susceptibility or phenotype (Jackson e al. 1997; Broom
et al. 2004). Furthermore, the underediting of GIuR2
mRNA at the Q/R site, which is a specific molecular
change in sporadic ALS motor neurons (Kawahara ef al.
2004), does not occur in degenerating motor neurons in
rats transgenic for mutated human SODJ (Kawahara et al.
2006). Although SODI transgenic animals have been used
widely, these cannot be used as a model for sporadic ALS.
On the other hand, a mouse line transgenic for Ca*'-
permeable artificial GluR-B(IN) has been reported to
develop motor neuron loss after 12 months of survival
(Feldmeyer et al. 1999; Kuner et al. 2005), and therefore
may be similar to sporadic ALS with respect to etiology,
but this model has not been widely used.

Motor neurons in the spinal cord are differentially more
vulnerable to  o-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor-mediated excitotoxicity
than are other neuronal subsets in vitro owing to an
increased flux of Ca®" through AMPA receptor channels
(Carriedo et al. 1996). Ca** influx through AMPA recep-
tors is regulated by either the presence or the absence of a
GluR2 subunit: AMPA receptors containing GluR2 have a
low Ca®" influx, whereas those containing no GluR2 have
a high Ca?" influx (Hollmann ef al. 1991; Verdoom et al.
1991; Bumashev ef al. 1992). However, when AMPA
receptors contain a GluR2 subunit translated from unedited
mRNA, their Ca®* permeability remains high (Sommer
et al. 1991). Therefore, both deficiency in GluR2 expres-
sion and underediting of GluR2 mRNA can induce AMPA
receptor-mediated neuronal death. It is therefore interesting
to investigate whether the AMPA receptor-mediated slow
death of motor neurons occurs in vivo and what molecular
changes occur in the AMPA receptor subunits. Here we
induced the selective death of motor neurons in adult rats
by a continnous infusion of kainic acid (KA) into the
spinal subarachnoid space. Because slowly progressive and
selective neuronal death is a hallmark of degenerative
neurological diseases, such a model is useful to investigate
the mechanism underlying the selective death of motor
neurons in ALS.

Materials and methods

Operation

Each test compound was dissolved in artificial cerebrospinal fluid
(aCSF; 122 mm NaCl, 3.1 mm KCl, 5 mM NaHCO; 0.4 mm
KH,PO4, 1.3 mM CaCly, 1.0 mm MgSO, and 10 mM b-glucose,
pH 7.4) with the pH adjusted to 7.2, and the resulting solution was
used to fill an Alzet Model 2004 osmotic minipump (capacity
200 pL, pump speed 0.25 pl/ hy DURECT Corp., Cupertino CA,
USA), which was incubated in sterile saline solution at 37°C
overnight before operation after connection with a PE10 cannula
(inner diamater, 0.25 mm; outer diamater, 0.55 mm; EICOM Corp.,
Tokyo, Japan). The operation was performed with slight
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modifications to the protocol described by Nakamura ef al. (1994,
1997). In brief, male Wistar (W; body weight 180-250 g) and
Fischer (F; body weight 110-160 g) rats (Japanese Oriental Yeast
Co. Ltd, Shizuoko, Japan) were laminectomized at L5/6 under deep
pentobarbiturate anesthesia, the free end of the PELIO cannula was
inserted into the lumber spinal subarachnoid space, and the osmotic
minipump was placed subcutaneously in the back.

Either W or F rats were infused with 3 mm KA (Sigma-Aldrich
Corp., St Louis, MO, USA) continuously for 2 (KA-W2, KA-F2),
4 (KA-W4, KA-F4) or 8 (KA-W8) weeks. As controls, either W
(aCSF-W) or F (aCSF-F) rats were infused with aCSF in the same
manner for the same period of KA infusion (i.e. 2, 4 or 8§ weeks). In
some experiments, in order to investigate the neurotoxic mechanism,
male F rats were infused intrathecally for either 2 or 4 weeks with
one of the following combinations of glutamate receptor-act-
ing drugs: 3 mm KA plus 3 mM 6-nitro-7-sulfamoyl-benzo(f)qui-
noxaline-2,3-dione (NBQX; TOCRIS Cookson Ltd, Bristol, UK)
(KA/NBQX group); 3 mM KA plus 3 mM p(-)-2-amino-5-phospho-
nopentanoic acid (APV; TOCRIS NEURAMIN, Buckhurst Hill,
Essex, UK) (KA/APV group); 1.5 mm cyclothiazide (CTZ; TOC-
RIS, Ellisville, MO, USA) (CTZ group); or 1.5 mM KA plus 1.5 mm
CTZ (KA/CTZ group). In the KA/CTZ and CTZ groups, the
osmotic minipump was replaced every week with one refilled with
freshly prepared 1.5 mm KA plus 1.5 mm CTZ solution and 1.5 mm
CTZ solution, respectively.

Animals were handled according to the protocols approved by the
Institutional Animal Care and Use Committee in line with the Guide
Jor the Care and Use of Laboratory Animals of the National
Institutes of Health.

Evaluation of movement behavior

Throughout the experimental period, the movement behavior of rats
was measured each week, mainly by using a rat-specific rotarod
(SN-445; Neuroscience Corp., Tokyo Japan), which constantly
rotated at a speed of 16 rpm and automatically recorded the time that
rats could stay on the rotarod during a 420-second period. The
rotarod scores of rats were recorded on average in three separate
trials. Paralysis was scored when the rat dragged one of its
hindlimbs. Rats were also tested for whether they exhibited an
escape response from the pain elicited by stimulation of the
hindlimbs with tweezers, and whether they had urinary and/or fecal
incontinence.

Spinal cord samples

The rats were anesthetized deeply using diethy! ether inhalant, after
which their spinal cords were quickly removed and frozen in liquid
nitrogen. The samples were stored at —80°C until use. The frozen
spinal cord samples were obtained from KA-W2, KA-W4 and
KA-W8 (n = 5 each); KA-F2 and KA-F4 (n = 5 each); KA/NBQX
(n = 5); KA/APV (n = 5); KA/CTZ (n = 5); CTZ (n = 5); aCSE-
W2, aCSF-W4 and aCSF-W8 (n = 5 each); and aCSF-F2 and
aCSF-F4 (n = 5 each) rats.

For morphological analysis, rats were perfused transcardially
with 3.5% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M
phosphate-buffered saline (PBS; pH 7.6). The spinal cords of
KA-W4 and KA-W8 (n = 3 each), KA-F2 and KA-F4 (n =3
each), KA-NBQX (n = 3), KA/CTZ at 2 and 4 weeks (n = 5 each),
CTZ (n = 5), aCSF-W4 and aCSF-W8 (n = 3 each), and aCSF-F2
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and aCSF-F4 (n = 5 each) rats were removed and postfixed in the
same fixative at 4°C for 12 h.

Neuropathology

The lumber segments of spinal cords fixed in paraformaldehyde and
glutaraldehyde were dehydrated overnight at 4°C with serial
concentrations of sucrose (5%, 10%, 15%, 20%, 25% and 30%),
and then rapidly frozen on dry ice. Thirty serial 20-um-thick frozen
sections were made with a cryostat (Model HM500 O; MICROM,
Walldorf, Germany) and stained with either 0.1% Cresyl violet
(pH 3.5) or hematoxylin and eosin. The number of neurons the
diameters of which were greater than 20 pm and had identifiable
nucleoli was counted in the ventral homs of the spinal cord under a
light microscope, and their morphology was also observed.

To determine the morphological changes in the axons of motor
neurons, L5 ventral roots of KA-W8 (n = 3), KA/CTZ (n = 3) and
their respective control rats (n = 3 each) were postfixed with 2.0%
paraformaldehyde and 2.0% glutaraldehyde in 0.1 M PBS, and
mounted in resin. Transverse 1-pm-thick Epon-embedded sections
of L5 ventral roots were made and stained with 0.1% toluidine blue
and viewed under a light microscope.

Single-cell dissection

Single-cell isolation was carried out using an excimer laser
microdissection system (Hamamatua Photonics Ltd, Shizuoka,
Japan) as previously described (Hashida e al. 2001; Kawahara
et al. 2003; Sun et al. 2005). In brief, 20-pum-thick frozen sections
were attached to glass slides made of artificial quartz, fixed with
100% methanol for 60 s and then stained with 0.1% toluidine blue.
Thirty spinal motor neurons (Motor) were dissected free and placed
in test-tubes containing 200 uL of TRIZOL reagent (Invitrogen
Corp., Carlsbad, CA, USA). The substantia gelatinosa, ventral and
dorsal funiculi of the spinal cord were dissected en bloc and placed
in tubes containing 200 uL of TRIZOL reagent in a similar manner.
All samples were stored at —20°C until use.

RNA extraction and reverse transcription

Total RNA was extracted from each tissue sample using TRIZOL
reagent according to the manufacturer’s instructions. Single-cell
RNA extraction and reverse transcription procedures were carried
out as previously described (Hashida er al. 2001; Kawzhara et al.
2003; Sun et al. 2005). Reverse transcription was performed with
cither Ready-to-go You-Prime First-Strand beads (Amersham
Biosciences Corp., Piscataway, NJ, USA) or 0.5 pM oligo(dT)
primer for tissue samples, or with a Sensiscript RT Kit (QIAGEN
GmbH, Hilden, Germany) using 0.5 mM oligo(dT) primer and 10 U
of prime RNase inhibitor (Eppendorf AG, Hamburg, Germany) for
the single-cell samples. The cDNAs were stored at —20°C until use.

Real-time quantitative PCR

The primer sets for the internal standard of GluR1-R4 and B-actin
have been described elsewhere (Sun et al. 2005). Each PCR reaction
was run in 50 pL of the reaction mixture containing each primer at
200 pM, 1 mM dNTP MIX, 5 pL of 10 x PCR buffer and 1 pL of
Ampli Taq DNA polymerase (Applied Biosystems, Roche Molecu-
lar Systems Inc., Branchburg, NJ, USA). The PCR amplification
conditions were 95°C for 2 min, followed by 35 cycles of 95°C for
30 s, 60°C for 30 s and 72°C for 1 min. The PCR products were
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then purified with a Zymoclean Gel DNA Recovery Kit (Zymo
Research, Orange, CA, USA). The concentration of PCR products
was determined with a spectrophotometer (Nano Drop ™ ND-1000;
Nano Drop Technologies Inc., Wilmington, DE, USA). We prepared
serial dilutions with 10°-10°, 10°-10%, 10°-~10°, 10°-107 and
10°-10' copies per 2 uL, which contained 100 ng of herring sperm
DNA in Tris-EDTA buffer (pH 8.0).

The procedure was performed as described previously (Kawahara
et al.2003; Sunet al. 2005). Inbrief, quantitative PCR was performed
with a LightCycler System (Roche Diagnostics, Mannheim, Ger-
many). The PCR primers and probes for GluR1, GluR4 and B-actin
comprised approximately 180250 base pairs and matched sequences
in the 3’ untranslated regions (UTR) in order to avoid the flip/flop and
GluRdc alternative splicing sites. Moreover, phosphate groups were
attached to the 3" end of the LCRed640-containing probes to prevent
probe extension. A set of standards and cDNA samples was amplified
in duplicate in a reaction mixture (20 pL of total volume) containing
2 uL of 10 x FastStart Taq DNA polymerase, 4 mM MgCl, each
primer at 0.5 mM, 0.2 pM fluorescein isothiocyanate (FITC)-contain-
ing probe and 0.4 uv LCRed640-containing probe. Herring sperm
DNA solution was included as a negative control in each series of
reactions. The reactions were initiated by the activation of FastStart
Taq DNA polymerase at 95°C for 10 min, and amplification was
achieved by running 45 cycles of denaturation at 95°C for 1s,
annealing at 58°C for 10 s, and extension at 72°C for 12 s.

Statistical methods
Differences between groups were evaluated by Mann—Whimey
U-test. Significance was assumed at values of p < 0.05.

Results

Behavioral and morphological changes in the rats infused
with KA

Because infusion of 1.5 mm KA did not cause any change in
the rat for up to 8 weeks of continuous infusion, and because
infusion of 4.5 mmM KA induced death as a result of
convulsion shortly afier operation (data not shown), we
adopted the concentration of 3.0 mm KA except in the
experiments in which KA was co-infused with CTZ. As
compared with the aCSF-infused control rats (aCSF-W/F),
which maintained a score of 420 s, the rotarod scores of the
KA-infused rats significantly decreased in a time-dependent
manner after 2 weeks of KA administration in both the
KA-W and the KA-F rat groups, reaching a seventh of the
control score after 8 weeks (KA-W: week 0, 420 s, n = 15;
week 2, 237.3 +40.4 s, mean =+ SEM, n = 15; week 4,
2054 +£459s, n=10; week8, 672+190s, n=25)
(KA-F: week 0, 4205, n = 10; week 2, 179.7 =484 s,
n = 10; week 4, 176.2 = 40.1 s, n = 5) (p < 0.001; Fig. 1).
Moreover, rats infused with KA developed complete para-
lysis of the hindlimbs by the end stage, whereas none of the
rats showed either sensory deficits or urinary incontinence
(data not shown).
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Fig. 1 Time-dependent motor deficit in kainic acid (KA)-infused rats.
The rotarod scores of the KA-infused rats were significantly decreased
in a time-dependent manner after 2 weeks of KA administration in both
the Wistar and Fischer rat groups as compared with respective artifi-
cial cerebrospinal fluid (aCSF)-infused control rats (p < 0.001). The
rotarod speed was 16 rpm.The values plotted on the graph represent
the mean rotarod score; error bars indicate the SD. ¢, KA-infused
Wistar rats; @, KA-infused Fischer rats; O, aCSF-infused Wistar/Fis-
cher rats.

The motor neurons of the KA-F4 and the KA-W8 rats
that displayed selective motor dysfunction exhibited mor-
phological changes, including cytoplasmic microvacuola-
tion, loss of Nissl substance and accumulation of glial
cells around the degenerating neurons (Figs 2a and c),
whereas neurons in the dorsal hom, including small
neurons in the substantia gelatinosa of the same rats,
appeared morphologically normal (Figs 2a and b). Axons
in the fifth lumber ventral root of the KA-W8 rats were
severely damaged and displayed a reduction in large
myelinated fibers as compared with control rats (Figs 2d
and e). Moreover, the number of large motor neurons was
significantly reduced in the ventral hom of KA-F4 and
KA-W8 rats (KA-F4, 4.8+0.2; aCSF-F4, 6.2+0.2;
KA-W8, 3.2+ 0.1; aCSF-W8, 6.0+ 0.2; mean + SEM;
n = 5) (p < 0.001; Fig. 2f) but not in that of either KA-F2
or KA-W4 rats (p > 0.1; Fig. 2f). Taken together, these
findings show that the KA-infused rats exhibited select-
ive impairment in motor function, which is probably a
result of the selective loss of motor neurons in the spinal
cord.

Behavioral and morphological changes in the rats
co-infused with KA and antagonists

Rats that were infused with KA and NBQX, a potent
antagonist for AMPA and KA receptors, showed significantly
higher rotarod scores after 3 weeks as compared with those
infused with KA alone, whereas those infused with KA and
APV, an NMDA receptor antagonist, did not differ from the
KA-infused control rats (Fig. 3). By contrast, rats co-infused
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with CTZ, an AMPA receptor desensitization blocker, and
the lower concentration of KA (1.5 mm KA + 1.5 mm CTZ)
exhibited very low rotarod scores after 1 week, hence the
co-infusion of CTZ and KA seemed to induce a more rapid
decline of motor function as compared with the infusion of a
higher concentration of KA alone (3 mm KA) (at week 1,
p < 0.05; Fig. 3). Furthermore, rats that were infused with
CTZ alone (1.5 mm CTZ) showed slightly, if any, and only
transiently, lower rotarod scores as compared with aCSF-
infused control rats (Fig. 3).

The morphometry of large neurons demonsrated that the
decrease in the number of motor neurons was significantly
less extensive in the KA/NBQX group than in the KA group
after 4 weeks (KA, 4.8=0.2; KA/NBQX, 56+0.1;
mean + SEM; r = 5; p < 0.001), but not after 2 weeks
(Fig. 4a). Although the concentration of KA in the KA/CTZ
group was half of that in the KA-alone group, after 4 weeks
the number of motor neurons in the KA/CTZ group tended to
be lower than that in the KA group, and was significantly
lower than that in the aCSF control and CTZ alone group
(Fig. 4a). Moreover, motor neurons in the KA/CTZ group
exhibited more severe morphological changes than did motor
neurons in the KA-F4 (Fig. 4b) and KA-W8 groups
(Fig. 2¢), including numerous large cytoplasmic vacuoles
with condensation of Nissl substance (Fig. 4c). After
4 weeks, the ventral roots of the KA/CTZ rats displayed
marked axonal degeneration with loss of fibers as compared
with the control rats (Figs 4d and e), which appeared rather
more severe than the changes seen in the KA-W8 group

(Fig. 2e).

Neuronal mRNA expression profile of AMPA receptor
subunits

In motor neurons of the KA-infused groups (KA-W2, KA-
W4, KA-W8, KA-F2 and KA-F4), the quantities of total
AMPA receptor subunit mRNA (GluRs) expressed relative to
the B-actin baseline were significantly greater than those in
the respective aCSF control groups (aCSF-W2, aCSF-W4,
aCSF-W8, aCSF-F2 and aCSF-F4) (Fig. 5a). Among the
AMPA receptor subunits GluR1, GluR2, GluR3 and GluR4,
only the quantity of GluR3 mRNA relative to B-actin was
significantly increased in all of the KA-infused groups as
compared with their respective aCSF control groups (KA-W
vs. aCSF-W: 2 weeks, 39.6 = 3.8 x 107 vs. 252+ 2.1 %
107%; 4 weeks, 41.8+4.6x 107 vs. 21.5+ 1.0x 107%;
8 weeks, 44838 x 107 vs. 258+ 1.8 x 107%; KA-F
vs. aCSFE-F: 2 weeks, 33.82 12 x107% vs. 21.7+£2.0x
107%; 4 weeks, 46322 x 107 vs. 263+ 14x107%;
mean + SEM; # = 5 in each) (p < 0.001; Fig. 5a). Because
the quantities of GluR1, GluR2 and GluR4 did not change in
any of the KA-infused groups, the increase in total AMPA
receptor subunit mRNA in these groups was caused by the
selective increase in GluR3 mRNA. This molecular change
resulted in a significant decrease in the proportion of GluR2
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mRNA relative to the total AMPA receptor subunit mRNA in
all of the KA-infused groups (Fig. 5b). By contrast, there

Discussion

Fig. 2 Morphological changes in the kainic
acid (KA)-infused rats. (a-c) Sections
stained with hematoxylin and eosin dem-
onstrate that motor neurons in the lumber
spinal cords (L5 segment) of a KA-W8 rat
exhibited severe morphological changes,
including microvacuolation, loss of Niss!
substance and glial margination, indicated
by the arrows in panel (c), whereas neurons
in the dorsal horn appeared intact (a and b).
(d and e) Toluidine blue staining of an epon-
embedded section of the L5 ventral root of
an aCSF-W8 rat (d) and a KA-W8 rat (e)
displaying axonal degeneration with a
reduction in large myelinated fibers. (f) As
compared with aCSF-infused controls, the
number of motor neurons was not signifi-
cantly different in KA-infused Fischer rats at
2 weeks (F2), but was significantly reduced
at 4 weeks (F4) (***p < 0.001). Similarly, in
the Wistar rats, the number of motor neu-
rons was decreased between 4 weeks (W4)
and 8 weeks (W8) in the KA-infused rats as
compared with aCSF-infused control rats
(***p < 0.001). The number of neurons with
an identifiable nucleolus in a 20-um-thick
section of the L5 segment was expressed in
each group. KA-W, KA-infused Wistar rats;
KA-F, KA-infused Fischer rats; aCSF-W/F,
aCSF-infused Wistar/Fischer rats.

was no difference in the mRNA expression profile of AMPA  The motor selective behavioral and neuropathological chan-
receptor subunits including GluR3 mRNA between the  ges induced in this rat model are hallmarks of the clinico-
KA-infused rats and their controls in either the substantia  pathological changes seen in ALS. In addition, the delayed
gelatinosa or the funiculus of the spinal cord (Figs Sc and d). and progressive nature of these changes mimics ALS,
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Fig. 3 Motor deficits in Fischer rats after co-infusion of kainic acid
(KA) with various compounds. As compared with the KA-alone group,
KA/6-nitro-7-sulfamobenso(f)quinoxaline-2,3-dione  (NBQX)-infused
rats exhibited significantly higher rotarod scores after 3 weeks of
administration (*p < 0.05), whereas KA/APV-infused rats displayed
the same level (p > 0.1). The rats co-infused with cyclothiazide (CTZ)
and a lower concentration of KA (1.5 mm KA + 1.5 mm CTZ) displayed
a more rapid decline in rotarod scores at week 1 as compared with
those infused with a higher concentration of KA alone (3 mm KA)
(*p < 0.05). In addition, infusion of CTZ alone (1.5 mm CTZ) slightly
and only transiently decreased the rotarod score as compared with the
aCSF-infused control. @, KA-infused rats; A, KA/NBQX-infused rats;
A, KA/APV-infused rats; B, KA/CTZ-infused rats; [, CTZ-infused
rats; O, aCSF-infused rats. The rotarod speed was 16 rpm. Each
value plotted indicates the mean rotared score; error bars indicate the
SD. ***p < 0.001 KA vs. aCSF and KA/CTZ vs. CTZ.

suggesting that the KA-infused rat is a clinicopathologically
appropriate model for ALS. The fact that motor deficit
preceded the neuropathological changes by between 2 and
4 weeks may indicate the dysfunction of motor neurons prior
to death and the slow death-inducing process. In addition, the
results with Wistar and Fischer rats indicate that it takes
around 4 weeks to induce the death of motor neurons by this
method, and the motor neuron vulnerability is slightly
different among the rat strains.

Our co-infusion experiments strongly suggest that the
neuronal degeneration observed was mediated by AMPA
receptors, in agreement with the results of KA toxicity in
cultured rat hippocampal neurons (Ohno et al. 1997). The
observation that co-infusion of CTZ exacerbated KA toxicity
lends further support to a mechanism of AMPA receptor-
mediated neurotoxicity. CTZ is a desensitization blocker of
AMPA receptors, particularly of the flip splice variants
(Partin et al. 1994), and does not exhibit neurotoxicity by
itself as is observed in cultured neurons (May and Robison
1993; Brorson ef al. 1995) but enhances KA-induced
neurotoxicity with a leftward shift of the KA dose-response
curve in cultured neurons (Ohno et al. 1998). Because both
the flip and flop variants of each AMPA receptor subunit are
expressed in rat spinal motor neurons (Tolle et al. 1993),
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CTZ probably exacerbates the neurotoxicity of KA via its
desensitization effects on AMPA receptors.

‘We and other researchers have investigated the neurotoxic
effects of various glutamate receptor agonists on spinal
neurons in vivo and found that glutamate receptor agonists
induce the degeneration of different subsets of spinal neurons
depending on the route and the duration of administration
Kwak et al. 1992; Nakamura ef al. 1994; Kwak and
Nakamura 1995a,b; Hirata ef al. 1997; Corona and Tapia
2004). Although intrathecal infusion of KA for a brief period
induces long-standing damage in spinal motor neurons, it
also severely affects interneurons (Kwak and Nakamura
1995b). Because interneurons appeared to be intact after two
months of intrathecal KA infusion in the present study, it is
likely that in accordance with the results in the cultured
neurons (Terro ef al. 1998), the subtoxic dose of KA that we
used here may have selectively activated motor neurons
without non-specifically activating intemeurons.

An increase in intracellular Ca®* concentration owing to an
influx through Ca®*-permeable AMPA receptors has been
demonstrated to play a pivotal role in AMPA receptor-
mediated neuronal death in cultured motor neurons (Carriedo
et al. 1996; Van Den Bosch et al. 2000). It is likely therefore
that long-term administration of KA will induce an increase
of Ca** influx through AMPA receptors, thereby causing the
death of motor neurons. Here, we found that the expression
of GluR3 mRNA expression was persistently increased in
motor neurons, at least from week 2 of KA infusion when no
motor neuron death was detected. Up-regulation of GluR3
mRNA was observed only in motor neurons and not in either
dorsal hom neurons or in white matter, which morpholog-
ically remained intact throughout the experimental period,
suggesting that this molecular change is probably caused by
the long-term activation of motor neurons by KA. An
increase in GluR3 mRNA has been reported in the motor
neurons of mice transgenic for mutated human SODI
(SOD1GY%3 A mice) (Spalloni et al. 2004), and these motor
neurons display an increased vulnerability to excitotoxicity
(Spalloni et al. 2004). In addition, the survival of these mice
can be prolonged by the administration of GluR3 antisense
protein nucleic acid (Rembach et al. 2004). These findings
suggest that an increase in GluR3 mRNA in motor neurons is
tightly associated with the mechanism underlying the
selective degeneration of motor neurons.

GluR2 plays a critical role both in controlling the assembly
and trafficking of AMPA receptors in hippocampal neurons
(Sans et al. 2003), and in regulating Ca®" permeability
(Hollmann et al. 1991; Verdoorn et al. 1991; Burnashev
et al. 1992). Furthermore, cultured neurons derived from
GluR2-deficient mice are more vulnerable to excitotoxicity
than those derived from wild-type animals (lihara et al.
2001; Van Damme et al. 2005), and mice deficient for GluR2
RNA editing at the Q/R site die young as a result of
premature neuronal death (Brusa et al. 1995). Therefore, an
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Fig. 4 Effects of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor-acting compounds on kainic acid (KA)-induced
neurctoxicity in Fischer rats. Co-infusion of 6-nitro-7-sulfamo-
benso(f)quinoxaline-2,3-dione (NBQX) rescued the neuropathological
changes in motor neurons of KA-infused Fischer rats (KA-F), whereas
co-infusion of cyclothiazide (CTZ) worsened the changes. (a) The
number of motor neurons was not decreased by week 2inallthe groups,
whereas it was significantly decreased by week 4 in KA- and KA/CTZ-
infused groups. The reduction in the number of motor neurons in KA-F4
was significantly ameliorated by co-infusion of NBQX (***p < 0.001).
The number of motor neurons in the CTZ alone group was the same as
thatin the artificial cerebrospinal fluid (aCSF) control, whereas thatin the

increase in GluR3 mRINA may result in a reduction in the
relative proportion of GluR2 among AMPA receptor sub-
units, thereby increasing the proportion of GluR2-lacking,
Ca®*-permeable AMPA receptors among the functional
AMPA receptors expressed in the motor neurons of
KA-infused rats (Fig. 5b). Indeed, the survival of human
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KA/CTZ-infused group was significantly less than in the aCSF control
{(***p < 0.001) but was the same as that in the KA-alone group (p > 0.1).
KA, KA-infused rats; KA/NBQX, KA/NBQX-infused rats; KA/APV, KA/
APV-infused rats; KA/CTZ, KA/CTZ-infused rats; CTZ, CTZ-infused
rats; aCSF, aCSF-infused rats. (b and c) Motor neurons in a rat infused
with KA (1.5 mm)/CTZ (1.5 mm) for 4 weeks (c) exhibited more severe
morphological changes as compared with motor neuronsin a ratinfused
with KA (3 mm) for the same pericd (b), including marked cytoplasmic
vacuolation with condensation of Niss! substance (arrows). (d and e) A
ventral root from a KA/CTZ-infused rat at week 4 (e) displayed marked
axonal degeneration with loss of fibers as compared with a ventral root
from an aCSF-infused control rat at week 4 (d).

SODIG93 A transgenic mice can be prolonged by the over-
expression of GIuR2 (Tateno ef al. 2004), whereas mice that
are additionally deficient for GluR2 show decreased survival
as compared with those transgenic for human SODIG93 4
alone (Van Damme et al. 2005). Thus, it seems likely that
long-term infusion of KA induces the degeneration of motor
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Fig. 5 Quantitative measurement of the expression of s«-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor subunit
mRNA. (a) In motor neurons of each kainic acid (KA) group, the
quantity of total AMPA receptor subunit mRNA and that of GIuR3
mRNA relative to the B-actin baseline were significantly greater than
those in their artificial cerebrospinal fluid (aCSF) controls (only aCSF-
W2 is illustrated for simplicity) (**p <0.01, *“*p <0.001). The
expression of GluR1, GluR2 or GluR4 in each KA group did not differ

neurons via an AMPA receptor-mediated mechanism by
increasing the proportion of Ca*-permeable AMPA recep-
tors in motor neurons; however, how KA increases GluR3
mRNA expression, or rather how KA selectively increases
this expression in motor neurons while keeping that in dorsal
neurons and white matter cells unchanged, remains to be
elucidated. Because rat motor neurons express significantly
lower quantities of GluR2 mRNA and higher quantities of
GluR3 mRNA, as compared with other neuronal subsets
(Sun et al. 2005), the up-regulation of GluR3 mRNA that
presumably reflects an increased level of GIuR3 protein may
lead to a more marked reduction in the proportion of GluR2,
and in tum to a higher proportion of GluR2-lacking, Ca®*-
permeable AMPA receptors in motor neurons after KA
infusion. The characteristics of motor neurons with a low
relative abundance of GluR2 may explain, in part, the
selective vulnerability of these cells to AMPA receptor-
mediated excitotoxicity.

Another factor influencing the Ca®* permesbility of
AMPA receptors is the status of GluR2 mRNA editing at
the Q/R site. Recently, we have demonstrated that a
significant reduction in RNA editing of GluR2 at the Q/R
site occurs, in a disease-specific and neuronal class-selective
manner, in the motor neurons of patients with sporadic ALS
(Kawahara et al. 2004, 2006). In addition, the number of
neurons was significantly reduced in the ventral hom of the

© 2006 The Authors
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GluR / B-actin

from that in the respective aCSF control group. (b) The proportion of
GluR2 mRNA relative to the total AMPA receptor subunit mRNA was
significantly decreased in the motor neurons of each KA group as
compared with their respective aCSF control group (**p <0.01).
(c and d) There was no difference in the mRNA expression profile of
AMPA receptor subunits between the KA-infused rats and their
respective controls in either the substantia gelatinosa (c} or the funi-
culus of the spinal cord (d).

spinal cord of mice transgenic for artificial Ca**-permeable
GluR-B(N) minigenes (Feldmeyer et al. 1999; Kuner et al.
2005). It is likely that this molecular change is closely
relevant to the pathoetiology of ALS; however, we did not
find any reduction in GluR2 editing efficiency in the motor
neurons of KA-infused rats in this study (data not shown).
Therefore, although long-term activation of AMPA recep-
tors per se induces the death of motor neurons both in vitro
and in vivo, the underlying mechanism is probably an
alteration in the relative proportion of AMPA receptor
subunits, and not a reduction in RNA editing. In addition to
GluR3 up-regulation (Spalloni ef al. 2004), a lack of
reduction in GluR2 RNA editing (Kawahara et al. 2006)
suggests the participation of an AMPA receptor-mediated
neuronal death mechanism similar to that present in rats
with mutated SODI1-associated familial ALS (ALS1). In
this respect, the KA-infused rat is a model for ALS] rather
than sporadic ALS. There seems to be different Ca®'-
permeable AMPA receptors that mediate neuronal death,
including those caused by underedited GIluR2 and those
caused by a lack of GluR2. It seems likely that the
underediting of GluR2 mRNA specifically seen in sporadic
ALS motor neurons (Kawsahara et al. 2004) is not caused
by long-term AMPA receptor activation but rather by a
defect intrinsic to motor neurons in patients with sporadic
ALS.
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~ ORIGINAL CONTRIBUTION

A Positron Emission Tomography Study
on the Role of Nigral Lesions in Parkinsonism
in Patients With Amyotrophic Lateral Sclerosis

Takuto Hideyama, MD; Toshimitsu Momose, MD, PhD; Jun Shimizu, MD, PhD;

Shoji Tsuji, MD, PhD; Shin Kwak, MD, PhD

Background: Patients with amyotrophic lateral sclero-
sis (ALS) sometimes exhibit parkinsonism, but the le-
sion responsible for parkinsonism has not been exten-
sively studied.

Objective: To test whether nigrostriatal system dys-
function is responsible for parkinsonism in ALS.

Design: From the 182 ALS patients who were admitted
10 our neurology ward during the past 10 years, we ex-
tracted all the patients who satisfied the criteria of both
parkinsonism and ALS.

Setting: The University of Tokyo Hospital.

Methods: We conducted |'"FlL-dopa and [!'CIN-
methylspiperone positron emission tomography and tech-
netium Tc 99m hexamethylpropylencamine oxime single-
photon emission computed tomography studies on 5
patients with ALS manifesting overt parkinsonism.

Results: Two male and 3 female patients (average age,
63.225.8 years) had ALS {or an average of 28.6=21.5
months and had parkinsonism foran average of 15.2+11.4
months. Features of their parkinsonism were character-
ized by outstanding bradykinesia without resting tremor
or dementia. The results of positron emission tomogra-
phy studies indicated normal nigrostriatal function, but
those of single-photon emission computed tomography
demonstrated decreased blood flow in the [rontotempo-
ral cortices.

Conclusion: 1t is likely that parkinsonism in ALS is due
1o cortical lesions rather than nigrostriatal dysfunction
and that both symptoms are the clinical manifestation
of frontotemporal dementia with motor neuron dis-
eases, including classic ALS.

Arch Ncurol. 2006;63:1719-1722

ATIENTS WITH AMYOQTROPHIC
lateral sclerosis (ALS) or mo-

B MEIODS  pa

tor neuron disease (MND)

rarely exhibit clinically overt

parkinsonism.' Neuropatho-
logical studies of ALS report changes in
the extramotor systemns, including the sub-
stantia nigra, but also note rare findings of
Lewy bodies in the affected substantia ni-
gra.® Neuroimaging studies have demon-
strated a subclinical reduction of striatoni-
gral dopaminergic systems in ALS patients

PATIENTS

Among the 2485 inpaticnts in the neurology
ward of the University of Tokyo Hospital dur-
ing the past 10 years (1995-2005), 182 pa-
tients were diagnosed with probable or defi-
nite ALS according to the revised El Escorial
criteria.* Ten of these 182 patients exhibited
clinically overt parkinsonism, and 5 of these
patients were studied with PET.

without clinically overt parkinsonism.”

Therefore, it is possible that nigrostriatal
systemn dysfunction occurs in ALS, but is

POSITRON EMISSION
TOMOGRAPHY

not responsible for parkinsonism. We con-

ducted [""F|L-dopa and [''C]N-methylspi-
perone positron emission tomography
(PET) scans and technetiumT ¢ 99m hexa-
methylpropyleneamine oxime single-
photon emission computed tomography
studies on 5 patients who exhibited both
parkinsonism and ALS to further clarify the
neurophysical effects of these combined

Author Affiliations:
Department of Neurology,
Graduate School of Medicine
(Drs Hideyama, Shimizu. Tsuji,
and Kwak), and Department of
Radiology {Dr Momose),

The University of Tokyo,

Tokyo, Japan. conditions.

Studies using ['"F]L-dopa and [ CIN-
methylspiperone PET were performed with a
HEADTOME 1V (Shimadzu, Kyoto, Japan).
Fourteen transaxial images were obtained, with
a 6.5-mum interval parallel to the orbitomeatal
line. Final resolution of the reconstructed im-
age was 7.5 mm in the transaxial direction and
9.5 mm in the axial direction at full width half
maximum. Transmission scans Lo correct pho-
ton attenuation were carried out at the begin-
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Table 1. Patient Characteristics

Clinical Symptoms of Motor Neuron

Disease
Patient/ Course of i !

Sex/Age. ¥ ALS Initial Symptom BP UMN LMN Dementia
VB Sy Upper limb weakness Yes Yes Yes No
2FI73 7 mo Dysarihria Yes Yes Yes No
3/F/89 25y Gait disturbance (hesitation) No Yes Yes No
4/M/59 10 mo Dysphagia Yes Yes Yes No
5/M/64 3y Dysarthria Yes Yes Yes No

Abbreviations: ALS, amyotrophic lateral sclerosis; BP, bulbar palsy; LMN, lower motor neuron; UMN, upper motor neuron

Table 2. Parkinsonism Characleristics in Patients

Patient Bradykinesia Rigidity Puision Tremor Course Levodopa Dose and Effect of Treatment
1 Yes Yes Yes No 2y 200 mgfd over 6 mo; slightly effective
2 Yes (hesitation) Yes Yes No 4mo 400 my/d over 2 mo; no change
3 Yes {hesitation} Yes Yes No 25y NA
4 Yes Yes Yes No 6 mo NA
5 Yes Yes Yes No 1y 200 mg/d over 6 mo; slightly effective

Abbreviation: NA, not applicabie.

ning of each study with germanium 68/gallium 68 external ro-
tating sources. [ C]N-methylspiperone (1110 MBq) was injected
intravenously and a static-image was obtained over a 10-
minute period, starting at 85 minutes after the ['C|N-
methylspiperone injection. The ["F]L-dopa study was per-
formed on a different dav. One hundred twenty minutes after
an intravenous injection of 370 MBq of [¥F]L-dopa. a 12-
minute static image was taken. As previously described.” the
tissue radioactivity in each region of interest was corrected by
subtracting the nonspecific retention in the cerebellar hemi-
sphere; retention values of the caudate and putamen were ex-
pressed as the ratio of radioactivity in each region to that in
the cerebellum.

—EESTS  —

Demographic data of the patients are presented in
Table 1. The 2 male and 3 female patients were 63.2+5.8
years of age (mean = SD; range, 59-73 years). with a mean
ALS duration of 28.6£21.5 months (range, 7-60 months)
and mean parkinsonism duration of 15.2+11.4 months
(range. 4-30 months). Three patients initially displayed
bulbar palsy, 1 had weakness in the lower extremities,
and 1 had a gait disturbance (frozen gait type). Parkin-
sonism appeared after onset of ALS symptoms in 4 pa-
tients and at the same time as ALS symptoms in 1 pa-
tient. All patients exhibited predominant upper and lower
motor neuron signs, and 4 patients had additional bul-
bar symptoms. Lower motor neuron involvement was
demonstrated by needle electromyogram in all patients.
Parkinsonism was characterized by severe bradykinesia
and moderate muscle rigidity without resting tremor. Four
patients had severe disturbance in postural reflex with
marked pulsion, 2 patients had outstanding frozen gait,
and all 5 patients had moderate muscle rigidity; how-
ever, none of the patients had resting tremors. Three pa-

tients were treated with levodopa for 2 to 6 months with-
out any significant beneficial effect on their parkinsonism
(Table 2). None of the patients exhibited overt demen-
tia, and all of them scored within normal ranges in the
Mini-Mental State Examination and the Wechsler Adult
Intelligence Scales—Revised. All patients exhibited nor-
mal brain magnetic resonance images. Both |"*F]L-dopa
uptake and [''C]N-methylspiperone binding were nor-
mal in all areas, including the caudal putamen (Table 3
and Figwre). Single-photon emission computed tomog-
raphy demonstrated a decrease in the cortical blood flow
in 4 of 53 patients (Table 3).

—

Our PET studies indicate that both preganglionic and post-
ganglionic striatonigral dopaminergic systems were pre-
served in the patients who exhibited overt parkinson-
ism, in marked contrast to previous studies reporting that
[""F]L-dopa uptake was reduced in ALS patients with-
out overt parkinsonism.’ Clinical and neuropathologi-
cal studies have presented findings from patients with
parkinsonism associated with ALS, including, other than
classic type, ALS with dementia, multisystem atrophy,
postencephalitic ALS, diffuse Lewy body disease, and fa-
milial ALS.2 Our ALS patients’ clinical parkinsonism fea-
tures were similar to those in the published literature but
were atypical when compared with the typical features
of Parkinson disease; all of these patients exhibited pre-
dominant akinesia, but none of them had exhibited rest-
ing tremor or considerable improvement after levodopa
treatment. The relatively late age at onset and lack of de-
mentia or autonomic dysfunction were common clini-
cal features. There was a mild 1o moderate reduction in
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Table 3. Pesitron Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT) Findings of 5 Patients
[*FiL-dopa NMSP
Patient PET Striatum l Left Right ‘ I teft Right I Cortex Basal Ganglia
1 Ventral 2.13 215 373 3.85 Blood flow decreased in Bicod flow decreased in
Intermediate 718 210 378 2.94 areas 4. 6. 8, 10, and ihe hilateral corpus
in the right cerebellar striatom.
Dorsal 200 1.94 3.40 3.37 nemisphere.
2 Ventral 303 320 4.08 4.53 Blood flow decreased in Blood flow decreased in
the frontal lobe the right corpus
Intermediate 390 200 146 470 {greater decrease in stiatum and in the
the right lronial lobe) tight thalamus.
] and in the left
Dorsal 2.98 2.58 3.80 408 cerebeliar
hemisphere.
3 Ventral 2.48 2.69 4323 4.25 Bloud flow decreased in Normal
. the hilateral frontal
intermediate 262 2.69 423 4.25 fobe (especially area
Dorsal 240 2.39 370 3.86 B) and in the bilateral
temporoparigial lobe.
4 Ventral 2.15 2.23 4.31 418 Normal Blood flow decreased in
intermediate 2.46 240 4.44 4.60 the left basal ganglia.
Dorsal 224 2.3 379 4.12
5 Verral 285 2.90 3.23 331 Blood flow decreased m Biood fiow decreased in
Intermediate 3.05 310 382 3.56 the right temporal the feft basal ganglia.
Dorsal 241 2.56 318 3.16 oceipital parietal lobe.

Abbreviation: NMSP, ['CIN-methylspipercne.

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Figure. Positron emission tomography images of study patients. A, [*F]L-dopa images. B, [""C]N-methylspiperone images. Two adjacent sections including the

basal ganglia are shown.
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the number of neurons in the substantia nigra; Lewy bod-
ies were rarely reported.”® These lines of evidence sug-
gest that parkinsonism in ALS is not likely an association
of Parkinson disease with ALS, but is likely due Lo patho-
logical changes in areas other than the substantia nigra.

In this context, it is worth noting that isolated le-
sions in the supplementary motor area are associated with
clinical features very similar to parkinsonism, domi-
nated by severe akinesia and mild rigidity without rest-
ing tremor.” Regional cerebral blood flow has been re-
ported to be decreased in the frontal cortices, including
the supplementary motor area of patients with Parkin-
son disease; however, flow could be reversed with anti-
parkinsonian treatment.” Thus, clinical manifestations
quite similar to parkinsonism can be produced by iso-
lated cortical lesions in the supplementary motor area.
Reduction of regional cerebral blood flow in the frontal
and/or temporal cortices extending beyond the primary
motor area has been demonstrated in both ALS with de-
mentia and classic ALS without dementia.® This obser-
vation is in accordance with our single-photon emis-
sion computed tomography scan results showing 4
patients with a decrease of regional cerebral blood {low
in the frontal and/or temporal cortices.

The degree of regional cerebral blood {low reduction
in the frontal and anterior temporal lobes has been re-
ported to correlate with severity of dementia in ALS pa-
tients with associated dementia; these blood flow char-
acteristics are indistinguishable from those seen in patients
with frontotemporal dementia.'® Indeed, ALS is not in-
{requently (approximately 15% of cases) associated with
frontotemporal dementia, and involvement of lower mo-
tor neurons was lound in a group of patients with fron-
totemporal dementia without a prior diagnosis of ALS."
A subclass of frontotemporal dementia with tau-
negative and ubiquitin-positive inclusions has been clas-
sified as frontotemporal lobar degeneration with motor
neuron disease (FTLD-MND) and frontotemporal lobar
degeneration with motor neuron disease type (FTLD-
MND type), respectively, depending on the presence or
absence of clinically overt motor neuron signs.'* These
diagnostic subclasses (FTLD-MND and FTLD-MND type)
have been reported to comprise 40% ol pathologically
proven frontotemporal dementia cases. In addition, pa-
tients with frontotemporal dementia frequently exhibit
parkinsonism, but neuropathological changes in the sub-
stantia nigra were more marked in patients with con-
comitant dementia irrespective of the presence or ab-
sence of parkinsonism, as compared with patients without
dementia'’; hence, reduction of nigrostriatal dopamin-
ergic function may not be associated with parkinson-
ism. Common pathological changes have been demon-
strated in FTLD-MND, FTLD-MND type, and classic ALS
without dementia, implying that these diseases com-
prise a clinicopathological spectrum rather than indi-
vidual entities."?

Taken together, parkinsonism associated with ALS or
FTLD-MND may not be due to a dysfunction of the ni-

grostriatal dopaminergic neurons but rather frontal le-
sions including the supplementary motor area.
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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 channels, 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
1o another potentially 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.

Glutamarte 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 (I-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 pyvramidal neurons (HPNs), the
number of these channels can increase sharply after
ischemia. By contrast, the motor neurons (MNMNs), 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 Ca®**-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, GluR2, GluR3 and
GluR4. The Ca®* conductance of AMPA receptors differs
markedly according to whether the GluRZ subunit is
present or not. AMPA receptors 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 residue, 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 containing an
unedited GluR2 (GluR2Q) have high Ca** permeability
[1,2].

www,sciencedirect.com

Current Opinion in Neurobiology 2006, 16:281-287



282 Signalling mechanisms

Glossary

Permeability transition pore: A large conductance channel through
the mitochondrial membranes, persistent opening of which has been
associated with mitochondrial disruption, release of the apoptotic
mediator, cytochrome C, and cell death,

Ventral root avulsion: An injury causing disruption of the
connection among spinal motor neurons, which send their axons
out of the spinal cord through the ventral root, and the muscles that
they innervate.

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 results 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

elevartions of this cytokine [8,9%,10°]. As discussed below,
the number of Ca** permeable AMPA channels can also
be regulated at the level of GluRZ mRNA expression, as
is hypothesized to be the case in ischemia [11,12], or by
defects in mRNA editing, as 1s 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 mito-
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 cyrtochrome 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 HPN's
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

Q/R site

NH2

Current Opinion in Neurobiology

Structure of an AMPA receptor subunit (GluR2). The Q/R site is localizéd 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 GIluR2 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 mlght thus be the prlmar\
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- dcpendcnt block by Mg** ions, they
permit little Ca” ** enuy in the absence of strong post-
synaptic depolarlzatlon Finally, the high Zn** perme-
ability of Ca®* permeable AMPA channels does ot 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 GluR2Z mRNA
to total AMPA receptor subunit mRNA [31]. However,
these studies did find evidence for a reduction of GluRZ
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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Ca®* or Zn?* influx through AMPA receptors is regulated by the GluR2
subunit. AMPA receptors with GIuR2 that has been edited at the Q/R site
are Ca®*-impermeable, but those lacking GluR2 entirely or with unedited
GluR2 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 GluR2, 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 Ca?* permeable AMPA channels enabies 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 GluR2 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], probabh contributing to the MN
injury in that condition. A C a’* 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 GluR2Z entirely with mice with the G93A

www.sciencedirect.com
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Figure 3
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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) Elevations of extracellular glutamate induce (b) excessive Ca®*

entry into MNs (through Ca®* permeable AMPA channels), where it is

taken up by mitochondria, (c) 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, iz 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
CAl 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 CA1 HPNs after ischemia have
led to an hypothesis that consequent increases in the
number of Ca®* permeable AMPA channels contribute to
the delayed 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
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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 7n 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 /7 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 GluRZ,
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 mura-
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
systemic 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 e /. report that forebrain
ischemia in adult rats selectively disrupts Q/R site

editing and the expression of GluRZ 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 delaved neurodegeneration after tran-
sient ischemia.
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