
RESEARCH ARTICLE

Physiological Roles of Calpain 1 Associated to
Multiprotein NMDA Receptor Complex
Monica Averna1,2*, Matteo Pellegrini1, Chiara Cervetto3, Marco Pedrazzi1,
Margherita Bavestrello1, Roberta De Tullio1,2, Franca Salamino1,2, Sandro Pontremoli1,
Edon Melloni1,2

1 Department of Experimental Medicine (DIMES)—Biochemistry Section, University of Genova, Viale
Benedetto XV, 1–16132, Genova, Italy, 2 Center of Excellence for Biomedical Research (CEBR), University
of Genova, Viale Benedetto XV, 1–16132, Genova, Italy, 3 Department of Pharmacy, Pharmacology and
Toxicology Section, University of Genova, Viale Cembrano 4, 16148, Genova, Italy

*monica.averna@unige.it

Abstract
We have recently demonstrated that in resting conditions calpain 1, but not calpain 2, is spe-

cifically associated to the N-Methyl-D-Aspartate receptor (NMDAR) multiprotein complex.

We are here reporting that in SKNBE neuroblastoma cells or in freshly isolated nerve termi-

nals from adult rat hippocampus, the proteolytic activity of calpain 1 resident at the NMDAR

is very low under basal conditions and greatly increases following NMDAR stimulation.

Since the protease resides at the NMDAR in saturating amounts, variations in Ca2+ influx

promote an increase in calpain 1 activity without affecting the amount of the protease origi-

nally associated to NMDAR. In all the conditions examined, resident calpain 1 specifically

cleaves NR2B at the C-terminal region, leading to its internalization together with NR1 sub-

unit. While in basal conditions intracellular membranes include small amounts of NMDAR

containing the calpain-digested NR2B, upon NMDAR stimulation nearly all the receptor

molecules are internalized. We here propose that resident calpain 1 is involved in NMDAR

turnover, and following an increase in Ca2+ influx, the activated protease, by promoting the

removal of NMDAR from the plasma membranes, can decrease Ca2+ entrance through this

channel. Due to the absence of calpastatin in such cluster, the activity of resident calpain 1

may be under the control of HSP90, whose levels are directly related to the activation of this

protease. Observations of different HSP90/calpain 1 ratios in different ultrasynaptic com-

partments support this conclusion.

Introduction
Multiple lines of evidence indicate that the Ca2+-dependent protease calpain plays critical roles
in both physiological and pathological conditions [1–6]. In particular, in brain tissue, calpain
activation is normally mediated by Ca2+ entry via stimulation of NMDAR, and whose NR2A
and NR2B subunits are both calpain substrates [7–10]. Moreover, it is well known that follow-
ing receptor stimulation, these NMDAR subunits, involved in the anchoring of NMDAR to the
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cytoskeleton by protein-protein interactions [11–22], participate to the activation of down-
stream intracellular signaling pathways.

The direct functional correlation between calpain and NMDAR has been extensively investi-
gated and the data obtained have often suggested different conclusions. In particular the major
controversial problem concerns the hypothesis that calpain activation, induced by extensive stim-
ulation of NMDAR, is directly responsible for excitotoxicity and cell death [23–28]. A second
issue concerns the fate of NMDAR after the digestion of NR2 subunits [9, 29]. Furthermore, a
number of studies have proposed that calpain-mediated degradation of NMDAR could act as an
initial defense mechanism by reducing the number of functional NMDARmolecules, and conse-
quently decreasing the extent of Ca2+ influx [30–32]. More recently it has been reported that the
activation of calpain 1 coupled with synaptic NMDAR can exert a role in neuroprotection,
whereas the activation of calpain 2 coupled with extrasynaptic NMDAR is involved in neurode-
generation [33]. From our recent observations [34] an additional contribution to the understand-
ing of the mechanism and the biological role of the proteolytic processing of NMDAR emerges.
Our data indicate that, in SKNBE neuroblastoma cells, the chaperone HSP90 plays a specific role
in the control of the dynamic activation of calpain 1 and that the chaperone can assist the prote-
ase during its recruitment in the multiprotein NMDAR cluster [34]. These observations are con-
sistent with the finding that calpain 1, but not calpain 2, resides in small but saturating amounts
at the NMDAR complex together with a large excess of HSP90 [34].

To obtain additional information on the mechanism and the physiological significance of
the relationship between calpain 1 and NMDAR, we have investigated the role of resident cal-
pain 1 in the proteolytic processing of NMDAR.

We here demonstrate that, in human neuroblastoma SKNBE cells, the NR2B subunit of
NMDAR, predominantly expressed in these cells [35, 36], undergoes a selective “in situ” pro-
teolytic digestion at the C-terminal region, by resident calpain 1. We observed that NR2B pro-
teolysis normally occurs at limited extent in resting cells and at a much higher rate following
cell stimulation with non-toxic NMDA concentrations. In both conditions NMDAR, contain-
ing the digested NR2B subunit, undergoes internalization into membrane vesicles.

On the basis of these observations, we are now proposing that in basal conditions calpain 1
resident in the NMDAR complex is involved in the normal turnover of the receptor. Following
NMDAR stimulation, an increase in the proteolytic processing of NR2B is observed. As a con-
sequence, an almost complete internalization of the digested receptor occurs. This process may
represent in SKNBE cells an initial defense mechanism that operates by reducing NMDAR-
mediated Ca2+ influx.

These observations are further strengthened by the fact that also in synaptosomes and their
ultrastructural fractions prepared from adult rat hippocampus, calpain 1 is in a resident form
and importantly is responsible for similar proteolytic processing of NMDAR. Purified synapto-
somes, prepared from rodent mature central nervous system, and characterized in our labora-
tories [37, 38, 39], ensure negligible contamination by non-neuronal cells, like atrocytes,
microglia or oligodendrocytes [40, 41] and can provide a helpful model that mirrors the in vivo
NMDAR subunit composition. The results obtained show that the rate of calpain-mediated
digestion of NR2B is inversely correlated to the availability of the chaperone HSP90 inserted in
the NMDAR cluster.

Materials and Methods

Reagents and Antibodies
Leupeptin, aprotinin, Pefabloc

1

SC, Tween
1

20, Triton
1

X-100, C.I-2 (calpain inhibitor 2),
glycine and neutral red solution all the salts were purchased from Sigma-Aldrich. ECL
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ADVANCE1 Detection System and Protein G-Sepharose were obtained from GE Healthcare.
t-BOC (t-butoxycarbonyl)-Leu-Met-CMAC (7-amino-4-chlorometylcoumarin), a fluorogenic
calpain substrate was purchased fromMolecular Probes (Invitrogen). Sodium deoxycholate
was fromMerck (Milan, Italy). Anti-NMDAR2B monoclonal antibody (13/NMDAR2B) and
anti-HSP90 monoclonal antibody (68/HSP90) were purchased from BD Transduction Labora-
tories TM. Anti-NR1, CT monoclonal antibody and anti-synaptophysin polyclonal antibody
were purchased from Millipore. Monoclonal anti-calpain 1 (calpain I, subunit p80) clone
15C10 and monoclonal anti-calpain 2 (Domain III/IV) clone 107–82 were obtained from
Sigma-Aldrich. Calpastatin was detected with the monoclonal anti-calpastatin (Domain IV)
clone 1F7E3D10 purchased from Calbiochem. Anti-syntaxin monoclonal antibody (4H256)
was purchased from GeneTex. Anti-PSD95 polyclonal antibody was obtained from Cell
Signaling.

Animals
Adult male rats (Sprague Dawley 200–250 g) were housed at constant temperature (22±1°C)
and relative humidity (50%) under a regular light-dark schedule (lights on 7 AM-7 PM). Food
and water were freely available. The experimental procedures and animal care complied with
the European Communities Parliament and Council Directive of 22 September 2010 (2010/63/
EU) and with the Italian D.L. n. 26/2014, and were approved by the Italian Ministry of Health
in accordance with Decreto Ministeriale 116/1992 (protocol number 26768 of November
2012). Any effort was made to minimize the number of animals used and their suffering.

Preparation of purified nerve terminals
Synaptosomes were prepared as previously described [35, 39] according to [42]. After decapita-
tion the hippocampus was rapidly removed; the tissue was placed in ice-cold medium (0.32 M
sucrose, buffered at pH 7.4 with Tris-HCl). Briefly, the tissue was homogenized in 10 volumes
of Tris-buffered sucrose, using a glass-Teflon tissue grinder (clearance 0.25 mm). The homoge-
nate was centrifuged (1,000 g at 4°C for 5 min) to remove nuclei and debris, and the superna-
tant was gently stratified on a discontinuous Percoll gradient (2%, 6%, 10%, and 20% v/v in
Tris-buffered sucrose) and centrifuged at 33,500 g for 5 min. The layer between 10% and 20%
Percoll was collected and washed by centrifugation. Synaptosomes obtained from rat brain
were proven positive for the neuronal markers synaptophysin and MAP-2, and negative for the
glial, oligodendrocyte or microglial markers GFAP, RIP or integrin-α-M, indicating negligible
contamination by non-neuronal cells [39, 40]. The synaptosomal fraction obtained from
rodent hippocampus has been previously proven positive for the neuronal markers MAP-2
and only scantily contaminated by the glial markers GFAP; biochemical and functional data
both supported that the synaptosomal fraction was largely free from astrocyte processes or
non-neuronal cells [41].

Synaptosomal pellets were suspended in HEPES standard medium with the following com-
position (mM): NaCl 128, KCl 2.4, MgSO4 1.2, CaCl2 1.2, KH2PO4 1.2, HEPES 10, glucose
10 (pH 7.3–7.4).

Cell culture
SKNBE human neuroblastoma cells (Interlab Cell Line Collection ICLC, HTL96015, Italy)
were maintained in continuous culture at 37°C (5% CO2) with Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum, 10 U/mL penicillin, 100 mg/mL
streptomycin and 2 mM L-glutamine.
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Assay of intracellular calpain activity
SKNBE cells were incubated, at 37°C for 20 min, in 100 μL of oxygenated 10 mMHEPES,
0.14 M NaCl, 5 mM KCl, 5 mM glucose, 1 mMMgCl2, pH 7.4 (HEPES buffer) containing
50 μM t-Boc-Leu-Met-CMAC fluorogenic calpain substrate in 96-well microplate. Cells were
then washed twice with HEPES buffer to remove substrate excess and without or after addition
of 0.1 mM NMDA in 100 μL of HEPES buffer, containing 10 μM glycine, and 1 mM CaCl2, the
fluorescence emission was continuously monitored for 2 hours with a Mithras LB 940 plate
reader (Berthold Technologies). The excitation/emission wavelengths were 355/485 nm,
respectively.

[Ca2+]i Assay
2×104 cells were incubated in 200 μl of HEPES buffer containing 10 μMCalcium Green™-1,
AM. After 40 min at 37°C cells were washed with HEPES buffer and NMDA was added in
100 μl of HEPES buffer. The fluorescence intensity (Excitation 485 nm; Emission 535 nm) was
measured before (F0) and 5 min after the addition of stimuli (F) using the top reading mode in
the fluorescence multilabel reader LB 940 Mithras (Berthold Italia). Variations of the fluores-
cence values were calculated as the difference between F and F0.

Confocal microscopy imaging and fluorescence quantification
SKNBE cells (105) were fixed and permeabilized by the Triton/paraformaldehyde method, as
described in [43]. Cells were incubated with 10 μg/mL anti-NR1 or anti-NMDAR2B monoclo-
nal antibodies diluted in PBS solution, containing 5% (v/v) FBS. After 3 h incubation at 25°C,
cells were washed three times with PBS solution and exposed for 1 h to 4 μg/mL chicken anti-
mouse IgG Alexa fluor1 488-conjugate secondary antibody, Molecular Probes. Images were
collected using a Bio-Rad MRC1024 confocal microscopy, with a 60× Plan Apo objective with
numerical aperture 1.4. The fluorescence intensity in each image was quantified using LaserPix
software (Bio-Rad) following the procedure described in [44].

Cell viability assays
Cell viability was measured by means of the neutral red uptake [45].

Immunoprecipitation and Immunoblotting
SKNBE cells (107) and synaptosomes were lysed in 50 mM sodium borate buffer, 1 mM EDTA,
10 μg/mL aprotinin, 100 μg/mL leupeptin, 2 mM Pefabloc

1

SC, pH 7.5 by three freeze-thaw
cycles and briefly sonicated. Membrane fractions of cells and synaptosomes were obtained by
centrifugation at 100,000 g for 15 min at 4°C, washed in 50 mM sodium borate buffer, 0.1 mM
EDTA, pH 7.5 (total membrane fraction), and solubilized in 50 mM sodium borate buffer,
0.1 mM EDTA, 1% sodium deoxycholate, pH 9.0 at 37°C for 60 min. After centrifugation at
100,000 g for 30 min at 4°C, the pH was adjusted to pH 8.0, and Triton X-100 was added to a
final concentration of 0.1%. The detergent-soluble portion was dialyzed against 50 mM sodium
borate buffer, 0.1 mM EDTA, 0.1% Triton X-100, pH 7.5 (IP buffer), by diafiltration using
centrifugal filter devices (10 kDa cut-off) Amicon Ultra-4 (Millipore). Before immunoprecipi-
tation procedure, samples (500 μg) were pre-cleared for 60 min at 4°C using 30 μL of Protein
G-sepharose diluted 1:1 with IP buffer. Immunoprecipitation was carried out using 1 μg of
anti-NR1 antibody. The immunoprecipitated material was eluted with 30 μL of SDS-PAGE
loading buffer [46], heated for 5 min at 95°C, and submitted to 8% SDS-PAGE. Proteins were
separated by 8% SDS-PAGE, blotted [47] onto a nitrocellulose membrane (Bio-Rad) and
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probed with the specific mAbs. The immunoreactive bands were developed with an ECL detec-
tion system, detected with a Bio-Rad Chemi Doc XRS apparatus, and quantified using the
Quantity One software, release 4.6.1 (Bio-Rad).

Assay of calpain activity in NR1-immunoprecipitates
NR1-immunoprecipitation was performed using SKNBE cells (105) as described above in this
section and the immunoprecipitated material, suspended in 100 μL of HEPES buffer contain-
ing 5 μM or 1 mM CaCl2, was incubated at 37°C for 10 min in the presence of 50 μM t-Boc-
Leu-Met-CMAC fluorogenic calpain substrate in 96-well microplate. The fluorescence emis-
sion was evaluated with a Mithras LB 940 plate reader (Berthold Technologies) at the excita-
tion/emission wavelengths 355/485 nm, respectively.

Isolation of the Plasma and Intracellular Membranes from SKNBE cells
Total membrane fraction (100 μg in 0.5 mL of 50 mM sodium borate buffer, 0.1 mM EDTA,
pH 7.5) prepared from SKNBE cells as described above was fractionated on a discontinuous
sucrose density gradient [10, 20, 30 and 50% (w/v)]. After centrifugation at 38,000 rpm in a
Beckman Coulter TLA-100.4 rotor for 30 min, membranes were recovered into two fractions
layered at 10% and 30% sucrose interface. They were separately collected, suspended in 0.2 mL
of sodium borate 50 mM, pH 7.5 containing 1 mM EDTA and 50-nucleotidase activity was
assayed [48], as plasma membranes marker. Aliquots (30 μL) of the same samples were sus-
pended in SDS-PAGE loading buffer [46], heated for 5 min at 95°C, and submitted to 8%
SDS-PAGE. Proteins were then blotted and probed with the specific mAbs.

Biotinylation
Confluent (90–95%) SKNBE cells grown on four T75 cm2 flasks were incubated for 2 hours at
37°C in HEPES buffer in the absence or presence of 0.1 mMNMDA. Alternatively, synapto-
somes were incubated for 12 min at 37°C in HEPES buffer in the absence or presence of
0.1 mM NMDA. After incubation cells and synaptosomes were washed twice with ice-cold PBS
and cell surface biotinylation using EZ-LinkHSulfo-NHS-SS-biotin was performed with the
Pierce cell surface protein isolation kit according to the manufacturer’s instructions (Thermo
Scientific). In brief, cells and synaptosomes were biotinylated and lysed in 500 μL of lysis buffer
supplemented with protease inhibitor cocktail (1:100, Sigma-Aldrich) and 1 mM AEBSF. For
each experimental condition, the same amount of protein (500 μg) was incubated with 500 μL
of NeutrAvidin beads for 1 h at room temperature and, after collecting unbound proteins (not
biotinylated), was eluted with 500 μL of SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 1%
SDS, 10% glycerol, and 50 mMDTT). Aliquots (30 μL) of biotinylated and not biotinylated
proteins were heated for 5 min at 95°C, and submitted to 8% SDS-PAGE. Proteins were then
blotted and probed with the specific mAbs.

Ultrastructural fractionation
The ultrastructural fractionation of synaptosomes was performed according to [49]. The syn-
aptosome pellets suspended in 150 μL of HEPES buffer were diluted 1:10 in ice-cold 0.1 mM
CaCl2 and mixed with an equal volume of 2% Triton X-100, 40 mM Tris, pH 6.0 in the pres-
ence of protease inhibitors. Following 30 min of incubation at 4°C the insoluble material (syn-
aptic junctions) was pelletted by centrifugation (40,000 g for 30 min, 4°C). The supernatant
(non synaptic fraction) was decanted and proteins precipitated with 4 volumes of acetone at
-20°C overnight. The proteins were centrifuged (13,700 g for 30 min, -20°C). The synaptic
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junction pellet was suspended in 10 volumes of 1% Triton X-100, 20 mM Tris, pH 8.0 and
incubated for 30 min at 4°C and then centrifuged (40,000 g for 30 min, 4°C). The pellet con-
tained the insoluble postsynaptic density and the supernatant contained the presynaptic com-
partment. The proteins in the supernatant were acetone precipitated as described above. The
pellets of the three ultrasynaptic fractions were suspended in 500 μL of 50 mM sodium borate
buffer, 0.1 mM EDTA, 1% sodium deoxycholate, pH 9.0 at 37°C for 60 min and the detergent
soluble proteins were treated for immunoprecipitation as described above.

Before the immunoprecipitation procedure, aliquots (20 μg, determined following Lowry
method) of the samples were suspended in SDS-PAGE loading buffer and submitted to 10%
SDS-PAGE. Proteins were then blotted and probed with the specific mAbs for the biochemical
characterization of the fractions.

Statistical analysis
Data are presented as mean ± SEM. Significance of the difference was analyzed by t-test or by
ANOVA followed by post-hoc Tukey’s test, using the Prism 5.0 software package (GraphPad
Software), with statistical significance taken at p< 0.05.

Results

Calpain 1 associated to NMDAR is active in basal conditions
We have previously demonstrated that in human neuroblastoma SKNBE cells calpain 1,
together with its modulator HSP90, is constitutively associated to NR1/NR2B protein cluster
[34].

To define the role of this resident calpain, we have first explored if the protease, in its associ-
ated form, expresses the catalytic activity in unstimulated SKNBE cells. As shown in Fig 1A,
the immunoprecipitation with an anti-NR1 antibody revealed that, in addition to the native
180 kD NR2B subunit, a second 60 kD NR2B band was present in NMDAR cluster. This low
molecular weight NR2B was similar to the fragment generated by calpain-mediated selective
cleavage of NR2B at the C-terminal region [10]. The presence of this fragment suggests not
only that calpain 1 is specifically and constitutively associated to NMDAR receptor, but also
that the protease is partially active, even in the absence of specific cell stimulation. As we have
reported previously [34], HSP90 is also present in this cluster, whereas both calpain 2 and cal-
pastatin are not detectable. Thus, the association of calpain 1 to NMDAR is highly specific.

To verify if the calpain 1 at the NMDAR is responsible for the presence of digested NR2B,
we first loaded unstimulated SKNBE cells with a fluorescent calpain substrate and assayed the
protease activity. As shown in Fig 1B, in basal conditions a low calpain activity was detectable
and the proteolysis was completely blocked by the synthetic calpain inhibitor-2 (CI-2) [50].
Then, cells were exposed to 100 μMNMDA, a condition promoting an influx of Ca2+ ions (Fig
1C) sufficient to activate calpain without affecting cell viability (S1 Fig). Indeed, less than 2% of
cell death was detectable after 24 hours of cell incubation with 100 μMNMDA. In this condi-
tion the protease activity increased 5−6-fold as compared to that detected in unstimulated
cells, and was still fully inhibited by CI-2 treatment.

To establish if this proteolytic activity could be directly attributed to NMDAR resident cal-
pain 1, NR1 and NR2B subunits were immunoprecipitated from untreated and NMDA-treated
cells, and calpain activity was then assayed in the immunoprecipitated material. The activity
was measured in the presence of 5 μM or 1 mMCa2+, in order to quantify the level of the prote-
ase and to identify the isoform associated to the NMDAR complex. As shown in Fig 2A, we
detected in both Ca2+ concentrations, appreciable and comparable amounts of calpain activity.
The fact that, all the activity is already measurable at the lower calcium concentration, indicates
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that only calpain 1 is present in the NMDAR complex. Moreover, since NMDA stimulation
did not induce an increase in the total calpain activity associated to NMDAR (see Fig 2A), it
can be concluded that the amount of this resident calpain 1 is not dependent on a Ca2+-medi-
ated translocation process, and that the association to the NMDAR complex occurs in a satu-
rating amount already in the absence of stimuli. Finally, as shown in Fig 2B, since calpain
activity detected in intact NMDA-stimulated cells is similar to that measured at the NMDAR,
it can be concluded that the proteolysis detected is exclusively catalyzed by calpain 1 resident at
the NMDAR cluster. Taken together these observations indicate that the proteolytic activity of
resident calpain 1 is responsible for the constitutive digestion of NR2B subunits that yields the
60 kD NR2B fragment.

Resident calpain 1 participates to NMDAR turnover
To characterize the role of calpain in the constitutive digestion of NR2B, SKNBE cells were cul-
tured for 24 hours in the presence of the synthetic calpain inhibitor CI-2 and the levels of

Fig 1. NMDAR cluster and calpain activity in SKNBE cells. (A) SKNBE cells were lysed to perform immunoprecipitation with 1 μg of anti-NR1 antibody.
The immunoprecipitated material (IP NR-1) was analyzed by immunoblotting (WB) to detect the indicated proteins. Each immunoblot is representative of four
different experiments. (B) SKNBE cells (2 × 105) were incubated in 100 μL of isotonic HEPES buffer containing 50 μM t-Boc-Leu-Met-CMAC fluorogenic
calpain substrate (see Methods). Cells were then washed and suspended in 100 μL of HEPES buffer containing 10 μM glycine and 1 mMCaCl2. Calpain
activity was measured in the absence (Control) or presence (NMDA) of 100 μMNMDA. Calpain activity was also measured in cells pre-incubated for 30
minutes with 1 μMCalpain inhibitor 2 (CI-2). The values reported are the arithmetical mean ± SEM of four different experiments, and p values were calculated
according to t-test. (C) Calcium Green™-loaded cells were exposed to the indicated stimuli. Data are means ± SEM from two independent experiments in
duplicate.

doi:10.1371/journal.pone.0139750.g001
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NR2B species were measured. As shown in Fig 3A, 3B and 3C untreated SKNBE cells contain,
in addition to the native 180 kD NR2B, the 60 kD fragment in amounts ranging from 10 to
15% of total. Instead, cell exposure to CI-2 for 24 hours induced a 2–3-fold increase in the level
of native 180 kD NR2B and the complete disappearance of NR2B 60 kD fragment. Our obser-
vations demonstrate the direct involvement of the resident calpain 1 in the selective cleavage of
NR2B subunit in basal conditions.

Inspection by confocal microscopy (Fig 4A) revealed that in resting cells 80–90% of NR2B
subunits are localized at the plasma membranes and only 10–20% in the cytoplasm. When the
cells were exposed to CI-2, the NR2B subunits were detected almost entirely at the plasma
membranes and their level was 2−3-fold increased, as confirmed also by western blot analysis
(see Fig 3). Concomitantly, the cytoplasmic fluorescence disappeared almost completely. These
findings are suggesting that the accumulation of the native and the 60 kD NR2B species take
place at different cell localization. To verify this hypothesis plasma membranes were separated
from internal membranes by a sucrose gradient. As shown in Fig 4C and 4D, NMDAR contain-
ing NR1 and native NR2B subunits was detectable at the plasma membranes (PM) fraction,
whereas NMDAR containing NR1 and digested NR2B subunits was present only in the internal

Fig 2. Calpain activity in NR1-immunoprecipitates from SKNBE cells. (A) SKNBE cells (105) untreated
(Control) or treated with 100 μMNMDA and 10 μM glycine for 2 hours (NMDA) were lysed to perform
immunoprecipitation with 1 μg of anti-NR1 antibody. The immunoprecipitated material was suspended in
100 μL of HEPES buffer and, after addition of 5 or 1000 μMCaCl2, incubated at 37°C for 10min in the presence
of 50 μM t-Boc-Leu-Met-CMAC fluorogenic calpain substrate. Calpain activity was measured as described in
Methods and the values are reported as difference between the fluorescencemonitored at the indicated
calcium concentration minus the one monitored in 1 mMEDTA. The values reported are the arithmetical
mean ± SEM of four different experiments. (B) Calpain activity was assayed in NR1-immunoprecipitates from
105 SKNBE cells treated as in (A) (Membranes). Intracellular calpain activity was alsomeasured in 105 SKNBE
cells treated with 100 μMNMDA and 10 μMglycine for 2 hours (Intact cells).

doi:10.1371/journal.pone.0139750.g002
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membranes (IM) fraction. These data indicate that NMDAR containing the digested NR2B is
rapidly removed from the plasma membrane and internalized in endosomes. Accordingly, it
can be assumed that in basal conditions, calpain 1 plays an important role in regulating the
level of functional NMDAR through the cleavage of NR2B at the C-terminal region thus favor-
ing the formation of vesicles and the internalization of the receptor.

Resident calpain 1 plays a role in a cell defense mechanism mediated by
NMDAR internalization
To further explore the effect of resident calpain 1 on the properties of NMDAR complex,
SKNBE cells were exposed to 100 μMNMDA to induce a Ca2+ influx across the receptor chan-
nel, a condition that, as previously indicated, activates only resident calpain 1 without affecting
cell viability. Confocal microscopy images revealed that NMDAR containing native NR1 sub-
units was internalized into cytoplasmic vesicles (Fig 5A). Since this process was prevented by
the addition of CI-2, we can confirm that resident calpain 1 is directly involved in inducing
NMDAR internalization. In NMDA-stimulated cells, only NR2B subunits were extensively
digested, whereas both NR1 and HSP90 were not affected (Fig 5B and 5C). As expected, CI-2
prevented NR2B proteolysis.

The expression of NMDAR on the plasma membranes of SKNBE cells was also analyzed by
biotinylation experiments. As shown in Fig 5D and 5E, we observed that NR1, resistant to cal-
pain proteolysis, disappears from cell surface in parallel with the digestion of NR2B. These data
demonstrate that digestion of NR2B is critical for the internalization of NMDAR. This event
could be indicative of a specific physiological function of resident calpain 1 operating in the
regulation of the amount of NMDAR molecules present at the plasma membranes and thus of
the intensity of Ca2+ influx through the receptor channel.

Fig 3. Effect of calpain inhibition on NR2B protein levels in SKNBE cells. (A) SKNBE cells were incubated for 24 hours in the absence or presence of
1 μMCalpain inhibitor 2 (CI-2), and lysed to perform immunoprecipitation with 1 μg of anti-NR1 antibody. The immunoprecipitated material (IP NR-1) was
analyzed by immunoblotting for NR2B (WB NR2B). (B and C) The protein bands detected in (A) were quantified as described in Methods. Each value
represents the arithmetical mean ± SEM of four different experiments. * p < 0.01 vs control (- CI-2), according to t-test.

doi:10.1371/journal.pone.0139750.g003
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Fig 4. Effect of calpain inhibition on intracellular localization of NMDAR. (A and B) SKNBE cells
untreated (Control, solid line) or treated with 1 μMCI-2 (+CI-2, dashed line) for 24 hours were fixed and NR2B
localization was determined by confocal microscopy (see Methods). NR2B signal (green fluorescence) was
continuously monitored during cell scanning by using Laser Pix software, as previously reported [54]. Each
scanning trail is representative of 20 cells analyzed. (C) Aliquots (100 μL) of cell membranes were collected
from the two fractions layered at 10% and 30% sucrose interface (see Methods) and assayed for 50-
nucleotidase activity, in order to determine the fraction containing the plasmamembranes (PM) and the one
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Calpain 1 activity in NMDAR cluster is controlled by HSP90
To obtain more information on calpain-mediated proteolysis/internalization of NMDAR, we
have investigated on the NR1/NR2B receptor present in hippocampal synaptosomes purified
from rat nerve terminals. As shown in Fig 6A, in total synaptosome preparation the NR1-im-
munoprecipitated multiprotein complex contained calpain 1, and neither calpain 2 nor calpas-
tatin. Moreover, HSP90 was present together with native NR2B, and small amounts of the 60
kD NR2B fragment. Thus, calpain 1 results to be constitutively associated also to the NMDAR
localized in synaptosomes. Presumably the presence of the 60 kD NR2B fragment in unstimu-
lated synaptosomes is the result of a calpain-mediated digestion of native NR2B. Indeed, when
synaptosomes were exposed to 100 μMNMDA, the concentration inducing the maximal efflux
of glutamate [35], a remarkable disappearance of the native NR2B subunit occurred, together
with the accumulation of the 60 kD NR2B digested form (Fig 6A). In addition, the amount of
resident calpain 1 did not increase following NMDA stimulation, and neither calpain 2 nor cal-
pastatin were recruited in the NMDAR complex. Moreover, in these structures, HSP90 was
extensively digested and NR2B degradation corresponded to the removal of NMDAR from the
plasma membranes, as indicated by the disappearance of the biotinylated native NR1 subunit
(Fig 6B). Thus, the NR1/NR2B-containing NMDAR cluster, present in SKNBE cells and in
synaptosomes, contains a resident calpain 1 that is partially active in basal conditions and
becomes highly activated following stimulation of NMDAR.

Taken together these findings indicate that the NMDAR complexes in SKNBE cells and hip-
pocampal synaptosomes contain the same components although in different ratios (Fig 7A).
Specifically, in the NMDAR cluster from synaptosomes, the HSP90/calpain ratio is 3−4-fold
lower than in unstimulated SKNBE cells. As a consequence, calpain 1 resident in the NMDAR
of synaptosomes appears less efficiently controlled. The lack of regulation by HSP90 is further
confirmed by the fact that in synaptosomes, unlike in SKNBE cells, NR2B is nearly completely
degraded already at 10 μMNMDA (Fig 7B), and the rate of this digestion is about 10–fold
faster than that observed in SKNBE cells (Fig 7C).

These results confirm that also in synaptosomes, resident calpain 1 is involved in controlling
the amount of NMDAR at the plasma membranes and that the protease activity, and thus the
extent of NR2B digestion, is in turn controlled by the amount of HSP90 associated to the pro-
tein cluster. Since the synaptosome preparation used in these experiments contains pre-, post-
and non synaptic elements, we have separated these different compartments [49], and as
shown in Fig 8A, investigated the distribution of well characterized marker proteins (PSD95,
syntaxin and synaptophysin) in the purified fractions. Consistent with the previous report
[49], PSD95 was predominant in the postsynaptic fraction, syntaxin was highly enriched in the
presynaptic fraction and synaptophysin was particularly abundant in the non synaptic fraction.
In all the fractions, in addition to NR1, both calpain 1 and HSP90 although at different levels
(Fig 8B) were also present. As shown in Fig 8E, we observed that the digestion of NR2B was
more intense in the postsynaptic fraction and it was accompanied by degradation of HSP90.
On the contrary, in the non synaptic fraction, proteolysis of both native NR2B and HSP90 was
not appreciable (Fig 8C). Instead, in the presynaptic fraction, NR2B was poorly detectable (Fig
8D) even if HSP90 was highly represented and in large excess in respect to calpain 1. It is inter-
esting to note that, as shown in Table 1, the susceptibility to digestion of NR2B is correlated to

containing internal membranes (IM). The same samples were analyzed by immunoblotting to detect the
indicated proteins. (D) The protein bands detected in (C) were quantified as described in Methods. Each
value represents the arithmetical mean ± SEM of three different experiments.

doi:10.1371/journal.pone.0139750.g004
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the level of HSP90 associated to the NMDAR complex. In particular, in the postsynaptic com-
partment, in which we have observed a low HSP90/calpain 1 ratio, the protease resulted more
easily activable promoting presumably the internalization of NR1/NR2B-containing NMDAR,
as observed in synaptosomes.

Discussion
It is well known that Ca2+ entry through NMDAR, not only mediates various neuronal activi-
ties and signaling pathways, but also induces calpain activation that in turn catalyzes the selec-
tive processing of the receptor [4, 8, 11, 16, 51, 52].

We have reported [34] that in SKNBE cells saturating amounts of calpain 1 are stably associ-
ated to NR1/NR2B-containing NMDAR multiprotein complex. In the present study, we have
explored the mechanisms underlying the activation of such resident calpain and the biological
significance of this specific proteolytic activity.

The amount of calpain 1 at the NMDAR complex is maximal in resting conditions and does
not change following NMDA stimulation. The specific localization of calpain 1 at the NMDAR
confers to the protease both selectivity and “in situ” specificity, as calpain 2 was never detected
at this site. Resident calpain 1 expresses in basal conditions a limited but detectable proteolytic
activity capable to induce the selective cleavage of NR2B, followed by internalization of the
NMDAR containing this digested subunit. Following stimulation with NMDA, the rate of
NR2B digestion increases and as a consequence NMDAR is almost completely internalized.

These observations suggest that resident calpain 1 plays an important physiological role in
the modulation of the NMDAR level and function at the plasma membranes. This role of cal-
pain is confirmed by experiments involving cell exposure to a synthetic calpain inhibitor. In
fact, the reduced activity of resident calpain results in increased amounts of native NR2B sub-
unit, and thus of NMDAR, at the plasma membranes.

In this context, particularly important is the presence of HSP90 associated to calpain 1 [34]
at the level of the NMDAR cluster where it can play several functions. Specifically, we have pre-
viously observed that HSP90 protects neuronal NO synthase from calpain-mediated digestion
[53], and regulates the activity of the protease by reducing the affinity for calcium of calpain 1
[34]. The latter may have great physiological importance since calpain 1, once inserted in the
NMDAR cluster, escapes from its natural inhibitor calpastatin [34]. Thus, HSP90 becomes the
alternative regulatory agent for calpain activity in this specific localization. Although HSP90 is
also a calpain substrate, digestion occurs exclusively on the free chaperone molecules and not
on those already associated to the protease. In this way, the regulatory function of HSP90 is
preserved. Our data suggest that the activity of calpain resident at the NMDAR cluster is
directly dependent on the amount of HSP90 associated to the protease.

We have observed that also in synaptosomes, calpain 1 is constitutively associated to the
NR1/NR2B complex in an active form, as indicated by the presence of the 60 kD NR2B species.

Fig 5. NMDAR translocation in SKNBE cells following activation of resident calpain 1. (A and B) SKNBE cells were incubated for 2 hours with 100 μM
NMDA and 10 μM glicine in the absence (NMDA) or presence (NMDA+CI-2) of 1 μMCI-2, or left untreated (Control). The cells were then fixed and NR1
subunit localization (green fluorescence) was determined by confocal microscopy. Confocal microscopy micrographs are representative of four different
experiments. Alternatively, after the indicated treatments, cells were then lysed to perform immunoprecipitation with 1 μg of anti-NR1 antibody and the
immunoprecipitated material (IP NR1) was analyzed by immunoblotting (WB) to detect the indicated proteins. (C) The protein bands detected in (B) were
quantified as described in Methods. Each value represents the arithmetical mean ± SEM of three different experiments. * p < 0.01 vs control and NMDA+CI-
2; ** p < 0.01 vs control and p < 0.05 vs NMDA+CI-2, according to ANOVA followed by post-hoc Tukey’s test. (D) Cell surface expression of NR1 and NR2B
subunits was also evaluated by biotinylation assay (see Methods) after incubation of SKNBE cells in the absence (Control) or presence (NMDA) of 100 μM
NMDA for 2 hours. NR1 and NR2B subunits were detected by immunoblotting on a fraction (30 μL) of eluted (Biotinylated) or unbound (Not Biotinylated)
proteins. (E) The protein bands detected in (D) were quantified as described in Methods. Each value represents the arithmetical mean ± SEM of three
different experiments. * p < 0.001 and ** p < 0.05 vs the relevant protein in biotinylated material following cell stimulation, according to t-test.

doi:10.1371/journal.pone.0139750.g005
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However, to promote the complete degradation of the native NR2B subunit, it is sufficient a
concentration of NMDA 10-fold lower than that used in SKNBE cells. The higher calpain acti-
vation occurring in the NMDAR cluster of synaptosomes could be explained by lower amounts
of HSP90 associated to resident calpain 1 than those present in SKNBE cells. Such low levels of
HSP90 are, following stimulation with the agonist, ultimately responsible for the very rapid
digestion of NR2B and the consequent NMDAR internalization. In this condition we also

Fig 6. NMDAR cluster modifications in rat hippocampal synaptosomes following calpain activation.
(A) Rat hippocampal synaptosomes were incubated at 37°C for 12 min with (NMDA) or without (Control)
100 μMNMDA in HEPES buffer containing 1 μM glycine and 1 mMCaCl2. Synaptosomes were lysed and
immunoprecipitation was carried out with 1 μg of anti-NR1 antibody. The immunoprecipitated material (IP
NR1) was analyzed by immunoblotting (WB) to detect the indicated proteins. (B) Surface localization of NR1
subunit was also evaluated by biotinylation assay in rat hippocampal synaptosomes treated as in (A). NR1
was detected on a fraction (30 μL) of eluted proteins (biotinylated) by immunoblotting. Each immunoblot is
representative of four different experiments.

doi:10.1371/journal.pone.0139750.g006
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Fig 7. HSP90 levels and 180 kDNR2B degradation in rat hippocampal synaptosomes. (A) The
immunoreactive bands (corresponding to HSP90, NR1 subunit, and Calpain 1) obtained by immunoprecipitation
fromSKNBE cells (see Fig 1A and relevant legend) and rat hippocampal synaptosomes (see Fig 6A and
relevant legend) were quantified and the indicated protein ratio were calculated. The values reported are the
arithmetical mean ± SEM of four different experiments. * p < 0.05, according to ANOVA followed by post-hoc
Tukey’s test. (B) Quantification of the immunoreactive bands corresponding to 180 kD NR2B subunit
immunoprecipitated from the indicated samples incubated for 2 hours at different concentrations of NMDA. (C)
Quantification of the immunoreactive bands corresponding to 180 kD NR2B subunit immunoprecipitated from
the indicated samples incubated with 100 μMNMDA at different times. The values reported are the arithmetical
mean ± SEM of three different experiments.

doi:10.1371/journal.pone.0139750.g007
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Fig 8. NMDAR cluster modifications in ultrasynaptic fractions from rat hippocampal synaptosomes.Rat hippocampal synaptosomes were incubated
at 37°C for 12 min with (NMDA) or without (Control) 100 μMNMDA in HEPES buffer containing 1 μM glycine and 1 mMCaCl2. Synaptosomes were then
lysed and ultrasynaptic fractionation was carried out as described in Methods. (A) Aliquots (20 μg according to Lowry assay) of each fraction were submitted
to 10% SDS-PAGE followed by immunoblot for the indicated markers. Lane 1, non synaptic fraction; lane 2, presynaptic fraction; lane 3, postsynaptic
fraction. A representative immunoblot (of three) is shown. (B) Immunoprecipitation was carried out on each fraction by using anti-NR1 antibody. The
immunoprecipitated material was analyzed by immunoblotting to detect the indicated proteins. Each immunoblot is representative of three different
experiments.(C, D, and E) The protein bands detected in (B) were quantified as described in Methods. Each value represents the arithmetical mean ± SEM of
three different experiments. ** p < 0.01 and * p < 0.05 vs control, according to t-test.

doi:10.1371/journal.pone.0139750.g008
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observe the complete disappearance of the chaperone. The role of HSP90 in the regulation of
the digestion of the NMDAR is further confirmed by the characterization of the reciprocal
ratio of specific proteins associated to the NR1/NR2B complex in the isolated ultrasynaptic
compartments. Particularly, we have observed that in the postsynaptic fraction NMDAR, con-
taining a reduced amount of HSP90, is more susceptible to calpain-mediated proteolysis as
compared to the non synaptic NMDAR cluster that, containing higher levels of HSP90, results
less susceptible to proteolysis.

In conclusion, we are here demonstrating that differences in the properties of the NMDAR
cluster, besides different localization, could be also due to the content of specific proteins, and
particularly of HSP90 and calpain 1. A higher rate of calpain 1 activation, as well as the inter-
nalization of NMDAR, could be visualized either as a mechanism to promote cell responses
rapidly operating or to induce cell protection against excitotoxic ion influx. Anyway, the cal-
pain 1 activity detectable in basal conditions is involved also in the physiological maintenance
of optimal levels of NMDAR at the plasma membranes.

Supporting Information
S1 Fig. SKNBE cell viability following exposure to NMDA. SKNBE cells were incubated for
24 hours with 100 μMNMDA and 10 μM glicine in the absence (NMDA) or presence (NMDA
+CI-2) of 1 μM calpain inhibitor 2 (CI-2), or left untreated (Control). Cell viability was evalu-
ated by means of the neutral red uptake as described in Methods. Values are reported as per-
centage of control and are presented as mean ± SEM of three different experiments.
(TIF)

S1 File. Minimal data set.
(XLS)

Author Contributions
Conceived and designed the experiments: EMMA. Performed the experiments: M. Pedrazzi
MBM. Pellegrini CC RDT FS. Analyzed the data: EMMAM. Pedrazzi. Wrote the paper: SP
EMMA.

References
1. Ono Y, Sorimachi H. Calpains: an elaborate proteolytic system. Biochim Biophys Acta. 2012; 1824:

224–236. doi: 10.1016/j.bbapap.2011.08.005 PMID: 21864727

2. Doshi S, Lynch DR. Calpain and the glutamatergic synapse. Front Biosci (Schol Ed). 2009; 1: 466–476.

Table 1. NR2B susceptibility to digestion by resident calpain 1 as a function of HSP90 level.

Source HSP90/calpain 1 ratio 180 kD NR2B level (% of control)

SKNBE cells 3.45 ± 0.33 86.5 ± 12.5

Synaptosomes 1.06 ± 0.17 19.1 ± 10.2

Non synaptic fraction 2.80 ± 0.66 91.8 ± 26.2

Postsynaptic fraction 1.36 ± 0.22 26.2 ± 9.8

HSP90/calpain 1 ratio values were extrapolated from Fig 7A (for SKNBE cells and synaptosomes), and

from Fig 8C and 8E (for non synaptic and postsynaptic fractions, respectively). Native NR2B levels were

extrapolated from Fig 7C (for SKNBE cells and synaptosomes), and from Fig 8C and 8E (for non synaptic

and postsynaptic fractions, respectively), and were calculated as percentage of control following 12 min-

exposure to NMDA. Data are presented as the arithmetical mean ± SEM.

doi:10.1371/journal.pone.0139750.t001

Role of Resident Calpain 1 at NMDAR

PLOSONE | DOI:10.1371/journal.pone.0139750 October 2, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139750.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139750.s002
http://dx.doi.org/10.1016/j.bbapap.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21864727


3. Camins A, Verdaguer E, Folch J, Pallàs M. Involvement of calpain activation in neurodegenerative pro-
cesses. C.N.S Drug Rev. 2006; 12: 135–148.

4. WuHY, Lynch DR. Calpain and synaptic function. Mol. Neurobiol. 2006; 33: 215–236. PMID:
16954597

5. Suzuki K, Hata S, Kawabata Y, Sorimachi H. Structure, activation, and biology of calpain. Diabetes.
2004: 53; 12–18.

6. Ray SK, Hogan EL, Banik NL. Calpain in the pathophysiology of spinal cord injury: neuroprotection with
calpain inhibitors. Brain Res. Brain Res. Rev. 2003; 42: 169–185. PMID: 12738057

7. Monnerie H, Hsu FC, Coulter DA, Le Roux PD. Role of the NR2A/2B subunits of the N-methyl-D-aspar-
tate receptor in glutamate-induced glutamic acid decarboxylase alteration in cortical GABAergic neu-
rons in vitro. Neuroscience. 2010; 171: 1075–1090. doi: 10.1016/j.neuroscience.2010.09.050 PMID:
20923697

8. Simpkins KL, Guttmann RP, Dong Y, Chen Z, Sokol S, Neumar RW, et al. Selective activation induced
cleavage of the NR2B subunit by calpain. J. Neurosci. 2003; 23: 11322–11331. PMID: 14672996

9. Guttmann RP, Baker DL, Seifert KM, Cohen AS, Coulter DA, Lynch DR. Specific proteolysis of the NR2
subunit at multiple sites by calpain J. Neurochem. 2001; 78: 1083–1093. PMID: 11553682

10. Bi X, Rong Y, Chen J, Dang S, Wang Z, Baudry M. Calpain-mediated regulation of NMDA receptor
structure and function. Brain Res. 1998; 790: 245–253. PMID: 9593918

11. Yildiz-Unal A, Korulu S, Karabay A. Neuroprotective strategies against calpain-mediated neurodegen-
eration. Neuropsychiatr Dis Treat. 2015; 11: 297–310. doi: 10.2147/NDT.S78226 PMID: 25709452

12. Singh P, Doshi S, Spaethling JM, Hockenberry AJ, Patel TP, Geddes-Klein DM, et al. N-methyl-D-
aspartate receptor mechanosensitivity is governed by C terminus of NR2B subunit. J. Biol. Chem.
2012; 287: 4348–4359. doi: 10.1074/jbc.M111.253740 PMID: 22179603

13. Lo FS, Zhao S. N-methyl-D-aspartate receptor subunit composition in the rat trigeminal principal
nucleus remains constant during postnatal development and following neonatal denervation. Neurosci.
178 (2011) 240–249.

14. Gladding CM, Raymond LA. Mechanisms underlying NMDA receptor synaptic/extrasynaptic distribu-
tion and function. Mol. Cell. Neurosci. 2011; 48: 308–320. doi: 10.1016/j.mcn.2011.05.001 PMID:
21600287

15. Monnerie H, Hsu FC, Coulter DA, Le Roux PD. Role of the NR2A/2B subunits of the N-methyl-D-aspar-
tate receptor in glutamate-induced glutamic acid decarboxylase alteration in cortical GABAergic neu-
rons in vitro. Neuroscience. 2010; 171: 1075–1090. doi: 10.1016/j.neuroscience.2010.09.050 PMID:
20923697

16. Gascón S, Sobrado M, Roda JM, Rodríguez-Peña A, Díaz-Guerra M. Excitotoxicity and focal cerebral
ischemia induce truncation of the NR2A and NR2B subunits of the NMDA receptor and cleavage of the
scaffolding protein PSD-95. Mol. Psychiatry. 2008; 13: 99–114. PMID: 17486105

17. Ryan TJ, Emes RD, Grant SG, Komiyama NH. Evolution of NMDA receptor cytoplasmic interaction
domains: implications for organisation of synaptic signalling complexes. BMC Neurosci. 2008; doi: 10.
1186/1471-2202-9-6 PMID: 18197970

18. Dong YN, Waxman EA, Lynch DR. Interactions of postsynaptic density-95 and the NMDA receptor 2
subunit control calpain-mediated cleavage of the NMDA receptor. J. Neurosci. 2004; 24: 11035–11045.
PMID: 15590920

19. Cull-Candy S, Brickley S, Farrant M. NMDA receptor subunits: diversity, development and disease.
Curr Opin Neurobiol. 2001; 11: 327–335. PMID: 11399431

20. Husi H, Ward MA, Choudhary JS, Blackstock WP, Grant SG. Proteomic analysis of NMDA receptor-
adhesion protein signaling complexes. Nat. Neurosci. 2000; 3: 661–669. PMID: 10862698

21. Sprengel R, Suchanek B, Amico C, Brusa R, Burnashev N, Rozov A, et al. Importance of the intracellu-
lar domain of NR2 subunits for NMDA receptor function in vivo. Cell. 1998; 92: 279–289. PMID:
9458051

22. Mori H, Manabe T, Watanabe M, Satoh Y, Suzuki N, Toki S, et al. Role of the carboxy-terminal region of
the GluR epsilon2 subunit in synaptic localization of the NMDA receptor channel. Neuron. 1998; 21:
571–580. PMID: 9768843

23. Gladding CM, Fan J, Zhang LY, Wang L, Xu J, Li EH, et al. Alterations in STriatal-Enriched protein tyro-
sine Phosphatase expression, activation, and downstream signaling in early and late stages of the
YAC128 Huntington's disease mouse model. J. Neurochem. 2014; 130: 145–159. doi: 10.1111/jnc.
12700 PMID: 24588402

24. Doré K, Labrecque S, Tardif C, De Koninck P. FRET-FLIM investigation of PSD95-NMDA receptor
interaction in dendritic spines; control by calpain, CaMKII and Src family kinase. PLoS One. 2014; 9
(11): e112170. doi: 10.1371/journal.pone.0112170 PMID: 25393018

Role of Resident Calpain 1 at NMDAR

PLOSONE | DOI:10.1371/journal.pone.0139750 October 2, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/16954597
http://www.ncbi.nlm.nih.gov/pubmed/12738057
http://dx.doi.org/10.1016/j.neuroscience.2010.09.050
http://www.ncbi.nlm.nih.gov/pubmed/20923697
http://www.ncbi.nlm.nih.gov/pubmed/14672996
http://www.ncbi.nlm.nih.gov/pubmed/11553682
http://www.ncbi.nlm.nih.gov/pubmed/9593918
http://dx.doi.org/10.2147/NDT.S78226
http://www.ncbi.nlm.nih.gov/pubmed/25709452
http://dx.doi.org/10.1074/jbc.M111.253740
http://www.ncbi.nlm.nih.gov/pubmed/22179603
http://dx.doi.org/10.1016/j.mcn.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21600287
http://dx.doi.org/10.1016/j.neuroscience.2010.09.050
http://www.ncbi.nlm.nih.gov/pubmed/20923697
http://www.ncbi.nlm.nih.gov/pubmed/17486105
http://dx.doi.org/10.1186/1471-2202-9-6
http://dx.doi.org/10.1186/1471-2202-9-6
http://www.ncbi.nlm.nih.gov/pubmed/18197970
http://www.ncbi.nlm.nih.gov/pubmed/15590920
http://www.ncbi.nlm.nih.gov/pubmed/11399431
http://www.ncbi.nlm.nih.gov/pubmed/10862698
http://www.ncbi.nlm.nih.gov/pubmed/9458051
http://www.ncbi.nlm.nih.gov/pubmed/9768843
http://dx.doi.org/10.1111/jnc.12700
http://dx.doi.org/10.1111/jnc.12700
http://www.ncbi.nlm.nih.gov/pubmed/24588402
http://dx.doi.org/10.1371/journal.pone.0112170
http://www.ncbi.nlm.nih.gov/pubmed/25393018


25. Jang JY, Choi YW, Kim HN, Kim YR, Hong JW, Bae DW, et al. Neuroprotective effects of a novel single
compound 1-methoxyoctadecan-1-ol isolated from Uncaria sinensis in primary cortical neurons and a
photothrombotic ischemia model. PLoS One. 2014; 9(1): e85322. doi: 10.1371/journal.pone.0085322
PMID: 24416390

26. Hossain MI, Roulston CL, Kamaruddin MA, Chu PW, Ng DC, Dusting GJ, et al. A truncated fragment of
Src protein kinase generated by calpain-mediated cleavage is a mediator of neuronal death in excito-
toxicity. J. Biol. Chem. 2013; 288: 9696–9709. doi: 10.1074/jbc.M112.419713 PMID: 23400779

27. Wei G, Yin Y, Li W, Bito H, She H, Mao Z. Calpain-mediated degradation of myocyte enhancer factor
2D contributes to excitotoxicity by activation of extrasynaptic N-methyl-D-aspartate receptors. J. Biol.
Chem. 2012; 287: 5797–57805. doi: 10.1074/jbc.M111.260109 PMID: 22215669

28. Xu J, Kurup P, Zhang Y, Goebel-Goody SM, Wu PH, Hawasli AH, et al. Extrasynaptic NMDA receptors
couple preferentially to excitotoxicity via calpain-mediated cleavage of STEP. J. Neurosci. 2009; 29:
9330–9343. doi: 10.1523/JNEUROSCI.2212-09.2009 PMID: 19625523

29. WuHY, Yuen EY, Lu YF, Matsushita M, Matsui H, Yan Z, et al. Regulation of N-methyl-D-aspartate
receptors by calpain in cortical neurons. J. Biol. Chem. 2005; 280: 21588–21593. PMID: 15790561

30. Kambe Y, Nakamichi N, Takarada T, Fukumori R, Yoneda Y. Induced tolerance to glutamate neurotox-
icity through down-regulation of NR2 subunits of N-methyl-D-aspartate receptors in cultured rat striatal
neurons. J. Neurosci. Res. 2010; 88: 2177–2187. doi: 10.1002/jnr.22388 PMID: 20336776

31. Yuen EY, Ren Y, Yan Z. Postsynaptic density-95 (PSD-95) and calcineurin control the sensitivity of N-
methyl-D-aspartate receptors to calpain cleavage in cortical neurons. Mol Pharmacol. 2008; 74: 360–
370. doi: 10.1124/mol.108.046813 PMID: 18445709

32. Vinade L, Petersen JD, Do K, Dosemeci A, Reese TS. Activation of calpain may alter the postsynaptic
density structure and modulate anchoring of NMDA receptors. Synapse. 2001; 40: 302–309. PMID:
11309846

33. Wang Y, Briz V, Chishti A, Bi X, Baudry M. Distinct roles for μ-calpain and m-calpain in synaptic
NMDAR-mediated neuroprotection and extrasynaptic NMDAR-mediated neurodegeneration. J. Neu-
rosci. 2013; 33: 18880–18892. doi: 10.1523/JNEUROSCI.3293-13.2013 PMID: 24285894

34. Averna M, De Tullio R, Pedrazzi M, Bavestrello M, Pellegrini M, Salamino F, et al. Interaction between
calpain-1 and HSP90: new insights into the regulation of localization and activity of the protease. PLoS
One. 2015; 10(1): e0116738. doi: 10.1371/journal.pone.0116738 PMID: 25575026

35. Pedrazzi M, Averna M, Sparatore B, Patrone M, Salamino F, Marcoli M, et al. Potentiation of NMDA
receptor-dependent cell responses by extracellular high mobility group box 1 protein. PLoS One. 2012;
7(8): e44518. doi: 10.1371/journal.pone.0044518 PMID: 22952988

36. Pizzi M, Boroni F, Bianchetti A, Moraitis C, Sarnico I, Benarese M, et al. Expression of functional NR1/
NR2B-type NMDA receptors in neuronally differentiated SK-N-SH human cell line. Eur J Neurosci.
2002; 16: 2342–2350. PMID: 12492429

37. Cervetto C, Mazzotta MC, Frattaroli D, Alloisio S, Nobile M, Maura G, et al. Calmidazolium selectively
inhibits exocytotic glutamate release evoked by P2X7 receptor activation. Neurochemistry interna-
tional. 2012; 60: 768–772. doi: 10.1016/j.neuint.2012.02.034 PMID: 22417724

38. Di Cesare Mannelli L, Marcoli M, Micheli L, Zanardelli M, Maura G, Ghelardini C, Cervetto C. Oxaliplatin
evokes P2X7-dependent glutamate release in the cerebral cortex: A pain mechanismmediated by Pan-
nexin 1. Neuropharmacology. 2015; 97: 133–141. doi: 10.1016/j.neuropharm.2015.05.037 PMID:
26071109

39. Alloisio S, Cervetto C, Passalacqua M, Barbieri R, Maura G, Nobile M, et al. Functional evidence for
presynaptic P2X7 receptors in adult rat cerebrocortical nerve terminals. FEBS Lett. 2008; 582: 3948–
3953. doi: 10.1016/j.febslet.2008.10.041 PMID: 18977353

40. Marcoli M, Cervetto C, Paluzzi P, Guarnieri S, Alloisio S, Thellung S, et al. P2X(7) pre-synaptic recep-
tors in adult rat cerebrocortical nerve terminals: a role in ATP-induced glutamate release. J Neurochem.
2008; 105: 2330–2342. doi: 10.1111/j.1471-4159.2008.05322.x PMID: 18315565

41. Pedrazzi M, Raiteri L, Bonanno G, Patrone M, Ledda S, Passalacqua M, et al. Stimulation of excitatory
amino acid release from adult mouse brain glia subcellular particles by high mobility group box 1 pro-
tein. J. Neurochem. 2006; 99: 827–838. PMID: 16911580

42. Nakamura Y, Iga K, Shibata T, ShudoM, Kataoka K. Glial plasmalemmal vesicles: a subcellular fraction
from rat hippocampal homogenate distinct from synaptosomes. Glia. 1993; 9: 48–56. PMID: 7902337

43. De Tullio R, Passalacqua M, Averna M, Salamino F, Melloni E, Pontremoli S. Changes in intracellular
localization of calpastatin during calpain activation. Biochem. J. 1999; 343: 467–472. PMID: 10510315

44. Averna M, Stifanese R, De Tullio R, Passalacqua M, Defranchi E, Salamino F, et al. Regulation of cal-
pain activity in rat brain with altered Ca2+ homeostasis. J. Biol. Chem. 2007; 282: 2656–2665. PMID:
17135258

Role of Resident Calpain 1 at NMDAR

PLOSONE | DOI:10.1371/journal.pone.0139750 October 2, 2015 19 / 20

http://dx.doi.org/10.1371/journal.pone.0085322
http://www.ncbi.nlm.nih.gov/pubmed/24416390
http://dx.doi.org/10.1074/jbc.M112.419713
http://www.ncbi.nlm.nih.gov/pubmed/23400779
http://dx.doi.org/10.1074/jbc.M111.260109
http://www.ncbi.nlm.nih.gov/pubmed/22215669
http://dx.doi.org/10.1523/JNEUROSCI.2212-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19625523
http://www.ncbi.nlm.nih.gov/pubmed/15790561
http://dx.doi.org/10.1002/jnr.22388
http://www.ncbi.nlm.nih.gov/pubmed/20336776
http://dx.doi.org/10.1124/mol.108.046813
http://www.ncbi.nlm.nih.gov/pubmed/18445709
http://www.ncbi.nlm.nih.gov/pubmed/11309846
http://dx.doi.org/10.1523/JNEUROSCI.3293-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24285894
http://dx.doi.org/10.1371/journal.pone.0116738
http://www.ncbi.nlm.nih.gov/pubmed/25575026
http://dx.doi.org/10.1371/journal.pone.0044518
http://www.ncbi.nlm.nih.gov/pubmed/22952988
http://www.ncbi.nlm.nih.gov/pubmed/12492429
http://dx.doi.org/10.1016/j.neuint.2012.02.034
http://www.ncbi.nlm.nih.gov/pubmed/22417724
http://dx.doi.org/10.1016/j.neuropharm.2015.05.037
http://www.ncbi.nlm.nih.gov/pubmed/26071109
http://dx.doi.org/10.1016/j.febslet.2008.10.041
http://www.ncbi.nlm.nih.gov/pubmed/18977353
http://dx.doi.org/10.1111/j.1471-4159.2008.05322.x
http://www.ncbi.nlm.nih.gov/pubmed/18315565
http://www.ncbi.nlm.nih.gov/pubmed/16911580
http://www.ncbi.nlm.nih.gov/pubmed/7902337
http://www.ncbi.nlm.nih.gov/pubmed/10510315
http://www.ncbi.nlm.nih.gov/pubmed/17135258


45. Repetto G, del Peso A, Zurita JL. Neutral red uptake assay for the estimation of cell viability/cytotoxicity.
Nat. Protoc. 2008; 3: 1125–1131. doi: 10.1038/nprot.2008.75 PMID: 18600217

46. Laemmli UK. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4.
Nature. 1970; 227: 680–685. PMID: 5432063

47. Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some applications. Proc. Natl. Acad. Sci. U S A. 1979; 76: 4350–4354.
PMID: 388439

48. Aronson NN, Touster O. Isolation of rat liver plasmamembrane fragments in isotonic sucrose. Methods
Enzymol. 1974; 31: 90–102. PMID: 4370714

49. Feligioni M, Holman D, Haglerod C, Davanger S, Henley JM. Ultrastructural localisation and differential
agonist-induced regulation of AMPA and kainate receptors present at the presynaptic active zone and
postsynaptic density. J Neurochem. 2006; 99: 549–60. PMID: 16903873

50. Sasaki T, Kishi M, Saito M, Tanaka T, Higuchi N, Kominami E, et al. Inhibitory effect of di- and tripeptidyl
aldehydes on calpains and cathepsins. J Enzyme Inhib. 1990; 3: 195–201. PMID: 2079636

51. MacDermott AB, Mayer ML, Westbrook GL, Smith SJ, Barker JL. NMDA-receptor activation increases
cytoplasmic calcium concentration in cultured spinal cord neurones. Nature. 1986; 321: 519–522.
PMID: 3012362

52. Mayer ML, Westbrook GL. The physiology of excitatory amino acids in the vertebrate central nervous
system. Prog. Neurobiol. 1987; 28: 197–276. PMID: 2883706

53. Averna M, Stifanese R, De Tullio R, Beccaria F, Salamino F, Pontremoli S, Melloni Calpain-mediated
activation of NO synthase in human neuroblastoma SK-N-BE cells. J Neurochem. 2009; 110: 412–421.
doi: 10.1111/j.1471-4159.2009.06149.x PMID: 19457105

54. Averna M, Pedrazzi M, Minicucci L, De Tullio R, Cresta F, Salamino F, et al. Calpain inhibition promotes
the rescue of F(508)del-CFTR in PBMC from cystic fibrosis patients. PLoS One. 2013; 8(6): e66089.
doi: 10.1371/journal.pone.0066089 PMID: 23785472

Role of Resident Calpain 1 at NMDAR

PLOSONE | DOI:10.1371/journal.pone.0139750 October 2, 2015 20 / 20

http://dx.doi.org/10.1038/nprot.2008.75
http://www.ncbi.nlm.nih.gov/pubmed/18600217
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://www.ncbi.nlm.nih.gov/pubmed/4370714
http://www.ncbi.nlm.nih.gov/pubmed/16903873
http://www.ncbi.nlm.nih.gov/pubmed/2079636
http://www.ncbi.nlm.nih.gov/pubmed/3012362
http://www.ncbi.nlm.nih.gov/pubmed/2883706
http://dx.doi.org/10.1111/j.1471-4159.2009.06149.x
http://www.ncbi.nlm.nih.gov/pubmed/19457105
http://dx.doi.org/10.1371/journal.pone.0066089
http://www.ncbi.nlm.nih.gov/pubmed/23785472

