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Abstract
AMPA receptors are glutamate receptors that are tetramers of various combinations of GluR1-4
subunits. AMPA receptors containing GluR1, 3 and 4 are Ca2+ permeable, however, AMPA
receptors containing even a single subunit of GluR2 are Ca2+ impermeable. Most AMPA receptors
are Ca2+ impermeable due to the presence of GluR2. GluR2 confers special properties on AMPA
receptors through the presence of arginine at the pore apex; other subunits (GluR1, 3, 4) contain
glutamine at the pore apex and allow Ca2+ influx. Normally, an RNA editing step changes DNA-
encoded glutamine to arginine, introduces arginine in the GluR2 pore apex. GluR2 RNA editing is
carried out by an RNA-dependent adenosine deaminase (ADAR2). Loss of GluR2 editing leads to
the formation of highly excitotoxic AMPA channels (Mahajan and Ziff, 2007) and is shown to
contribute to loss of motor neurons in Amyotrophic Lateral Sclerosis (ALS). Relatively higher
levels of Ca2+ permeable AMPA receptors are found in motor neurons and this has been correlated
with lower GluR2 mRNA levels. However, the reason for loss of GluR2 editing is not known.
Here we show that exposure of neurons to excitotoxic levels of glutamate leads to specific
cleavage of ADAR2 that leads to generation of unedited GluR2. We demonstrate that cleaved
ADAR2 leads to decrease or loss of GluR2 editing, which will further result in high Ca2+ influx
and excitotoxic neuronal death.
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Introduction
Glutamate is the major neurotransmitter in the central nervous system (CNS) that mediates
fast excitatory synaptic transmission and is involved in learning and memory. Glutamate
excess due to ischemic injury or underlying disease conditions of the CNS causes
neurodegeneration due to excitotoxicity (Lau and Tymianski, 2010). In particular, elevated
extracellular levels of glutamate in Amyotrophic Lateral Sclerosis (ALS) patients may arise
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from abnormal functioning of astrocytic glutamate transporters (Foran and Trotti, 2009).
Excess glutamate can potentially activate three types of ionotropic glutamate receptors,
namely NMDA receptors, AMPA receptors and kainate receptors.

The activation of NMDA receptors and their role in glutamate-mediated excitotoxicity is
well established (Lau and Tymianski, 2010). NMDA receptors are blocked by voltage and
Mg2+-dependent mechanism under physiological conditions. They are not activated by the
binding of glutamate alone, and require both membrane depolarization and glutamate
binding for activation. Ischemic conditions, however, fulfill both prerequisites for NMDA
receptor activation, thereby leading to uncontrolled, pathological NMDA receptor
activation.

AMPA receptors are composed of various combinations of GluR1-4 subunits and are either
Ca2+ permeable (containing exclusively GluR1, GluR3 or GluR4) or Ca2+ impermeable,
containing GluR2 and other GluR subunits (GluR1, 3 and 4) (Hollmann and Heinemann,
1994). AMPA receptors are largely Ca2+ impermeable due to the presence of the GluR2
subunit, which prevents Ca2+ permeability and only allows Na+ influx (Lu et al., 2009).
AMPA receptors are activated simply upon ligand binding and often their activation
precedes NMDA receptor activation. GluR2 incorporation changes the properties of AMPA
receptors due to the presence of arginine in GluR2 at the pore apex of the channel.
Posttranscriptionally the codon for arginine is introduced in the GluR2 RNA by an RNA
editing enzyme, adenosine deaminase dependent on RNA 2 (ADAR2) (Melcher et al.,
1996a, Melcher et al., 1996b). Interestingly, due to it’s editing, GluR2 plays a crucial role in
moderating synaptic transmission. Under physiological conditions upon high frequency
stimulation, the Ca2+ influx through Ca2+ permeable AMPA receptors triggers a change in
the composition of AMPA receptors by activating the incorporation of GluR2 into the
synaptic surface AMPA receptor pool, thereby decreasing the Ca2+ influx and preventing
excitotoxicity through Ca2+ permeable AMPA receptors (Gardner et al., 2005). Under
physiological conditions GluR2 editing is almost 100% complete throughout life and in the
embryonic stages of mice (Brusa et al., 1995). However, Kawahara et al (Kawahara et al.,
2004) have shown that GluR2 editing is lowered or absent in motor neurons of ALS
patients, but not in Purkinje cells of ALS patients or Purkinje cells or motor neurons of
control subjects. GluR2, which is in its edited form has a protective effect on the neuron,
may become very toxic upon failure of editing as was suggested in the case of sporadic ALS
patients. Unedited GluR2, when incorporated into AMPA receptors, creates channels that
are even more toxic than Ca2+ permeable AMPA receptors lacking GluR2, due to their fast
synaptic trafficking nature and high Ca2+ permeability (Mahajan and Ziff, 2007). Hideyama
et al (Hideyama et al., 2010) further confirmed that lowered editing of GluR2 in a
conditional knock out of ADAR2 in mouse leads to motor neuron disease. Mice with a
general knock out of ADAR2, in contrast, succumb to seizures (Higuchi et al., 2000). Loss
of editing of GluR2 has been observed in ALS patients, but how the editing is lowered is not
known. It is not known whether the ADAR2 enzyme is absent or is rendered non-functional.
If ADAR2 loses function, it is not established how and what could be the cause of the
functional loss of ADAR2. The results of this report clearly demonstrate that one
mechanism for lowering editing of GluR2 is by activity-dependent degradation of ADAR2.
We show that exposure of neurons to high levels of glutamate causes ADAR2 enzyme
cleavage and decrease in GluR2 editing via the activation of the NMDA receptor and the
subsequent activation of calpain. Notably, this is a first report that demonstrates that long
term damaging effects of excess glutamate on AMPA receptor function occur through the
activation of a new form of NMDA receptor-dependent excitotoxicity.
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Experimental Procedures
Primary neuronal cultures

Neurons obtained from E 19 Sprague Dawley rat embryos were processed and maintained as
described (Osten et al., 1998). For hippocampal neurons in 6 well plates, the neurons were
plated at a density of 150,000 per well on cover slips precoated with poly-L-Lysine and
maintained for 2 weeks. For cortical neuronal cultures, used in western blotting, cortical
neurons were plated on 10 cm dishes for 10 days.

Constructs
The ADAR2b cDNA obtained from Dr. Ron Emeson was sub cloned into Xba I and Mlu I
sites of a modified (attenuated) Sindbis virus vector (Mahajan and Ziff, 2007). A Flag-tag
was introduced at the C terminus of full length ADAR2.

Treatment of neuronal cultures
Cortical neuronal cultures at 10 d.i.v. for western blots were treated either untreated or
treated with 100 µM glutamate (Tocris) for 30 min or 1 hr in the kinetics experiment.
AMPA (Tocris) was used at 20 µM or 100 µM, NMDA (Tocris) was also used at 20 µM or
100 µM as specified in the experiments. NMDA receptor blocker, APV (100 µM) (Tocris)
and AMPA receptor blocker, CNQX (20 µM) (Tocris) were added 2 min prior to addition of
the agonist (NMDA, AMPA). All other inhibitors such as N-Omega-Nitro-L-Arginine (L-
NAME, 100 µM), nifedipine (20 µM) calpain inhibitor 1 (50 µM) (Calbiochem), calpain
inhibitor X ( 10 µM) (Calbiochem), MG132 (20 µM) (Calbiochem) , epoxomicin ( 20 µM)
(Peptide International), caspase 3 inhibitor (1 µM), caspase inhibitor 3 (15 µM) (Santa Cruz
Biotech. Inc) and zVAD-FMK (50 µM) (Promega) were added 5 min prior to the treatment
with glutamate. In all experiments except the kinetics assay, glutamate treatment and
treatment with other inhibitors was done for 1 hr.

Antibodies—Anti-N-terminus antibodies were made to the sequence 48-
STSRKRPLEEGSNGC-61 of ADAR2b to detect ADAR2b in neurons using
immunofluorescence. Anti-ADAR2 antibody used to detect endogenous ADAR2 in the
western blot is a gift from Ron Emeson.

Nuclear extract—Crude nuclear extracts were prepared by the protocol of Schreiber et al
(Schreiber et al., 1989). Briefly, approximately 3 million cells were washed with 1X PBS
collected in PBS, and centrifuged to collect the cell pellet. The cells were resuspended in
400 µL of buffer (10 mM HEPES pH7.9, 10mM KCL, 0.1 mM EDTA, 0.1 mM EGTA, 1
mM DTT, 0.5 mM PMSF) by gently pipetting up and down. The cells were left on ice for 15
minutes, 25 µL of 25% NP-40 was added and the suspension was vortexed vigorously for 10
sec. The homogenate was centrifuged and the pellet containing crude nuclei was collected
and resuspended in buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, I mM EDTA, 1 mM EGTA,
1 mM DTT, 1 mM PMSF). The tube was vigorously rocked for 15 min at 4o C and
centrifuged to obtain the supernatant of the crude nuclear extract. In our experiments 3
million cells were used per sample for detecting exogenous expression of ADAR2 and 6
million cells were used to detect endogenous ADAR2 expression.

Western blot—Exogenous ADAR2 expression was detected using anti Flag antibodies
followed by anti-mouse secondary antibody conjugated to horseradish peroxidase.
Endogenous ADAR2 was detected by anti-ADAR2 antibody (gift of Ron Emeson) followed
by anti-sheep secondary antibody conjugated to horseradish peroxidase. Horseradish
peroxidase was detected by ECL using Pierce reagents.
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Immunofluorescence—Endogenous ADAR2: Hippocampal neurons were fixed in 4%
for 10 min paraformaldehyde and permeabilized using 0.2% Triton-X100 for 5 min. The
neurons were incubated with anti N-ter ADAR2 and anti MAP-2 antibodies followed by
FITC conjugated anti rabbit and rhodamine conjugated anti mouse secondary antibodies.
The images were captured using confocal microscopy using a Nikon PCM 2000 confocal
microscope and simple 32 software (Compix). Exogenous ADAR2: Hippocampal neurons
were infected with ADAR2b-expressing Sindbis virus. Neurons were fixed in 4 %
paraformaldehyde for 10 min followed by permeabilization by 0.2% Triton-X 100 for 5 min.
ADAR2b was detected using anti Flag antibody and, neurons were detected using anti
MAP2 antibody followed by secondary antibodies FITC conjugated anti mouse and
rhodamine conjugated anti-goat. The images were captured using confocal microscopy.

Total RNA extraction and reverse transcription
Cortical neurons (150,000)/well in 6 well plates at 10 d.i.v. were either untreated or treated
with 100µM glutamate for 1 hr. Media in the samples was replaced with conditioned media
without glutamate at 1hr. Samples were collected in RNAsol (Biorad) and processed for
total RNA extraction at various time intervals. Total RNA was resuspended in 20 µl DEPC
treated water and digested with DNase 1 (Fermentas) for 1 hr in 30 µl volume and 2 µl of
RNA was used for reverse transcription using Maxima Reverse Transcriptase (Fermentas)
and oligodT (20mer) in a 20 µl volume at 50° C for 1 hr. The reactions were terminated by
heating the samples at 85°C for 5 min.

Editing assay
The editing assay was performed using the method described by Kawahara et al (Kawahara
et al., 2003). Briefly, first PCR was performed using 2 µl of above cDNA samples using the
primers; GluR2F1-5';-TCTGGTTTTCCTTGGGTGCC-3' and GluR2R1-5'-
AGATCCTCAGCACTTTCG-3' and for the nested PCR the primers used were GluR2F2-5'-
GGTTTTCCTTGGGTGCCTTTAT-3’ and GluR2RR2-5'-
ATCCTCAGCACTTTCGATGG-3'. The PCR reactions were performed using Dream Taq
polymerase from Fermentas. The PCR product obtained with the nested PCR was 182 bp.
The edited samples upon BbvI digestion would produce 116bp and 66bp fragments and the
unedited GluR2 would produce 81bp, 66bp and 35bp fragments. The digested nested PCR
fragments were separated on a 4% agarose gel. MAP-2 primers were used to amplify cDNA
to serve as an internal control using primers, MAP-2F-5’-
CCAAGGAGTCTGATTGCAGGA-3’ and MAP2-R-5’-
CCTCAACCACAGCTCAAATGC-3’. The MAP-2 product is 198bp.

Results
1. Structure and expression

1.1 Exogenous expression of ADAR2 in hippocampal neurons—To study the
regulation of ADAR2 under excitotoxic conditions induced by glutamate in neurons, the
cellular localization of virally expressed ADAR2 was examined and compared with
endogenous ADAR2. Complementary DNA of ADAR2b was expressed in 14 div
hippocampal neurons from E18 pups using a Sindbis vector. An attenuated form of the
Sindbis virus expression vector was used to reduce toxicity resulting from the viral protein
expression load as described earlier (Mahajan and Ziff, 2007). Virally expressed ADAR2 in
this experiment was the full-length protein that contained an NLS at the N terminus, two
double stranded RNA binding domains, DRBM1 and DRBM2, and a C terminal deaminase
domain and a Flag-tag at the C terminus (Figure 1A). Hippocampal neurons were infected
with Flag-tagged ADAR2 expressing Sindbis virus for 17 hrs. Uninfected neurons were used
to compare the endogenous and virally expressed ADAR2. As expected, the exogenously
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expressed ADAR2 (Figure 1B upper panel) showed nuclear and nucleolar localization
similar to endogenous ADAR2 (Figure 1B lower panel).

2. ADAR2 is cleaved upon glutamate exposure
2.1 Kinetics of glutamate induced ADAR2 cleavage—Flag-ADAR2 in cortical
neurons also showed similar nuclear localization upon viral expression (data not shown).
The kinetics of the effects of glutamate stimulation in cortical neurons was studied. Cortical
neurons in 10 cm dishes at 10 d.i.v were infected with ADAR2 containing Sindbis virus.
Seventeen hr post infection, the neurons were either left untreated or treated with 100 µM
glutamate for 15 min, 30 minutes or 1 hr. Crude nuclear extracts were prepared and analyzed
by western blotting using anti-flag antibodies (Figure 2A). Cleavage of ADAR2 as revealed
by bands migrating ahead of the full-length protein, was seen at 1hr of glutamate treatment
(lane 4) but not in untreated neurons or in neurons treated for 15’ or 30’ (lanes 1, 2 and 3).
The cleavage product detected was a ~50 kD C terminal ADAR2 fragment. The N terminal
product, which lacks a Flag-tag and was not detected in this experiment, is predicted to be
approximately 30kD. The approximate cleavage site is shown in Figure 1A. However, we
cannot exclude the possibility that additional cleavages occur in the N-terminal fragment.

2.2 Glutamate dose dependent cleavage of ADAR2—We next determined if
glutamate-induced cleavage of ADAR2 was dose-dependent. ADAR2 was expressed in
cortical neurons 10 d.i.v by infection for seventeen hrs, and neurons were either left
untreated or were treated with glutamate at concentrations of 0.2 µM, 2.0 µM, 20 µM and
200 µM. One hour post-treatment, crude nuclear extracts were prepared and analyzed by
Western blotting using anti-Flag antibody (Figure 2B). A glutamate dose-dependent increase
in ADAR2 cleavage was observed at 20 µM (lane 4) and 200 µM (lane 5), however, no
cleavage was observed in the untreated neurons or in neurons treated with 0.2 µM (lane 2)
or 2.0 µM (lane 3) glutamate.

3. Glutamate induced ADAR2 cleavage depends upon NMDA receptor activation
3.1 A NMDA receptor antagonist blocks glutamate induced ADAR2 cleavage—
Glutamate activates both NMDA and AMPA receptors. To determine the type of receptor
involved in glutamate dependent ADAR2 cleavage, we analyzed glutamate induced ADAR2
cleavage under conditions when specific receptors were blocked. We applied the receptor
blockers APV (NMDA receptor antagonist, 100 µM), CNQX (AMPA receptor antagonist,
20µM) and nifedipine (L-type Ca2+ channel blocker, 20 µM) to virally expressing ADAR2
cortical neurons together with glutamate. Nuclear extracts were prepared and analyzed by
SDS-PAGE and western blotting using anti-Flag antibody (Figure 3A). An unstimulated
control did not show cleavage of ADAR2 (lane 1). Glutamate (100 µM for 1hr), as expected,
induced cleavage (lane 2), and the glutamate-induced cleavage was blocked by APV (lane 3)
but not by CNQX (lane 4) or nifedipine (lane 6). A combination of APV and CNQX, or
APV and nifedipine treatments resulted in the blockage of ADAR2 cleavage (lanes 5 and 7),
however, combined treatment with CNQX and nifedipine did not block glutamate dependent
cleavage (lane 8). These results demonstrate that glutamate induced ADAR2 cleavage
requires the activation of the NMDA receptor but not the AMPA receptor or L-type Ca2+

channels.

3.2 ADAR2 cleavage is induced by glutamate and NMDA but not by AMPA—To
confirm that the activation of NMDA receptors was involved in glutamate induced ADAR2
cleavage, we analyzed the cleavage of ADAR2 following stimulation with selective
agonists, NMDA and AMPA. Cortical neurons expressing ADAR2 were either not treated
or treated with AMPA (20 µM), NMDA (20 µM), or glutamate (20 µM). Nuclear extracts
were analyzed using SDS-PAGE and western blotting using anti-Flag antibody. The results
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in Figure 3B showed that ADAR2 cleavage was induced by both NMDA (lane 3) and
glutamate (lane 4) but not by AMPA (lane 2) and no cleavage was seen in the untreated
sample (lane 1). To confirm that a high concentration of AMPA does not induce cleavage,
we treated cortical neurons expressing Flag-ADAR2 with 100µM AMPA for 1hr. No
cleavage was observed in either an untreated control sample shown in Figure 3D (lane 1) or
in a 100µM AMPA treated sample (lane2). This data confirmed that the cleavage of ADAR2
was induced by the activation of NMDA receptors and not through AMPA receptors.

4. Endogenous ADAR2 cleavage by glutamate
To determine whether ADAR2 cleavage was not an artifact of over expression of ADAR2,
we analyzed the effect of glutamate on endogenous ADAR2 in cortical neurons. Cortical
neurons were either not stimulated or stimulated with NMDA or glutamate. Nuclear extracts
were prepared and analyzed using SDS-PAGE followed by western blotting. Endogenous
ADAR2 was detected using anti-ADAR2 antibody (Figure 3C) (gift from Ron Emeson).
Stimulation by NMDA (100 µM) (lane 2) or glutamate (100 µM) (lane 3) induced ADAR2
cleavage. This result demonstrated that cleavage of exogenously expressed ADAR2 induced
by glutamate was recapitulated by the cleavage of endogenous ADAR2, and suggests that
ADAR2 cleavage induced by glutamate was not an artifact of over expression of ADAR2.

5. A neuronal nitric oxide synthase inhibitor does not block ADAR2 cleavage induced by
glutamate

NMDA receptor activation is coupled to the activation of neuronal NOS (nNOS) (Bredt and
Snyder, 1992). Since our results thus far demonstrated that the activation of NMDA
receptors was involved in glutamate dependent ADAR2 cleavage, we investigated the
involvement of nNOS in the induction of ADAR2 cleavage by glutamate. Cortical neuron
cultures virally expressing ADAR2 were either not stimulated or were stimulated with
glutamate or glutamate and the nNOS inhibitor, N-Omega-Nitro-L-Arginine (L-NAME, 100
|M). Nuclear extracts were prepared from these samples and analyzed using SDS-PAGE and
western blotting using anti-Flag antibodies (Figure 4A). Untreated samples did not show
ADAR2 cleavage (lane 1). Glutamate stimulation induced cleavage (lane 2), and L-NAME
did not block glutamate induced ADAR2 cleavage (lane 3). This result demonstrated that
ADAR2 cleavage induced by the activation of NMDA receptors was independent of nNOS
activation.

6. Glutamate induced ADAR2 cleavage is dependent on Ca2+ influx
NMDA receptor activation leads to Ca2+ influx followed by synaptic cascades initiated by a
rise in local Ca2+ concentration (Nicholls et al., 1999). However, Ca2+ influx-independent
NMDA receptor activation has been shown to play an important role in neuronal death
(Kato and Murota, 2005). ADAR2 cleavage may lead to inactivation of ADAR2 followed by
loss or decrease in GluR2 editing, which may in turn trigger neuronal death (Mahajan and
Ziff, 2007). We studied the involvement of Ca2+ influx in ADAR2 cleavage. Cortical
neurons expressing exogenous ADAR2 were either not treated, or treated with BAPTA/am,
an extracellular Ca2+ chelator, prior to glutamate treatment, or were treated with TPEN, a
transition metal chelator, plus glutamate (Figure 4B). Glutamate treatment induced ADAR2
cleavage (lane 1) as expected, and treatment with TPEN did not block ADAR2 cleavage
induced by glutamate (lane 2) but treatment with BAPTA/am blocked glutamate induced
ADAR2 cleavage efficiently (lane 3). This result demonstrated that Ca2+ influx was
necessary for ADAR2 cleavage, however, a transition metal chelator did not have any effect
on glutamate induced ADAR2 cleavage.
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7. Glutamate induced ADAR2 cleavage is calpain dependent
Our results suggested that the ADAR2 cleavage was Ca2+-dependent and thus may be
carried out by any of the cascades that are initiated by an increase in local Ca2+

concentration. We investigated the cleavage pathway further to determine the protease that
may be involved in ADAR2 cleavage. A series of protease inhibitors was applied to the
neurons including proteosome inhibitor, caspase inhibitors and calpain inhibitors.
Specifically, cortical neurons expressing exogenous ADAR2 were either not treated or were
treated with glutamate (20 µM), or glutamate and plus the proteosome inhibitors, MG132
(20 µM) or epoxomicin (20 µM), or with glutamate and the caspase inhibitors, zVAD (50
µM) or Caspase inhibitor 3 (15 µM) or caspase 3 inhibitor (1 µM), or with glutamate and
calpain inhibitor I (50 µM) (Figure 5A). Untreated neurons did not show ADAR2 cleavage
(lane 1). Glutamate treatment resulted in ADAR2 cleavage (lane 2), and the proteosome/
calpain inhibitor MG132 blocked ADAR2 cleavage (lane 4). However, another proteosome
inhibitor, epoxomicin, did not block ADAR2 cleavage, and none of the caspase inhibitors,
zVAD, caspase inhibitor III or caspase 3 inhibitor blocked the cleavage (lane 6, 7 and 8).
Interestingly, calpain inhibitor I blocked ADAR2 cleavage (lane 3). These results
demonstrated that calpain inhibitor I completely blocked ADAR2 cleavage. MG132 has
been shown to inhibit both the proteosome and calpain (Figueiredo-Pereira et al., 1994) (Lee
and Goldberg, 1998). Our studies suggest that the MG132 mediated block of calpain activity
is the basis for the block of ADAR2 cleavage because the inhibition of ADAR2 cleavage is
replicated by Calpain inhibitor I but not by another proteosome inhibitor, epoxomicin.

To confirm the result that calpain inhibitor I completely blocks ADAR2 cleavage, we used a
second Calpain inhibitor, Calpain inhibitor X (Figure 5B). Cortical neurons were treated
with glutamate as described above using the two calpain inhibitors. Calpain inhibitor I (50
µM) (lane 2) and calpain inhibitor X (10 µM) (lane 3). Both blocked glutamate induced
ADAR2 cleavage. This result thus confirmed the involvement of calpain in mediating
ADAR2 cleavage upon glutamate stimulation.

8. ADAR2 cleavage reduces GluR2 RNA editing
We analyzed editing levels by the method of Kawahara et al (Kawahara et al., 2003), in
which Q/R RNA editing site sequences were amplified by means of PCR primers
complementary to intronic and exonic sequences that surround the editing site. RNA editing
is assayed by changes in the BbVI restriction pattern. Total RNA was extracted from either
untreated cortical neurons or cortical neurons treated with 100µM glutamate for 1hr, 2hr, 4
hr and 6 hr post glutamate treatment. The RNA was used for cDNA synthesis followed by 2
sets of PCR and samples were digested with BbvI to assess editing by ADAD2 as described
in the Experimental Procedures section. The fragment sizes obtained with BbvI digestion are
depicted in Figure 6A. The results in Figure 6B show nested PCR products digested with
BbvI. The sample at 0h, 1hr and 2hr show complete editing represented by two fragments of
sizes 116bp and 66bp, however, at 4h and 6h two new fragments 81bp and 35bp are
observed that are generated from the unedited GluR2 RNA as depicted in Figure 6A. A non-
specific band (marked by an asterisk) appears immediately above the 35bp band but
observed even in the untreated sample and therefore is irrelevant to glutamate treatment. The
undigested nested PCR product is shown in Figure 6C. MAP-2 cDNA was amplified using
the samples to serve as an internal control (Figure 6D). The undigested nested PCR products
shown in Figure 6C and the MAP-2 PCR products shown in 6D fluctuate between the
samples, which and may indicate fluctuations due to mRNA stability following glutamate
treatment. The bands were quantified from three independent experiments and the ratios of
intensities of 166bp/66bp and 81bp/66bp are plotted in Figure 6E. Relative levels of
unedited GluR2 RNA at 4h and 6h are shown in Figure 6F. The results show a significant
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loss of editing of GluR2 RNA at 4h and 6h. This result confirms that excitotoxic treatment
with glutamate that causes cleavage of ADAR2 also results in loss of GluR2 editing.

Discussion
Excessive activation of NMDA receptors by glutamate can lead to excitotoxicity, however,
the involvement of AMPA receptors has been recently shown to occur as well, particularly
in neurodegenerative diseases like ALS (Grosskreutz et al., 2010) and ischemia (Arundine
and Tymianski, 2003, Kwak and Weiss, 2006, Forder and Tymianski, 2009). Glutamate
excitotoxicity is caused by the unregulated elevation of levels of glutamate that occurs under
conditions of ischemia or in ALS. Elevated levels of glutamate were observed in the
cerebrospinal fluid (CSF) of 40% of ALS patients and high levels of glutamate were
correlated with the spinal onset of ALS (Spreux-Varoquaux et al., 2002). Abnormal
glutamate metabolism has been shown in ALS patients (Plaitakis and Caroscio, 1987,
Rothstein et al., 1990). In both sporadic and familial ALS, glutamate reuptake by the
glutamate astroglial transporter, GLT1, was decreased or absent, in both motor cortex and
spinal cord (Rothstein et al., 1995, Fray et al., 1998, Sasaki and Iwata, 2000).

Sustained increased levels of glutamate at synapses would lead to the activation of AMPA
receptors that in turn depolarize the neuron through Na+ entry, and activate NMDA
receptors through coincident membrane depolarization and glutamate binding (Hollmann
and Heinemann, 1994). The majority of AMPA receptors are Na+ permeable and Ca2+

impermeable due to the presence of GluR2 subunit, which controls Ca2+/Zn2+ permeability
of the heteromeric AMPA receptor channel. Insertion of single subunit of GluR2 ensures
Ca2+ impermeability of the AMPA receptor, and channels lacking GluR2 subunits are Ca2+

permeable (Seeburg et al., 1998). Ca2+ permeable AMPA receptors play an important role in
AMPA receptor mediated excitotoxicity (Gorter et al., 1997, Pellegrini-Giampietro et al.,
1997, Weiss and Sensi, 2000, Cull-Candy et al., 2006, Kwak and Weiss, 2006, Liu and
Zukin, 2007, Buckingham et al., 2008). Under normal conditions, most of the AMPA
receptors are Ca2+ impermeable, however, in motor neurons the level of Ca2+ permeable
AMPA receptors is higher due to relatively lower levels of GluR2 mRNA (Carriedo et al.,
1996, Van Den Bosch et al., 2002). Also the Ca2+ buffering capacity of motor neurons is
limited (Van Den Bosch et al., 2002), leading to a greater potential for glutamate and Ca2+

dependent toxicity.

Another factor that contributes to glutamate-induced toxicity is the lower levels or absence
of GluR2 editing. Kawahara et al (Kawahara et al., 2004) (Aizawa et al., 2010) have
demonstrated decreased editing of GluR2, specifically in motor neurons of ALS patients.
Decreased editing of GluR2 can dramatically alter the conductance properties and
trafficking properties of unedited GluR2 containing AMPA receptors (Mahajan and Ziff,
2007). Unedited GluR2 is highly toxic due to increased Ca2+ influx, and unedited GluR2
traffics to the plasma membrane efficiently, thereby contributing further to the toxicity of
unedited GluR2 containing AMPA receptors (Mahajan and Ziff, 2007). Furthermore,
expression of GluR2 with an aspargine at the pore apex, which controls Ca2+ permeability,
has been shown to contribute to motor neuron toxicity and late onset motor neuron disease,
suggesting that the increased Ca2+ permeability through altered GluR2 containing AMPA
receptors contributes to motor neuron toxicity in ALS (Kuner et al., 2005). The presence of
a relatively greater number of Ca2+-permeable AMPA receptors in motor neurons has been
shown to contribute to glutamate toxicity (Van Den Bosch et al., 2006). Moreover, loss of
editing of GluR2, which increases this number further may also contribute to the loss of
motor neurons in ALS. However, the cause of lower editing by ADAR2 of GluR2 is not
known.
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Glutamate induced ADAR2 cleavage produces a C terminal ~50kD fragment that spans a
region that contains the DRBM2 and the deaminase domain. This predicts the release of an
N terminal ~30kD fragment containing the NLS and the DRBM1. In vitro studies of
truncation of human ADAR2 have shown that ADAR2 requires both DRBM1 and DRBM2
for ADAR2 to edit long substrates (Macbeth et al., 2004). Poulsen et al (Poulsen et al.,
2006) have shown that DRBM1 in ADAR2 contributes primarily to ADAR2 dimerization
and RNA binding, and that DRBM2 mainly contributes to the deaminase activity. Loss of
dimerization and RNA binding could be sufficient to hamper the activity of the cleaved C
terminal fragment, which only contains the DRBM1 and the deaminase domain. We have
shown that elevated glutamate induces the cleavage of ADAR2 in a time dependent manner
and we show that this cleavage leads to loss of GluR2 editing and increased toxicity through
unedited GluR2 containing AMPA receptors.

A dose dependent cleavage experiment demonstrated that the amount of glutamate required
to induce ADAR2 cleavage is around 20 µM for cultured neurons and that the ADAR2
cleavage is not only dose dependent but also is induced by an excitotoxic glutamate
concentration. Prolonged exposure to glutamate and exposure to higher doses of glutamate
leads to increased ADAR2 cleavage. Therefore, glutamate induced ADAR2 cleavage is both
time and dose dependent and can lead to greater inactivation of the enzyme with greater
excitotoxic insult.

Ca2+ permeable AMPA receptors serve as entry routes for the divalent cation, Zn2+, which
is released along with glutamate at certain excitatory synapses and is highly conducted by
Ca2+ permeable AMPA channels (Jia et al., 2002). Zn2+ has been shown to accumulate
intracellularly in both ischemia and epilepsy and Zn2+ chelators have been effective
neuroprotectors (Koh et al., 1996, Yin et al., 2002, Lee et al., 2003). Zn2+ is more potent
than Ca2+ in inducing mitochondrial injury as a consequence of generation of reactive
oxygen species (ROS) (Sensi et al., 1999), poly-ADP ribose polymerase activation (PARP)
and finally neuronal death (Kwak and Weiss, 2006). TPEN, a Zn2+ chelator, however, in our
studies, was unable to block the degradation of ADAR2 suggesting that the degradation of
ADAR2 is not caused by Zn2+ influx. Neuronal nitric oxide (nNOS) is induced under
pathological conditions through the excessive stimulation of NMDA receptors and plays a
role in excitotoxic death of neurons (Keynes and Garthwaite, 2004), however, our results
suggested that nNOS is not activated in the pathway that results in ADAR2 cleavage in our
studies.

Excess glutamate stimulation may trigger the activation of the proteosome, and ADAR2
cleavage could possibly result from proteosomal degradation. MG132 blocked ADAR2
cleavage, however, epoxomicin failed to block ADAR2 cleavage. The contradiction may be
explained by the non-specific nature of MG132, which can block both the proteosome and
calpain (Figueiredo-Pereira et al., 1994, Lee and Goldberg, 1998). Excess glutamate causes
excitotoxic death in neurons and induces cleavage of AMPA receptor subunits GluR1-4 in
neural apoptosis and Alzheimer’s disease (Chan et al., 1999) and activates proteases of
apoptotic pathway. Interestingly, ADAR2 cleavage was not blocked by any of the caspase
inhibitors examined suggesting that ADAR2 was not cleaved by caspases. High levels of
glutamate release occur under ischemic conditions as well as under conditions of ALS (Lau
and Tymianski, 2010). Exposure of hippocampal neurons to excessive glutamate has been
shown to activate calpain, and inhibition of calpain activity in motor neurons of ventral
spinal cord after glutamate exposure has been shown to provide neuroprotection, suggesting
that the apoptosis caused by excess glutamate is somehow mediated by calpain activation
(Chan et al., 1999, Chan and Mattson, 1999, Das et al., 2005). Similarly, altered calpain
expression has been shown in the brain and the spinal cord in murine mutant model and may
contribute to motor neuron disease (Li et al., 1998). Furthermore, age related
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neurodegeneration has been shown to be linked to calpain activation (Nixon, 2003). In our
studies, glutamate induced ADAR2 cleavage was mediated through NMDA receptors and
was blocked by calpain inhibitor. Interestingly, the use of peptides that block the NMDA
receptor-PSD95 interaction (Aarts et al., 2002) and the use of PSD95 inhibitors has been
demonstrated to be effective in reducing the infarct size in stroke rats (Sun et al., 2008).
Furthermore, PSD95 is a substrate for calpain in both adult and neonatal rats (Lu et al.,
2000).

Interestingly earlier studies by Ademec et al have employed similar glutamate treatment
conditions with primary hippocampal cultures and shown that the calpain 1 is activated
through stimulation of the NMDA receptor, which resulted in calpain-mediated spectrin
degradation (Adamec et al., 2002). However, glutamate treatment of hippocampal neurons
for I hr and activation of calpain was not linked to excitotoxic death of neurons by glutamate
(Adamec et al., 2002). Our studies indicate that besides non specific degradation of
cytoskeletal proteins by calpain activation, exposure to excitotoxic amounts of glutamate
(Adamec et al., 2002) leads to specific cleavage of ADAR2, which leads to functional loss
of ADAR2 activity that contributes to a decrease of GluR2 editing, thus leading to
incorporation into synapses of toxic AMPA receptor channels containing unedited GluR2.
Furthermore incorporation of unedited GluR2-containing AMPA receptors may eventually
lead to death of neurons due to their activation. Our results demonstrate a novel mechanism
in which exposure of neurons to high levels of glutamate causes loss of editing via ADAR2
cleavage.

A loss of GluR2 editing in ischemia may occur upon excessive glutamate release and the
generation of membrane depolarizing conditions, which may lead to the activation of
NMDA receptors (Aarts et al., 2003). Peng et al have demonstrated that induction of
forebrain ischemia results in reduced GluR2 editing in hippocampal pyramidal neurons
(Peng et al., 2006). Under these conditions excessive glutamate is released which is
simulated by our experimental treatment conditions. The activation of NMDA receptors and
the resulting large Ca2+ influxes may activate calpain dependent cleavage of ADAR2.
Cleavage of ADAR2 leads to decreased editing of GluR2 and incorporation of unedited
AMPA receptors that are highly Ca2+ permeable further contributing to the toxicity of
neurons and neuronal death. Under conditions of ALS, increased levels of glutamate may
also lead to similar molecular changes resulting in neuronal death. Our results provide the
first evidence that the ADAR2 enzyme is cleaved, leading to lower GluR2 editing and may
cause the production of toxic Ca2+ permeable unedited GluR2-containing AMPA channels
and death of neurons.

Kawahara et al (Kawahara et al., 2004) have reported that editing levels decline greatly in
motor neurons from ALS patients. Using the same editing assay as Kawahara et al
(Kawahara et al., 2003), which is based on restriction enzyme cleavage of DNA sequences
amplified by PCR, we showed the appearance of bands that indicate the appearance of
unedited GluR2 mRNA dissociated hippocampal neurons following glutamate stimulation.
This assay is sensitive to editing changes because it employs primers targeted to different
exons and thus analyzes the editing state of the mature mRNA while excluding signals from
nuclear RNA or contaminating DNA. We find that in control cells, this RNA is 100%
edited, but after 2 hours of glutamate treatment, the editing levels decline progressively with
time. This is consistent with our detection of cleaved ADAR2 within 1 hour of glutamate
stimulation. ALS is a chronic aliment and in the disease the editing failure process that we
describe here may take place gradually, yielding increasing proportions of unedited GluR2,
which we have shown previously is excitotoxic (Mahajan and Ziff, 2007). In agreement with
an excitotoxic potential for a progressive loss of editing, Hideyama et al (Hideyama et al.,
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2010) have shown that the expression of unedited GluR2 in motor neurons gave rise to a
condition resembling motor neuron disease including limb weakness.

Calpain activation has been earlier shown to degrade p27, a cyclin dependent kinase, after
glutamate-induced toxicity in cortical neurons (Akashiba et al., 2006). P27 is a nuclear
protein and was degraded in the nucleus showing that the nuclear calpain activation occurs
upon glutamate treatment (Akashiba et al., 2006) similar to our observation where dendritic
NMDA receptor activation leads to cleavage of ADAR2 in the nucleus. We do not know the
mechanism that is precisely involved in the activation of nuclear calpain, however we
speculate the processes involved in synapse to nucleus signaling are activated.

Calpain activation has been shown to contribute in various neuron related pathologies as in
Alzheimer’s Disease, Parkinson’s Disease and Huntington Disease (Nixon, 2003). The use
of calpain inhibitors has been shown to improve synaptic function and memory in
Alzheimer’s mouse model (Trinchese et al., 2008) and could be considered as a
pharmaceutical approach to reduce neuron death in ALS.

Conclusions
GluR2 editing plays an important role in modulating properties of AMPA receptors by
controlling the Ca2+ permeability and membrane trafficking thereby preventing influx of
excess Ca2+ into neurons. GluR2 editing by ADAR2 is almost 100% complete in an adult
brain however, under disease conditions such as Amyotrophic Lateral Sclerosis (ALS),
GluR2 is less efficiently edited especially in motor neurons. The reason for the reduced
GluR2 editing by ADAR2 is not known. Our results demonstrate that one way GuR2 editing
is lowered is by the damage to ADAR2. We demonstrate that ADAR2 in neurons gets
cleaved upon exposure to high levels of glutamate, through the activation of NMDA
receptors and calpain, which results in reduced editing of GluR2.

Highlights
Fate and function of ADAR2 is studied in cortical neurons upon glutamate stimulation.

ADAR2, an editing enzyme upon glutamate stimulation is cleaved into two fragments.

Glutamate stimulation leads to NMDA receptor and calpain activation.

Glutamate stimulation also lowers GluR2 editing in cortical neurons.

Abbreviation

NMDA N methyl D-aspartate

AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

APV 2-amino-5-phosphonopentanoic acid

CNQX 6-cyano-7nitroquinoxaline-2, 3-dione

DEPC diethylpyrocarbonate
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Figure 1. Structure of ADAR2, virally expressed ADAR2 shows nuclear localization like the
endogenous ADAR2
A. Structure of ADAR2.
B. Virally expressing hippocampal neurons were fixed with 4% paraformaldehyde and
immunostained with anti-flag antibody to detect ADAR2 expression and with anti-MAP-2
antibody (upper panel). Endogenous ADAR2 expression was detected by immunostaining
the neurons with anti-Nter ADAR2 antibody and anti-MAP2 (lower panel). Secondary
antibody staining was carried out using FITC and rhodamine conjugated secondary
antibodies, followed by confocal microscopy.
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Figure 2. Kinetics and dosage dependent curve of ADAR2 cleavage upon glutamate treatment
A. Cortical neurons 10 d.i.v expressing Flag-ADAR2 were treated with 100µM glutamate
for time points 0 min, 15 min, 30 min and 1hr. Nuclear extracts were subjected to western
blotting with anti-Flag antibody. B. Cortical neurons expressing Flag-ADAR2 were either
not treated (lane 1) treated with glutamate at 0.2µM (lane 2), 2µM (lane 3), 20µM (lane 4)
and 200µM (lane5).
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Figure 3. Both endogenous and exogenous ADAR2 cleavage occurs through the activation of
NMDA receptors
A. Cortical neurons expressing Flag-ADAR2 were either untreated (lane 1) or treated with
glutamate (lane 2), and the glutamate and APV (lane 3) glutamate and CNQX (lane 4)
glutamate with APV and CNQX (lane 5), glutamate and nifedipine (lane 6), glutamate with
APV and nifedipine (lane 7) and glutamate with CNQX and nifedipine (lane8).
B. Cortical neurons expressing Flag-ADAR2 were either not treated or treated with AMPA,
NMDA or glutamate. Nuclear extracts were analyzed using western blotting using anti-Flag
antibody. Lane 1 untreated, lane 2 AMPA 20)µM, lane 3 NMDA 20µM and lane 4
glutamate 20µM for 1 hr.
C. Cortical neurons were either not stimulated or stimulated with NMDA or glutamate.
Nuclear extracts were prepared and analyzed using SDS-PAGE followed by western
blotting. Endogenous ADAR2 was detected using anti-ADAR2 antibody. Untreated (lane),
NMDA (lane 2), glutamate (lane 3).
D. Cortical neurons expressing Flag-ADAR2 were either not treated or treated with 100µM
AMPA for I hr. Nuclear extracts were prepared and analyzed using SDS-PAGE followed by
western blotting using anti-Flag antibody. Untreated (lane1), 100µM AMPA (lane 2).
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Figure 4. Glutamate induced ADAR2 cleavage is blocked by Ca2+ chelator but not by Zn2+

chelator
A. Virally expressing ADAR2 cortical neuron cultures with either not stimulated or
stimulated with glutamate or glutamate and L-NAME. Nuclear extracts were prepared from
these samples and analyzed using SDS-PAGE and western blotting using anti-Flag
antibodies. Untreated samples did not show ADAR2 cleavage (lane 1), glutamate
stimulation induced cleavage (lane 2), neuronal nitric oxide inhibitor, L-NAME, did not
block glutamate induced ADAR2 cleavage (lane 3).
B. Cortical neurons expressing exogenous ADAR2 were either not treated, or treated with
BAPTA/am, an extracellular Ca2+ chelator, prior to glutamate treatment, treated with TPEN,
a transition metal chelator, and glutamate (Figure 4B). Glutamate treatment as expected
induced ADAR2 cleavage (lane 1), treatment with TPEN did not blocked ADAR2 cleavage
induced by glutamate (lane 2) but treatment with BAPTA/am blocks glutamate induced
ADAR2 cleavage efficiently (lane 3).
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Figure 5. Glutamate induced ADAR2 cleavage is blocked by calpain inhibitor
A. Cortical neurons expressing exogenous ADAR2 were either not treated or were treated
with glutamate, or glutamate and plus the proteosome inhibitors such as MG132 or
epoxomicin, or with glutamate and the caspase inhibitors zVAD or caspase inhibitor 3 or
caspase 3 inhibitor, or with glutamate and calpain inhibitor (Figure 5A). Untreated neurons
did not show ADAR2 cleavage (lane 1). Glutamate treatment resulted in ADAR2 cleavage
(lane 2), and the proteosome/calpain inhibitor MG132 blocked ADAR2 cleavage (lane 4).
However, another proteosome inhibitor, epoxomicin, did not block ADAR2 cleavage, and
none of the caspase inhibitors, zVAD, caspase inhibitor III or caspase 3 inhibitor blocked
the cleavage (lane 6, 7 and 8). Interestingly, calpain inhibitor I blocked ADAR2 cleavage
(lane 3).
B. Cortical neurons expressing ADAR2 were treated with glutamate as described above
using the two-calpain inhibitors. Calpain inhibitor I (lane 2) and calpain inhibitor X (lane 3)
both blocked glutamate induced ADAR2 cleavage.
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Figure 6. Glutamate induced ADAR2 cleavage leads to loss of GluR2 editing
A. Cartoon showing the size of the nested PCR product (182bp) and the sizes of BbvI
digestion fragments of nested PCR for edited GluR2 (116bp and 66bp) and for unedited
GluR2 (81bp, 66bp and 35bp).
B. Total RNA from cortical neurons was used for the editing assay. Marker, 0h, 1hr and 2 hr
samples showed two fragments of sizes 116bp and 66bp after BbvI digestion, however, 4 hr
and 6hr show an 81bp fragment in addition to 116bp and 66bp fragments generated due to
the presence of both edited and unedited GluR2 RNA.
C. Products of nested PCR (182bp) are shown before BbvI digestion (undigested). Marker, 0
h, 1 hr, 2 hr, 4 hr and 6 hr.
D. PCR products for MAP-2 cDNA were used as an internal control (198bp). Marker, 0 h, 1
hr, 2 hr, 4 hr and 6 hr.
E. Quantification and ratio of intensities of 116bp/66 and 81bp/66. The bands were
quantifies using Image J and the ratio of the band intensities is plotted. This graph represents
data from three independent experiments.
F. The ratios of intensities of 81/66 are plotted to show relative levels of unedited GluR2
RNA.
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