subsets
analyzed from human and rat brains [36]. Low expression
of GiuR1 mRNA has been repeatedly shown in human and
rat spinal motor neurons [36-38]. Rapid progress in the
field of AMPA receptor trafficking has demonstrated the
elaborate machinery that controls the activity-dependent
trafficking of GluR1/GluR2 subunits differentially from
the constitutive replacement of GluR2/GluR3 subunits
[43, 44]. Thus, the different expression profiles of AMPA
receptor subunits among neuronal subsets may reflect a
subset-specific balance between activity-dependent and
constitutive AMPA receptor regulatory mechanisms, rather
than a species-specific difference.

Although the proportion of GluR2 varies relative to the
other subunits, it is likely that GluR2 mRNA accounts for
the major proportion of AMPA receptor subunits in neu-
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Fig. 3 Expression profile of AMPA subunit mRNA in single
neuronal subsets of normal subjects. Lefi: The copy number of
GIluR2 mRNA has been normalized to the B-actin control (mean
+SEM; n=8). Samples significantly different from spinal motor
neurons (Motor) are indicated (Mann-Whitney U test,  P<0.001).
Right: Each symbol represents the GluR2 mRNA copy number
relative to the sum of the copy numbers of all GluR mRNAs (GluRs)

rons, including motor neurons of the spinal cords of hu-
mans as well as other mammals, and that the expression
level of GluR2 mRNA is significantly lower in motor
neurons than in other neuronal subsets in adult brains.

RNA editing

RNA editing has been defined as a posttranscriptional
modification of the base sequence of mRNA and is recog-
nized as a genetic mechanism for changing gene-specified
codons and thus protein structure and function [45, 46]. In
mammals, the main types of RNA editing are the base
conversion of adenosine (A) to inosine (I) and that of
cytidine (C) to uracil (U), which has been demonstrated to
occur only in apolipoprotein B (ApoB) [47, 48] and neu-
rofibromatosis type 1 (NF1) [49].

The conversion of A-to-I is most active in the central
nervous system and has been found to occur predomi-
nantly in receptors and ion channels, including ionotropic
glutamate receptor subunits [50--52], the serotonin -2C
receptor SHT,cR [53], the voltage-dependent potassium
channel Kv1.1 [54], and the RNA editing enzyme ADAR2
[55). Among these, the biological effects of RNA editing
have been most clearly demonstrated in ionotropic gluta-
mate receptors, where editing positions have been iden-
tified in the subunits of AMPA receptors and kainate
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in one subject. For each group, the mean +SEM (n=8) is also
displayed. The magnitude of GluR2 mRNA predominancy is
significantly lower in spinal motor neurons {(Motor) than in other
neuronal subsets (Mann-Whitney U test, P<0.01,  P<0.001).
Purkinje, Purkinje cells; Granule, cerebellar granule cells; Pyrami-
dal, cortical pyramidal neurons; Sensory, spinal dorsal hom neurons
in substantia gelatinosa. (Modified from {36] with permission)

receptors, which, like AMPA receptors, are tetrameric as-
semblies comprising different combinations of the homol-
ogous subunits GluR5-GluR7, KA1, and KA2. Editing
positions have been named after the amino acids that can
occupy them, including the Q/R site in GluR2, GluR5, and
GIluR6 [50], the R/G site in GluR2, GluR3, and GluR4
[52], and the I/V and Y/C sites in GluR6 [51]. The change
in amino acid residue caused by RNA editing, particularly
at the Q/R site of GluR2, results in alterations in channel
properties, including Ca”' permeability [21, 22, 26, 27, 51,
56-39] and kinetic aspects of channel gating [52] in
AMPA receptors.

AMPA receptors in ALS

As mentioned above, AMPA receptor-mediated neuronal
death occurs after an increase in Ca®" influx through
AMPA receptor-coupled ion channels, and either a de-
crease in GluR2 expression or insufficient RNA editing at
the GluR2 Q/R site is the causative molecular change. A
decrease in GluR2 mRNA has been demonstrated after
ischemia [60], but insufficient RNA editing had not been
shown in any human neurological disease [61-63] or
animal models under conditions inducing neuronal death
after cerebral hypoxia [64] or kindling [65]. Owing to
the lack of evidence on ALS motor neurons, we investi-
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gated, both quantitatively and qualitatively, these molec-
ular changes in AMPA receptors in motor neuron tissues of
ALS patients, as compared to disease control and normal
control subjects.

Quantitative analysis (RNA expression)

On the basis of the AMPA receptor mRNA expression
profile in normal human neurons, we investigated whether
the composition of AMPA receptor subunits is altered in
ALS motor neurons. Quantitative analyses for AMPA
receptor mRNA on both 100 motor neurons and single
motor neurons showed that ALS motor neurons expressed
almost the same amount of GluR2 mRNA relative to the
B-actin baseline as control motor neurons (Fig. 4) [36].
Neither the ratio of f-actin mRNA-positive neurons to
total dissected neurons (83.5% vs. 82.7%) nor the ratio of
GIluR2 mRNA-positive neurons to 3-actin mRNA-positive
neurons (57.9% vs. 53.7%) differed between the ALS and
control groups, indicating that GluR2 mRNA expression is
not altered in individual motor neurons of ALS [36]. Thus,
selective reduction in GluR2 does not occur, and, there-
fore, an increase in the proportion of Ca’’-permeable
AMPA receptors owing to a reduced proportion of GluR2-
containing AMPA receptors cannot be the mechanism
underlying AMPA receptor-mediated neuronal death in
ALS.
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Fig. 4 Expression level of GluR2 mRNA in single motor neurons
of ALS and control subjects. Each symbol represents the copy
number of GluR2 mRNA normalized to the f3-actin control in a
single motor neuron. The expression levels in 44 motor neurons
from three subjects with ALS and 36 motor neurons from three
control subjects is shown. There is no significant difference between
motor neurons from the ALS group and those from the control group
(Mann-Whitney U test, P>0.01). For each group, the mean +SEM is
also displayed. (Adapted from [36] with permission.)

Qualitative analysis (RNA editing)

The alternative explanation for the AMPA receptor-me-
diated selective motor neuronal death in ALS is a defi-
ciency in GluR2 Q/R site editing, which we have observed
in the ventral gray matter of the ALS spinal cord [66]. In
order to analyze neuron-selective tissue, we extracted
RNA from single motor neurons isolated with a laser
microdissector [36] from five individuals with ALS and
five normal control subjects [67]. The editing efficiency
was calculated by measuring differences in the digestion
patterns of nested RT-PCR products of GluR2 mRNA
obtained with the restriction enzyme Bbvl, whose cutting
site depends on the occurrence of editing (Fig. SA) [66-
68]. The editing efficiency in GluR2 in cerebellar Purkinje
cells was also quantified in individuals with ALS,
dentatorubral-pallidoluysian atrophy (DRPLA), and mul-
tiple system atrophy (MSA) and compared with that in
normal subjects.

The frequency of GluR2 mRNA positivity did not differ
significantly between the ALS and the control groups (two-
sample test for equality of proportions, P>0.05). The
editing efficiency varied greatly, from 0% to 100%, among
the motor neurons of each individual with ALS, and was
not complete in 44 of them (56%); this was in marked
contrast to the control motor neurons, of which all 76
examined showed 100% editing efficiency. The editing
efficiency in Purkinje cells was virtually complete in the
ALS, DRPLA, MSA, and normal groups (Fig. 5B) [67].
We confirmed that laser-captured neuronal tissue was not
contaminated with tissues derived from glial cells or other
cells, by PCR for microtubulus associate protein 2 (MAP2)
and glial fibrillary acidic protein (GFAP) on neural tissue
and PCR for GluR2 on tissues from neuropil.

Albeit at a tissue level, GluR2 /R site editing has been
reported to be preserved in the severely pathological brain
areas of other neurodegenerative diseases including the
striatum of Huntington disease, the neocortex and hippo-
campus of Alzheimer and Pick diseases, and the cerebel-
lum of diseases of spinocerebellar degeneration [61-63,
69]. In addition, GIuR2 editing was found to be virtually
complete in Purkinje cells (Fig. 3B) [67] and the motor
cortex [66] of ALS patients, indicating that the defect in
GluR2 editing at the Q/R site is disease specific to ALS
and site-selective to spinal motor neurons.

In accordance with our results, mice transgenic for an
artificial Ca®*-permeable GIuR2 develop motor neuron
disease late in life [31], indicating that motor neurons are
specifically vulnerable to a deficiency in RNA editing.
The proportion of the artificial Ca®>*-permeable GluR2 out
of total GluR2 mRNA was only about 25% in that study,
which raises questions about the type of molecular mech-
anism that could result in a small proportion of unedited
GluR2Q altering the channel conductance of AMPA re-
ceptors to an extent sufficient to induce neuronal death. It
has been reported that a GluR2Q subunit is more readily
incorporated into functional AMPA receptors than is an
edited GluR2R at the stage of tetramer (dimer of dimers)
formation [70], as well as during receptor trafficking from



