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Neurobiology of Disease

Amyotrophic Lateral Sclerosis 2-Deficiency Leads to
Neuronal Degeneration in Amyotrophic Lateral Sclerosis
through Altered AMPA Receptor Trafficking
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Amyotrophic lateral sclerosis (ALS), the most common adult-onset motor neuron disease is caused by a selective loss of motor neurons.
One form of juvenile onset autosomal recessive ALS (ALS2) has been linked to the loss of function of the ALS2 gene. The pathogenic
mechanism of ALS2-deficiency, however, remains unclear. To further understand the function of alsin that is encoded by the full-length
ALS2 gene, we screened proteins interacting with alsin. Here, we report that alsin interacted with glutamate receptor interacting protein
1 (GRIP1) both in vitro and in vivo, and colocalized with GRIP1 in neurons. In support of the physiological interaction between alsin and
GRIP1, the subcellular distribution of GRIP1 was altered in ALS2™/~ spinal motor neurons, which correlates with a significant reduction
of AMPA-type glutamate receptor subunit 2 (GluR2) at the synaptic/cell surface of ALS2™'~ neurons. The decrease of calcium-
impermeable GluR2-containing AMPA receptors at the cell/synaptic surface rendered ALS2™'~ neurons more susceptible to glutamate
receptor-mediated neurotoxicity. Our findings reveal a novel function of alsin in AMPA receptor trafficking and provide a novel patho-
genic link between ALS2-deficiency and motor neuron degeneration, suggesting a protective role of alsin in maintaining the survival of

motor neurons.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common adult-
onset motor neuron disease (Cleveland and Rothstein, 2001;
Bruijn et al., 2004). One form of juvenile onset autosomal reces-
sive ALS (ALS2) has been linked to the loss of function of the
ALS2 gene (Hadano et al., 2001; Yang et al., 2001). Alsin encoded
by the full-length ALS2 gene contains three putative guanine-
nucleotide-exchange factor (GEF)-like domains. The amino-
terminal regulator of chromatin condensation like domain
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(RLD) resembles the GEF for Ran GTPase. The middle Dbl ho-
mology (DH)- and pleckstrin homology (PH)-like domains are
similar to the GEF of Rho GTPase. The carboxyl-terminal vacu-
olar protein sorting 9 (VPS9)-like domain is homologous to the
GEF of Rab GTPase. Most mutations in the ALS2 gene lead to
premature stop codons resulting in carboxyl-terminal truncated
proteins that are unstable compared with the wild-type alsin
(Yamanaka et al., 2003). Most recently, two homozygous mis-
sense mutations in the RLD domain of alsin have been identified,
but how they affect the function of alsin is unclear (Eymard-
Pierre et al., 2006; Panzeri et al., 2006). Loss of function of alsin
causes the degeneration of motor neurons (Hadano et al., 2001;
Yang et al., 2001; Kress et al., 2005), however, the pathogenic
mechanism of ALS2 remains unknown. ALS2 knock-out
(ALS27/") mice display subtle motor deficits and neuropatho-
logical abnormalities, but fail to develop motor neuron degener-
ation as seen in the human disease (Cai et al., 2005; Devon et al.,
2006; Hadano et al., 2006; Yamanaka et al., 2006), suggesting that
alsin may serve as a protective factor for motor neurons against
genetic or environmental insults.

Glutamate-mediated excitotoxicity, primarily mediated by
AMPA-type glutamate receptors (AMPAR) in spinal motor neu-
rons, contributes to the sporadic ALS (Kwak and Weiss, 2006).
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AMPARs are tetramers composed of various combinations of the
GluR1-4 subunits in which GluR?2 is particularly important be-
cause GluR2-containing AMPARSs are calcium-impermeable and
neurons lacking GluR2-containing AMPARSs are more vulnera-
ble to excitotoxicity (Kwak and Weiss, 2006). The presentation of
GluR2 at the synaptic surface is dynamically regulated through its
binding proteins, including glutamate receptor interacting pro-
tein 1 (GRIP1). GRIP1 transports GluR2 to dendrites and an-
chors GluR2 in both postsynaptic membrane and intracellular
compartments (Setou et al., 2002; Song and Huganir, 2002).
The RLD domain of alsin displays little proposed Ran GEF
activity but may serve as a protein—protein interaction domain
(Otomo et al., 2003). To decipher the molecular network in
which alsin is involved, we screened proteins interacting with its
RLD domain. We found that the RLD domain of alsin interacted
with the postsynaptic density 95 (PSD-95)/Dlg/ZO-1 (PDZ) do-
mains of GRIP1 and loss of alsin altered the subcellular localiza-
tion of GRIP1, which correlated with a reduction of GluR2 at the
cell/synaptic surface of ALS2™/~ neurons, resulting in an in-
creased vulnerability of these neurons to excitotoxicity. Here, we
reveal a novel function of alsin in AMPAR trafficking and provide
a novel molecular pathway linking alsin-deficiency with motor
neuron degeneration, which may serve as the therapeutic target
for the treatment of ALS2 and related motor neuron diseases.

Materials and Methods

Animals. The generation of ALS2 knock-out mice was performed as de-
scribed previously (Cai et al., 2005). Mice were housed in a 12 h light/
dark cycle and fed a regular diet ad libitum. The experimental protocols
used are in accordance with the guidelines of the Institutional Animal
Care and Use Committees of the Johns Hopkins University, the Univer-
sity of Virginia School of Medicine, and the National Institute on Aging.

Expression constructs. The full-length mouse ALS2 cDNA clone was
obtained by a combination of 5’ rapid amplification of cDNA ends PCR
and screening of a mouse brain cDNA library (Origene, Rockville, MD).
The RLD, DH/PH, and VPS9 domains of alsin residues 1—666, 656—
1257, and 1169-1657 were made by PCR amplification of ALS2 full-
length ¢cDNA and verified by sequencing. ALS2 constructs were sub-
cloned into modified pRK5 expression vectors, which were tagged with
myc, hemagglutinin (HA), glutathione S-transferase (GST), or enhanced
green fluorescent protein (EGFP) at the N terminus.

Antibodies. Alsin monoclonal antibodies (1:1000) were gifts from Dr.
Don Cleveland (University of California at San Diego, La Jolla, CA)
(Yamanaka et al., 2006). The GRIP1 (1:2000), GluR1 (1:1000), GluR2/3
(1:1000), and NR1 (1:1000) antibodies (Upstate Biotechnology, Char-
lottesville, VA); the GluR3 (1:1000), GIuR2 (1:1000), and actin (1:5000)
antibodies (Millipore, Temecula, CA); the protein interacting with
C-kinase 1 (PICK1) (1:1000) and GFP (1:1000) antibodies (ABCAM,
Cambridge, UK); the BIII-tubulin antibody (1:5000; Covance, Berkeley,
CA); synaptophysin antibody (1:1000; Sigma, St. Louis, MO); myc and
HA antibodies (1:5000; Roche, Indianapolis, IN); and, the GST antibody
(1:2000; Amersham, Piscataway, NJ) were used as suggested by the man-
ufacturers. The alsin polyclonal antibody (1:1000), ALS2-1081, was
made by immunizing rabbit with a polypeptide corresponding to alsin
residues 1081-1110 (Yamanaka et al., 2003).

Transfection of HEK293 cells, coimmunoprecipitation, membrane prep-
arations, subcellular fractionations, and pull-down assays. Transfection of
human embryonic kidney 293 (HEK293) cells, coimmunoprecipitation,
subcellular fractionations, membrane preparations, and solubilizations
were performed as before (Cai and Reed, 1999; Dong et al., 1999). For
pull-down assays, the clarified crude synaptosomal fraction (P2) of brain
homogenates was added to the GRIP1-bound HA-affinity matrix
(Roche) and incubated for 2 h at 4°C. After incubation, the mixture was
washed once with Tris-buffered saline (TBS) (1X TBS, 10 mm Tris 8.0,
150 mm NaCl) containing 1% Nonidet P-40, twice with TBS buffer con-
taining 300 mm NaCl, and three times with TBS buffer alone. Finally, the
proteins were eluted by SDS sample buffer and subjected to Western blot.
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Figure1. Alsininteracts with GRIP1. 4, Schematic representation of ALS2 and GRIP1 expres-

sion constructs. Conserved domains within ALS2 include an amino-terminal RLD, a middle DH
and PH-like domain, and a carboxyl-terminal VPS9-like domain in conjunction with an up-
stream membrane occupation and recognition nexus (MORN) motifs. GRIP1 contains seven PDZ
domains. B, Myc-tagged GRIP1 was coexpressed with HA-tagged RLD, DH/PH, and VPS9 do-
mains of alsin in HEK293 cells. The presence of GRIP1 in the immunoprecipates was detected
with an anti-mycantibody. €, The expression of myc-GRIPT in the total cell lysates was detected
by an anti-myc antibody and the expression of HA-RLD (lane 1), HA-DH/PH (lane 2), HA-VPS9
(lane 3), and HA-GFP (lane 4) in the total cell lysates were detected by an anti-HA antibody. D,
The GST-tagged RLD domain of alsin was coexpressed with HA-tagged PDZ1-3, PDZ4 -6, and
full-length GRIPT in HEK293 cells. The full-length GRIP1 and its PDZ1-3 but not PDZ4 — 6 were
pulled down together with the RLD domain of alsin and detected by an anti-HA antibody. £, The
expression of GST-RLD of alsin in total cell lysates was detected by an anti-GST antibody and the
expression of HA-PDZ1-3 (lane 1), HA-PDZ4 —6 (lane 2), and HA-GRIP1 (lane 3) in total cell
lysates was detected by an anti-HA antibody. F, The P2 fraction of cerebellar homogenates
prepared from ALS2 wild-type (+/+) (lane 1) or knock-out (—/—) (lane 2) mice was incu-
bated with purified HA-tagged GRIP1 and pulled down by anti-HA affinity matrix. In a separate
control, the P2 fraction of cerebellar homogenate prepared from ALS2 wild-type mice (+/+)
(lane 3) was pulled down by anti-HA affinity matrix (preincubated with nontransfected HEK293
cell lysate) alone. The presence of alsin in the immunoprecipate was detected by Western blot
using the polyclonal alsin antibody. G, GRIP1-containing protein complex was immunoprecipi-
tated from wild-type (lanes 5, 6) and ALS2™"~ (lanes 7, 8) whole-brain lysates by a GRIP1
specific rabbit polyclonal antibody. As a control, normal rabbit g was used in parallel with
GRIP1 antibody (lane 9). The presence of alsin in brain lysates and immunoprecipitates was
detected by Western blot using the alsin polyclonal antibody.
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Transfection, immunocytochemistry, and con-
focal imaging of neurons. The primary neuronal
culture was prepared as described previously

Lai et al.  The Mechanism of ALS2 Deficiency in Excitotoxicity

(Cai et al., 2005). Hippocampal neurons were S1 P1 S2 P2 LM 0.85 Syn PSD Mit
transfected 10 d after culture using Effectene -250
transfection reagent (Qiagen, Valencia, CA). ALS2- | . e " = S ——— l -150
Four days after transfection, neurons were fixed -150
with 4% paraformaldehyde (PFA) and 4% su- GRIP1- | . - - |

crose for 15 min, permeabilized with 0.1% Tri- -100
ton X-100 in 1X PBS for 10 min, blocked with GluR2- | -—— — — — G G— |-1OO
10% normal goat serum at room temperature 100
for 1 h, and incubated with primary antibody at 2 - — ™

4°C overnight. Cells were then washed three FaRes | _— |

times with 1X PBS and incubated with Alexa
488 or Alexa 568 conjugated secondary anti-
body (1:1000 dilution) at room temperature for
1 h. Finally, cells were washed three times with
1X PBS and mounted with ProLong Gold anti-
fade reagent (Invitrogen, Eugene, OR). Fluores-
cence images were captured using a laser scan-
ning confocal microscope (LSM 510; Zeiss,
Thornwood, NJ). Images were scanned using a
63 X 1.4 numerical aperture (NA) oil objective
or a 100 X 1.4 NA oil objective lens. A zoom
factor of 2 was used to obtain maximum reso-
lution of 100X images. Some images were ac-
quired in z-series stack scans at 1 wm intervals
from individual fields to determine the protein-
protein colocalization. Maximum intensity
projections were used to represent confocal
stacks. For the quantitative assessment of
GRIP1, PICK], or synaptophysin accumulation
in the soma or synapse of spinal motor neurons,
images were taken using identical settings. The
data were analyzed using repeated measures or
simple main effect two-tailed  tests.

Electrophysiology. The preparation of brain
slices including the sensorimotor cortex from
2- to 3-week-old ALS2 knock-out and wild-type
mice (n = 8/group) were as described in previ-
ous reports (Larkum and Zhu, 2002). Brain
slices were kept at 37.0 = 0.5°C in oxygenated
physiological solution for ~1 h before recordings were made. During the
recording, the slices were submerged in a chamber and stabilized with a fine
nylon net attached to a platinum ring. The chamber was perfused with
oxygenated physiological solution, the halftime for the bath solution ex-
change being ~6 s. Whole-cell recordings were made on layer 2/3 pyrami-
dal neurons by using infrared illumination combined with differential in-
terference contrast optics. Patch recording pipettes (3—6 M()) contained
the following (in mm): 115 cesium methanesulfonate, 20 CsCl, 10 HEPES,
2.5MgCl,, 4 Na,ATP, 0.4 Na;GTP, 10 sodium phosphocreatine, 0.6 EGTA,
and 0.1 spermine, pH 7.25, for current (voltage-clamp) recordings. Whole-
cell recordings were made with an Axopatch-200B amplifier (Molecular
Devices, Foster City, CA). Synaptic responses were evoked by bipolar elec-
trodes with single voltage pulses (200 ws, up to 20 V) placed in the layers 5
and 6, ~100—-300 um lateral from the cells that were recorded. Synaptic
AMPA responses at —60 and +40 mV were averaged over 50-90 trials and
their ratio was used as an index of rectification following previous studies
(Zhu et al., 2000; Qin et al., 2005; McCormack et al., 2006). To minimize the
effect from AMPA responses, the peak NMDA responses at +40 mV were
measured after digital subtraction of estimated AMPA responses at +40
mV. All results are reported as mean * SEM, and statistical differences of
the means were determined using Mann—Whitney rank sum nonparamet-
ric test.

Plasma membrane protein biotinylation assay. Before biotinylation, cul-
tured cortical neurons were treated with either 100 um AMPA or saline for
5 min at 37°C as described previously (Lee et al., 2004), replenished with
fresh medium, and incubated for 10 min at 37°C. The surface biotinylation
assay was performed as reported previously (Mammen et al., 1997). Total

Figure 2.
fractionated into several subcellular fractions, including the soluble (S1), nuclear (P1), cytosol (S2), crude synaptosomal fraction
(P2), light membrane (LM), layer between 0.8 and 1.0 m sucrose (0.85), synaptic plasma membrane fraction (Syn), PSD, and
mitochondria (Mit). PSD95 was used as a marker to indicate PSD fraction. B, GFP-tagged ALS2 and myc-tagged GRIPT were
cotransfected into cultured hippocampal neurons and immunostained with antibodies against GFP and myc, respectively. ALS2
(green) and GRIP1 (red) colocalized in the dendritic spines (arrows, bottom) as revealed by confocal microscopy. The bottom
panels are the enlargements of boxed areas in upper panels. Scale bars: B, top, 20 pum; bottom, 5 m.

Alsin colocalizes with GRIP1. A, Subcellular fractionation of alsin, GRIP1, GluR2, and PSD95. Whole-brain lysate was

protein and isolated biotinylated protein were analyzed by quantitative
immunoblotting with anti-GluR2, GluR3, GluR2/3, GluR1, NR1, ALS2,
and BIII-tubulin antibodies. All of the immunoblots were visualized by
enhanced chemiluminescence development (Pierce, Rockford, IL) and
quantified on a Scion (Frederick, MD) Image System. The data were
analyzed using repeated-measures or simple main effect two-tailed ¢
tests.

AMPA treatment and neuron survival analysis. Cortical neurons after 2
weeks in culture were treated with 5, 25, and 50 um AMPA (Sigma) for
24 h. The lactate dehydrogenase (LDH) assay was used to determine the
survival rate of neurons treated with AMPA as described previously (Cai
etal., 2005). The data were analyzed using repeated-measures or simple
main effect two-tailed ¢ tests.

Organotypic spinal cord slice culture and treatment. The organotypic
spinal cord cultures were prepared from the postnatal day 7 mouse pups
similar to those described previously (Rothstein et al., 1993). Spinal cords
were sectioned transversely at 300 wm intervals using a Mcllwain tissue
chopper. Sections were placed on 30 mm semipermeable Millipore Mil-
licell membranes (five slices per membrane) in a six-well plate containing
1 ml of culture medium [50% MEM, 25% heat-inactivated horse serum,
25% HBSS supplemented with glucose (12.8 g/500 ml) and 2 mm
L-glutamine]. Cultures were maintained in a humidified environment at
37°C, in a 5% CO, incubator. Medium was changed every 3 d along with
any treatments. Cultures were allowed to recover for 7 d before being
subjected to 10 or 25 um AMPA treatment for 14 d. After treatment,
spinal cord slices were fixed with 4% PFA and stained with a monoclonal
antibody, SMI32 (Sternberger Monoclonals, Lutherville, MD). The
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Increased accumulation of GRIP1 in perikaryon and decreased accumulation of GRIP1 in synapses in ALS2™/~ spinal cord motor neurons. A, Representative images of GRIP1

immunostaining revealed a discrete and punctate staining pattern of GRIP1in the soma of ALS2 ™~ (KO, Ad) and wild-type spinal motor neurons (WT, Aa). Spinal motor neurons were revealed by
immunostaining with SMI32 antibody (Ab, Ae). B, Representative images of PICK1 immunostaining showed a similar staining pattern as GRIP1 in the soma of ALS2 ™/~ (Bd) and wild-type spinal
motor neurons (Ba). Spinal motor neurons were revealed by immunostaining with SMI32 antibody (Bb, Be). C, The bar graph shows that the accumulation of GRIP1, but not PICKT, is significantly
increased in the soma of ALS2 ™~/ spinal motor neurons (n = 10) as compared with the wild-type controls (n = 9;***p << 0.001). The fluorescence signal of GRIP1 or PICK1 is normalized with SMI32
and represented as an arbitrary unit. D, Representative images of wild-type (left) and ALS2 /™ (right) spinal motor neurons (top) and their dendrites (bottom) immunostained with GRIP1 (green)
and synaptophysin (synap; red). E, The bar graph shows mean values (arbitrary unit) of GRIPT and synaptophysin fluorescence intensities after background subtraction at synapses (WT,n = 19 vs

KO, n = 20). Error bars represent SEM. *p << 0.05. Scale bars: 4, B, 20 .m; D, low magnification images, 20 rum; high magnification images, 5 pum.

SMI32-positive large motor neurons (>25 wm) in the ventral horn were
counted from each slice. The data were analyzed using repeated-
measures or simple main effect two-tailed t tests.

Injection of spinal cord in vivo and immunohistochemistry. Adult (6—8
weeks old) wild-type and ALS2™/~ mice (n = 7/group) received spinal
cord injections of kainic acid (KA; Sigma). KA was dissolved in 100 mm
PBS, pH 7.4, and stored in the dark at —20°C until used. Mice were
deeply anesthetized (isoflurane/nitrous oxide/oxygen), placed in a ste-
reotaxic apparatus (Stoelting, Wood Dale, IL), and prepared for surgery.
After alaminectomy at L2, a stereotaxic injection of KA (2 nmin PBS) was
made unilaterally directly into the ventral horn parenchyma of lumbar
spinal cord using a mounted 10 ul Hamilton syringe and a stainless-steel
needle with a 10—-12° bevel angle. This dose of KA was chosen because we
anticipated that it was near subthreshold for toxicity in vivo (Portera-
Cailliau et al., 1997). To prevent leakage of toxin from the injection site,
the needle was left in place for 10 min before it was withdrawn slowly over
3 min. Mice were anesthetized with an overdose of sodium pentobarbital
at 24 h after KA injection and perfused intracardially with ice-cold PBS
followed by ice-cold 4% PFA in PBS. After perfusion-fixation, spinal
cords remained in situ for 2 h before they were removed from the verte-
bral column. After the spinal cords were removed, the lumbar enlarge-
ments were cryoprotected in 20% glycerol-PBS and frozen under pulver-
ized dry ice. Horizontal serial symmetrical sections (40 wm) were cut

using a sliding microtome and stored individually in 96-well plates. Sec-
tions were selected with a random start and then systematically sampled
(every 10 sections) to generate a subsample of sections from each mouse
lumbar spinal cord that were mounted on glass slides and stained with
cresyl violet for neuronal counting. Counts of remaining motor neurons
in the ipsilateral (lesioned) and contralateral (nonlesioned) ventral horns
were made at 1000 X magnification using the stereological optical dissec-
tor method as described previously (Martin and Liu, 2002). The criteria
for a motor neuron included a round, open, pale nucleus (not condensed
and darkly stained), globular Nissl staining of the cytoplasm, and a di-
ameter of ~30—45 um. With these criteria, astrocytes, oligodendrocytes,
and microglia were excluded from the counts. Neuronal counts were
used to determine group means and variances and comparisons among
groups were analyzed using a one-way ANOVA and a Newman—Keuls
post hoc test.

Results

Interaction of alsin with GRIP1

To understand the physiological role of alsin and the pathogenic
mechanism in ALS2-related motor neuron disease, we examined
proteins interacting with the amino-terminal RLD domain of
alsin. We found that the RLD domain of alsin strongly interacted



11802 - J. Neurosci., November 8, 2006 - 26(45):11798 —11806

A wr KO

KO/PhTx

w
o

’ 40 SOV(mV)

n
o

o] ®WT
® KO
o] ®KOPhTX

—_
o

Rectification

WTKOKO/PhTx

WT KO
Fowr
B i
15 (V) + *
i ; :
P '
0 5 10 15 20
Stimulus intensity (V)
Figure 4. Increased ratio of synaptic GluR2-lacking AMPARs versus GluR2-containing

AMPARsin ALS2 ™~ cortical neurons. 4, The evoked AMPAR-mediated responses from a wild-
type and ALS2 " neuron bathed in normal physiological solution containing additional 10
M PhTx at different holding potentials (from —60 mV to +40mVin 10 mV steps). B, The -V
plots of evoked responses from the wild-type and ALS2 ™/~ neurons shown in A. €, Bar graph
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measured at —60 mV and + 40 mV)in WT and KO neurons. Note that rectificationin ALS2 "/~
neurons bathed in normal physiological solution was significantly larger than those in WT
neurons bathed in normal physiological solution and in ALS2 ™/~ neurons bathed in normal
physiological solution containing additional 10 M PhTx (KO/PhTx; WT, 1.47 = 0.08, n = 28;
K0,2.36 = 0.25,n = 20; KO/PhTx, 1.46 = 0.09n = 27;**p < 0.01). D, Evoked AMPAR- (— 60
mV) and NMDAR- (40 mV) mediated responses from wild-type and ALS2 ™ neurons. E, Bar
graph shows that the ratio of NMDA and AMPA responses in ALS2 ™ neurons was the same as
thatin wild-type neurons (WT, 1.52 = 0.07,n = 31vs K0, 1.82 = 0.18,n = 22;p = 0.47).F,
Evoked AMPAR-mediated responses from wild-type and ALS2 "~ neurons at different stimu-
lation intensities. G, Plot of the amplitudes of evoked AMPA responses in wild-type and
ALS2™"~ neurons against different stimulus intensities. *p << 0.05 (Mann—Whitney rank sum
nonparametric test).

with the amino-terminal three PDZ domain of GRIPI in the
protein pull-down assay (Fig. 1 B), whereas the DH/PH and VPS9
domains did not show significant binding to GRIP1 (Fig. 1B).
The short spliced form of alsin, containing a partial RLD domain,
also bound to GRIP1 to a lesser extent (data not shown). Among
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the seven PDZ domains of GRIP1, the RLD domain of alsin se-
lectively bound to the three most amino-terminal domains (Fig.
1 D). We found additional support for a direct interaction be-
tween alsin and GRIP1 by pulling down alsin from the crude
synaptic membrane fraction of cerebellar lysate by affinity-
purified HA-tagged GRIP1 (Fig. 1 F). Moreover, endogenous al-
sin and GRIP1 were coimmunoprecipitated from brain extracts
with a GRIP1-specific antibody (Fig. 1G), indicating that ALS2
and GRIP1 coexist in the same molecular complex in vivo. As a
control, normal IgG (Fig. 1G) or PICKI- and PSD95-specific
antibodies failed to pull down alsin from the same brain extracts
(data not shown).

Colocalization of alsin with GRIP1 in cultured
hippocampal neurons
The interaction between alsin and GRIP1 indicates a postsynaptic
localization of alsin in neurons. To examine the synaptic local-
ization of alsin, we purified the PSD fraction from brain homog-
enates in subcellular cell fractionation experiment. We found
that alsin was abundant in the PSD fraction characterized by the
enrichment of PSD95, a specific marker for the PSD (Fig. 2A).
The presence of alsin in the synaptic membrane and PSD frac-
tions is consistent with a previous report (Topp et al., 2004).
We then decided to examine the synaptic localization of alsin
by immunocytochemistry. There are only a few reports on the
localization of endogenous alsin in neurons (Topp et al., 2004;
Jacquier et al., 2006). However, none of these experiments used
ALS2™’~ neurons as the negative control. Nevertheless, these
studies suggest that a significant fraction of alsin is localized in
punctate membrane structures distributed in soma, dendrites,
and axons. In one study, the alsin immunoreactivity appears in
dendritic spines (Topp et al., 2004). In our study, we have used
one affinity-purified alsin polyclonal antibodies (Yamanaka et al.,
2003) and three alsin monoclonal antibodies (Yamanaka et al., 2006)
to detect the expression of alsin in cultured spinal motor neurons,
cortical neurons, hippocampal neurons, and cerebellum granule
cells. However, the same staining pattern and the signal intensity
of alsin were revealed in both wild-type and ALS2™/~ neurons
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), indicating that these signals are false positive.
To overcome this difficulty, we transfected amino-terminal
tagged GFP-ALS2 and amino-terminal tagged myc-GRIPI ex-
pression constructs into cultured hippocampal neurons. Double
immunofluorescence labeling revealed high levels of colocaliza-
tion of alsin and GRIP1 along dendritic spines (Fig. 2 B, bottom,
arrows).

Increased perikaryon accumulation and decreased synaptic
localization of GRIP1 in ALS2™’~ spinal motor neurons

To examine whether loss of ALS2 affects the accumulation of
GRIP1 in neurons, we compared the expression of GRIPI in
spinal cord extracts of ALS2™/~ and wild-type mice by Western
blot. No significant alteration of GRIP1, GluR1, GluR2, GluR2/3,
NR1 (NMDA receptor subunit 1), or PICK1 expression was de-
tected in ALS2™/~ spinal cord protein extracts (data not shown).
Previous reports suggested a role for alsin in vesicular trafficking
and microtubule organization (Otomo et al., 2003; Millecamps et
al., 2005; Tudor et al., 2005). We then asked whether the loss of
alsin affects the subcellular distribution of glutamate receptors or
their interacting proteins in spinal motor neurons. We examined
the expression pattern of these proteins in wild-type and
ALS2™’~ lumbar spinal cord sections by immunofluorescence
staining. Whereas the expression levels of PICK1 did not differ
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pared with spinal cord slices (Figs.
3 A, D), which makes it difficult to quan-
tify the GRIP1 fluorescence signals. Nev-
ertheless, the alteration in subcellular
distribution of GRIP1in ALS2™/~ motor
neurons implies a role for alsin in mod-
ulating intracellular protein trafficking
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Increased ratio of synaptic GluR2-lacking
AMPARs versus GluR2-containing
AMPARsin ALS2™/" cortical neurons
Because we observed alterations of subcel-
lular localization of GRIP1 in ALS2™/~
neurons (Fig. 3) and GRIP1 regulates
GluR2 targeting to synapses (Song and
Huganir, 2002; Cull-Candy et al., 2006),
we speculated that GluR2-containing AM-
PARs could be downregulated in ALS2™/~
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Figure 5. Decreased presentation of GIuR2 at the plasma membrane of ALS2 ™/~

represent SEM.

between wild-type and ALS2™/~ spinal motor neurons (Fig.
3B, (), the accumulation of GRIP1 was significantly elevated in
the perikaryon of ALS2™/" spinal motor neurons (Fig. 34,C). A
discrete and punctate staining of GRIP1 appeared in the soma of
ALS2™’" spinal motor neurons resulting in a fluorescence inten-
sity that was significantly higher compared with wild-type con-
trols (Fig. 3A,C) (n = 9-10; p < 0.001). As a control, we mea-
sured the fluorescence intensity of neurofilament H (visualized
with the SMI32 antibody), and found comparable levels between
ALS2™’~ and wild-type spinal motor neurons (Fig. 3A). The av-
erage size of motor neurons in these two groups had no signifi-
cant difference (data not shown).

We then quantified the amount of GRIP1 in synapses. Because
it is difficult to trace the synapses of individual motor neuron in
slices, we assessed the synaptic expression of GRIP1 in isolated
spinal
motor neurons after 4 weeks in culture. We measured the signal
intensities of the postsynaptic GRIP1 and the presynaptic
marker synaptophysin of each synapse after double-immun-
ofluorescence
staining. Only well isolated synapses positive both for GRIP1
and synaptophysin staining were chosen for quantification.
We observed a significant decrease in postsynaptic localiza-
tion of GRIP1 in ALS2™’" motor neurons compared with
wild-type controls (Fig. 3D, E) (n = 19-20 synapses per neu-
ron; three neurons per each genotype; p < 0.01), whereas, no
significance difference in signal intensities of synaptophysin
was observed (Fig. 3D,E) (p = 0.11). However, we did not
observe a similar alteration of GRIP1 accumulation in the
perikaryon of cultured ALS2™’~ spinal motor neurons (Fig.
3D). We notice that the expression of GRIP1 in the soma was
significantly lower in cultured spinal motor neurons com-

"GIUR2 GIuR3 GIuR2/3 GIuR1 NR1
1 2 3 4 5 WT

cortical neurons after AMPA treatment. 4,
Presentation of glutamate receptors at the cell surface of KO neurons after AMPA treatment. Cortical neurons at 21 d in vitro were
treated with either 100 pum AMPA (lanes 3, 5) or saline (lanes 2, 4) for 5 min before biotinylation. Equal dilution of unpurified
(total) and NeutrAvidin-affinity purified proteins (surface) were analyzed by quantitative immunoblotting with anti-GluR1,
GluR2, GIuR3, GIuR2/3, NR1, ALS2, and Blll-tubulin antibodies, respectively. B, Bar graph shows that the surface fractions of
GluR1, GluR2, GluR3, GIuR2/3, and NR1in WT and KO neurons after the treatment of saline. C, Bar graph shows that the cell surface
presentations of GluR1, GluR2, GIuR3, GluR2/3,and NR1in WT and KO neurons after the treatment of AMPA. **p << 0.01. Error bars

neurons. To test this hypothesis, we com-
pared the evoked synaptic responses in
cortical layer 2/3 pyramidal neurons in
wild-type and ALS2™"~ mice. We found a
significantly enhanced rectification of
AMPAR-mediated responses in ALS2™/~
neurons compared with wild-type neu-
rons (Fig. 4 A-C), suggesting an increase of
GluR2-lacking AMPARs and/or a decrease
of GluR2-containing AMPARs at syn-
apses. Bath application of 10 um
philanthotoxin-433 (PhTx), which selec-
tively blocks GluR2-lacking AMPARs (Toth and McBain, 1998),
reduced the rectification of AMPA responses in ALS2™~ neu-
rons to a value comparable with wild-type neurons (Fig. 4 A-C).
In contrast, the NMDA/AMPA ratio and input—output response
curve were similar in both ALS2™/~ and wild-type neurons (Fig.
4D-G). Together, these results indicate that some GluR2-
containing AMPARs are replaced by GluR2-lacking AMPARs at
synapses in ALS2 ™/~ neurons and suggest that ALS2 may mediate
the synaptic targeting of GluR2-containing AMPARs through an
interaction with GRIP1.

[CJko

Decreased presentation of GluR2 at the plasma membrane of
ALS2™’" cortical neurons after AMPA treatment

To further quantify the level of GluR2-containing AMPARs at the
plasma membrane, we biotinylated and purified plasma mem-
brane proteins from cultured cortical neurons. We found that the
surface expression of GluR1, GluR2, GluR3, GluR2/3, and NR1
was comparable between wild-type and ALS2™’~ neurons (Fig.
5A,B) (n = 12; p > 0.1). These results indicate that recycling of
GluR2-containing AMPARs to the extrasynaptic plasma mem-
brane, where the majority of AMPARs are located (Shi et al,,
1999; Zamanillo et al., 1999), is not affected in ALS2™’~ neurons
in the native state. We then treated wild-type and ALS2™/~ neu-
rons with AMPA to increase the internalization of extrasynaptic
AMPARs (Lin et al., 2000). After AMPA treatment, a significant
reduction in cell surface expression of GluR2 was observed in
ALS2™’~ neurons compared with wild-type controls (Fig. 5A, C)
(n = 6; p < 0.01). In contrast, cell surface expression of GluR3
was significantly increased in ALS2™/" neurons after AMPA
treatment (Fig. 5A,C) (n = 6; p < 0.01). Meanwhile, no signifi-
cant changes of GluR1, GluR2/3, or NR1 were detected between
wild-type and ALS2™/~ neurons after AMPA treatment (Fig. 5C).
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These results suggest that a diminished re- ~ A
cycling of GluR2-containing AMPARs to

synaptic and/or extrasynaptic membrane -
sites in ALS2™/” neurons may increase the | [T] [
. e . #a £
relative contribution of GluR2-lacking 3
AMPARs at the cell/synaptic surface. f? - i

Increased susceptibility to glutamate
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Control
AMPA,

receptor-mediated excitotoxicity in
ALS2™/~ spinal motor neurons

Previous studies have suggested that up-
regulation of calcium-permeable GluR2-
lacking AMPARs from the cell/synaptic
surface renders neurons more vulnerable

to glutamate-mediated excitotoxicity
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(Kwak and Weiss, 2006). To investigate
whether the downregulation of GluR2-
containing AMPARs and upregulation of D
GluR2-lacking AMPARSs in ALS2™~ neu- contralateral
rons increases the susceptibility of neurons a =

to excitotoxicity, we treated cultured cor-
tical neurons with different doses of
AMPA. We found that the survival rate of
ALS2™/" neurons after treatment with
AMPA was significantly lower compared
with wild-type controls (Fig. 6A) (p <
0.001 and 0.05in 25 uM AMPA and 50 puMm
AMPA treatment, respectively). To exam-
ine whether ALS2™/~ spinal motor neu-
rons are more susceptible to excitotoxicity,
we treated organotypic lumbar spinal cord
slices with 10 or 25 um of AMPA for 2
weeks. Motor neurons were revealed by
immunostaining with the SMI32 antibody
as described previously (Maragakis et al.,
2003). There were no differences in the number of motor neu-
rons in vehicle-treated wild-type (WT) and ALS2™’~ (KO) cul-
tures (Fig. 6 B,C) (WT, 23.5 = 1.1 per slice, n = 37 vs KO, 22.7 =
1.1 per slice, n = 44; p = 0.6). However, there was significantly
more motor neuron loss in ALS2™/" cultures compared with
wild-type controls after treatment with 10 um (Fig. 6C) (WT,
20.0 = 0.9 perslice, n = 29 vs KO, 15.1 = 0.9 per slice, n = 35; p <
0.001) or 25 um AMPA (Fig. 6 B,C) (WT, 17.0 = 0.8 per slice, n =
30 vs KO, 13.1 = 0.9 per slice, n = 27; p < 0.01). To further
examine whether ALS2™/~ spinal motor neurons are more vul-
nerable to excitotoxic challenge in vivo, we made a unilateral
stereotaxic injection of KA, another glutamate analog, into the
ventral horn parenchyma of the lumbar spinal cord. A single (2
wl) injection of 1 mM KA resulted in a 13% loss of L2 motor
neurons of wild-type mice (Fig. 6 D, E). In contrast, the same KA
challenge induced approximately a 52% loss of L2 motor neurons
of ALS2™'™ mice (Fig. 6 D,E) (WT, 87 = 11% vs KO, 48 * 15%
survival rate; n = 7 each; p < 0.001). Together, these observations
demonstrate that ALS2™/~ spinal motor neurons are more sus-
ceptible to glutamate receptor-mediated excitotoxicity.

opM 10 pM
AMPA

A wT

D, 260 jum. *p < 0.001.

Discussion

Here, we provide a direct link between loss of function of alsin and
increased vulnerability of motor neurons to the excitotoxicity. We
find that alsin interacts with GRIP1, a key regulator of synaptic tar-
geting of GluR2. Furthermore, a lack of alsin leads to downregula-
tion of GRIPI in synapses, resulting in an increase in synaptic/cell
surface localization of calcium-permeable AMPARSs and a subse-

25 M

ipsilateral

contralateral

ipsilateral

KO

Figure 6.  ALS2 /™ spinal motor neurons are more vulnerable to AMPA or KA-mediated excitotoxicity. A, Primary cortical
neurons were treated with AMPA, and the viability of these neurons was measured by the LDH assay. Each data point represented
three independent experiments. Error bars represent SEM. “p << 0.001; *p << 0.01. B, Organotypic spinal cord slice cultures of WT
(Ba, Bc) and KO lumbar spinal cords (Bb, Bd) were allowed to recover for 1 week before treatment with vehicle (Ba, Bb) or AMPA
(25 pum; Be, Bd) for 2 weeks. The spinal motor neurons were revealed by immunostaining with the SMI32 antibody. €, Bar graph
shows the average numbers of SMI 32-positive spinal motor neurons in each cultured spinal cord slice. Error bars represent SEM.
#p < 0.001.D, KA was injected into the ventral horn parenchyma of lumbar spinal cord of wild-type (Da) and ALS2 "~ (Db) mice.
Brackets delineate motor neuron columns in the spinal cord. Arrows mark the injection sites. E, Bar graph shows the quantitative
analysis of the KA-induced motor neuron loss in the two different mouse genotypes. Error bars represent SD. Scale bars: B, 20 .m;

quent increased susceptibility of ALS2™/~ spinal motor neurons to
AMPA or kainic acid-induced neurotoxicity.

Although the function of the N-terminal RLD of alsin is still
unclear, we show here that it selectively interacts with the first
three PDZ domains of GRIP1. Coexpression of alsin and GRIP1
in cultured neurons revealed extensive colocalization of these two
proteins, particularly in some vesicle-like structures in the den-
dritic shaft and spines. Although it remains to be determined
whether endogenous ALS2 is located in the postsynaptic site by
immunocytochemistry, cell fractionation experiments clearly
show an enrichment of alsin in the PSD fraction. To further
support a physiological interaction between ALS2 and GRIP1, we
find that the subcellular distribution of GRIP1 is altered in
ALS2™/~ spinal motor neurons. The transportation of GRIP1 is
mediated by kinesin family motor proteins and in kinesin heavy
chain (KIF5b) knock-out cells, more GRIP1 is located in the
center than the periphery of the cell (Setou et al., 2002). A mis-
sense mutation in KIF5A causes a form of autosomal dominant
“pure” hereditary spastic paraplegia (SPG10) (Reid et al., 2002),
which exhibits similar motor behavioral phenotypes as ALS2.
Because a similar increased accumulation of GRIP1 is observed in
perikaryon of ALS2™/~ spinal motor neurons, it will be interest-
ing to examine whether the kinesin-mediated transport of GRIP1
is impaired in ALS2™"" neurons.

A number of previous studies have shown that GluR2-lacking
AMPARs play important physiological roles in various types of
neurons in the CNS (Cull-Candy et al., 2006). Although the ma-
jority of AMPARs contain GluR2 subunits, some endogenous
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GluR2-lacking AMPARs do route into synapses during synaptic
potentiation (Zhu et al., 2000). In particular, during early post-
natal development, in which the expression of GluR2 is relatively
low (Zhu et al., 2000; Kolleker et al., 2003), GluR2-lacking AM-
PARs may mediate a significant portion of synaptic transmission,
causing rectified AMPA responses and calcium influx (Zhu et al.,
2000; Kumar et al., 2002). In contrast, in juvenile and adult neu-
rons, synaptic GluR2-lacking AMPARs are either removed or
replaced by GluR2-containing, calcium-impermeable AMPARs
in a GRIP1-dependent manner (Bagal et al., 2005; Bellone and
Luscher, 2006; McCormack et al., 2006; Plant et al., 2006).
ALS2™’" neurons show increased synaptic/cell surface expres-
sion of GluR2-lacking AMPARSs, consistent with the findings that
GRIP1 plays key roles in replacing synaptic GluR2-lacking AM-
PARs with GluR2-containing AMPARs and/or in stabilizing
GluR2-containing AMPARs at both synaptic and intracellular
sites (Dong et al., 1997; Wyszynski et al., 1999; Daw et al., 2000).
Furthermore, ALS2™/~ neurons display increased susceptibility
to glutamate receptor-mediated excitotoxicity, supporting the
hypothesis that the increased calcium influx via GluR2-lacking,
calcium-permeable AMPARs is one of the major causes of motor
neuron degeneration in ALS (Rothstein, 1996; Shaw and Ince,
1997; Kwak and Weiss, 2006). Thus, Our findings reveal a novel
function of alsin in AMPAR trafficking and provide a novel mo-
lecular pathway linking alsin-deficiency with motor neuron de-
generation, which may serves as the therapeutic target for the
treatment of ALS2 and related motor neuron diseases.
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