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Abstract

Calpain is a ubiquitous protease found in different tissue types and in many organisms including
mammals. It generally does not destroy its large variety of substrates, but more commonly disrupts
their function. In neurons, many of its substrates become dysregulated as a result of cleavage of their
regulatory domain by this protease, leading to altered signaling between cells. In glutamatergic
synaptic transmission, direct targets of calpain include all of the major glutamate receptors: NMDA
receptors, AMPA receptors and mGIuR. By cleaving these receptors and associated intracellular
proteins, calpain may regulate the physiology at glutamatergic synapses. As a result, calpain-
mediated cleavage in neurons might not only be involved in pathological events like excitotoxicity,
but may also have neuroprotective effects and roles in physiological synaptic transmission.

Keywords
Calpain; glutamate; NMDA; AMPA, excitotoxicity; phosphorylation

2. INTRODUCTION: Glutamatergic transmission

Most excitatory synapses in the mammalian nervous system utilize the amino acid
neurotransmitter glutamate. Glutamate receptors are either ionotropic (those that permit ion
specific channels to open after agonist stimulation) or metabotropic (those that activate
downstream intracellular pathways by coupling to GTP binding proteins) (1,2,3). The
ionotropic glutamate receptors are further divided into three pharmacological types based on
their prototypic agonist: the N-methyl-D-aspartate (NMDA), the alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA) and the kainate receptors, all possessing an intrinsic
ion channel. The majority of these ionotropic receptors are located postsynaptically, although
the NMDA receptor has been found pre- and extrasynaptically as well. Metabotropic glutamate
receptors (mGIuRs) are located pre-, post-, and extrasynaptically, and fall into three categories
based on their amino acid sequences and pharmacological sensitivities. All of these receptors
are of crucial importance in excitatory signaling pathways, memory formation and long-term
plasticity (4,5). (Figure 1)

3. CALPAIN — A MAJOR NEURONAL PROTEASE

One of the downstream targets of glutamatergic transmission is calpain. Calpain is a neutral,
calcium activated, intracellular cysteine protease expressed both in the cytosol and the synaptic
terminal in neurons (6,7,8,9). Itis vital to mammalian cellular functions as well as development;
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disruption of the obligatory regulatory subunit of calpain in genetically engineered mice is
lethal at embryonic day 11.5 (10). Calpain-mediated proteolysis in the central nervous system
is not only an important event in synaptic transmission but also in neuronal death associated
with pathologic processes including brain injury, ischemia and neurodegenerative disorders
like Alzheimer’s and Huntington’s disease (11,12,13,14). In the nervous system, calpain is
activated by calcium influx through surface receptors or release of calcium from intracellular
stores, such as the endoplasmic reticulum (15,16,17). In pathologic situations, however, it can
also be activated by other mechanisms including calcium influx due to nitric oxide-mediated
excitotoxicity (18).

There are at least fifteen different types of mammalian calpains. Two forms of calpain are
ubiquitously present in the brain: p-calpain, composed of the catalytic subunit calpain 1 in
combination with the regulatory subunit calpain 4, achieves half-maximal activity in vitro at
micromolar levels of calcium (2-80 uM), while m-calpain, composed of the catalytic subunit
calpain 2 along with calpain 4, requires higher levels of calcium in vitro (0.2-0.8 mM). The
other forms of calpain (calpains 3, 5-15) are frequently tissue specific and less well understood
(19,20). Both regulatory and structural proteins are substrates for calpain (21,12).
Biochemically, most calpains cleave similar substrates in vitro including cytoskeletal proteins
such as spectrin, tau, microtubule associated proteins like MAP2 and MAP1B, glial fibrillary
acidic protein (GFAP), tubulin and neurofilaments. In neurons, other calpain substrates include
receptors on the cell membrane, proteins in the postsynaptic density and intracellular proteins
that contribute to synaptic signaling and structure (12,17,22).

Conservation of the basic structural regions between the two ubiquitous calpains may account
for the similarity in their substrate specificity. Both utilize a 30 kDa regulatory subunit (calpain
4) containing two domains, V and VI, of which domain VI is the calcium-binding domain. The
larger subunit of calpain is the 80 kDa catalytic subunit, which contains four domains (I - V).
Domain 1V is also a calcium-binding domain. Calpain is also a substrate for itself, with the
autolytic cleavage site located on domain | of the large subunit (23).

Calpastatin is an endogenous protein that selectively inhibits both calpain forms. It interacts
with domain Il of the 80 kDa subunit (the substrate binding region), thus preventing substrate
binding in a competitive manner. Calpastatin acts as an important calpain modulator and
functions in a use-dependent manner; it binds to calpain only with increases in intracellular
calcium (17,24). However, the duration of action of calpastatin is limited because it is itself a
substrate for calpain. New commercially produced calpain inhibitors are derived from the
calpastatin amino acid sequence (25).

Since various synaptic glutamate receptors are substrates for calpain (Figure 1), investigating
the cleavage of these proteins can illuminate the role of calpain in modulating glutamatergic
synaptic transmission in physiological and pathological conditions. This article explores some
of the role of calpain-mediated cleavage in controlling glutamatergic signaling.

4. GLUTAMATE RECEPTORS AND CALPAIN
4. 1. The NMDA receptor and calpain

The NMDA receptor (NMDAR) is an ionotropic glutamate receptor involved in models of
learning and memory such as long-term potentiation and long-term depression (1,26,27). The
NMDAR has also been implicated in various neurological disorders such as ischemia, epilepsy
and stroke, as well as many neurodegenerative diseases (13,17,14). Activation of NMDARs
requires simultaneous binding of two agonists (glutamate and glycine) along with membrane
depolarization. The latter is required to remove a voltage-dependent channel blockade by
magnesium that prevents ion passage. Many other endogenous and synthetic agents also
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modulate the NMDAR. The receptor exists as a heterotetrameric channel in which both its
major subunits (NR1 and NR2) must be usually present in order to form a functional NMDAR.
It is composed of two NR1 subunits and two NR2 subunits. The NR1 subunit, which contains
the glycine-binding site, is expressed as eight different splice variants NR1a-h encoded by a
single gene. Four distinct genes encode the four NR2 subunit subtypes NR2A-D, which contain
the glutamate-binding site (28,17). Through its interactions with various molecules like protein
kinases, calmodulin, yotiao, and alpha-actinin, NR1 can regulate receptor localization and
downstream signaling (29). The NR2 subunit interacts with anchoring proteins like
postsynaptic density-95 (PSD-95), Chapsyn 110/PSD-93, synapse associated protein 102 (SAP
102), and SAP 97 (29,30). The NR2 subunit subtype(s) present in the receptor determine most
NMDAR properties. NR2B levels are highest earlier in development, especially in
hippocampal and cortical neurons, while NR2A levels are lower and increase with development
(31). NR2C is largely confined to the cerebellum in adult rodents and humans while NR2D
levels are high early in development but concentrated in a few specific nuclei and cell types in
adults (32,33,34).

A third NMDAR subunit NR3 has also been identified, but relatively little is known about it
so far. Two different NR3 subunits NR3A and NR3B have been distinguished to date (35,
36). When assembled with NR1, the NR1/NR3 receptor has a glycine binding domain, but
does not bind glutamate or NMDA. NR1/NR3 receptors are activated by glycine alone, leading
to a burst of firing in rat cerebrocortical neurons treated with glycine. These receptors, unlike
NR1/NR2 receptors, are impermeable to calcium and are not blocked by Mg2* (37).
Additionally, when co-expressed with NR1/NR2 receptors, the NR3 subunit reduces NMDAR
currents and calcium permeability (38). NR3 levels increase in the rodent CNS with
development until P14, after which they decline, and are lower in the adult CNS than at birth.
Fewer studies have been done in humans, but NR3 expression appears to be similar
developmentally between rodents and humans (39). Spatially, it is expressed in many parts of
the embryonic brain, but in the adult human brain is restricted to the cerebral cortex. NR3
subunits are minimally present in the spinal cord (39). Thus, it seems as though this subunit
might play an important role in development, but a lesser role in adult brain. In contrast to
NR1/NR2 containing receptors, calcium-impermeant NR3 containing receptors are unlikely
to act as sources of calcium for calpain activation.

4.1.1 The NMDAR as a calpain substrate—When activated, the NMDAR allows calcium
into the cell, leading to a variety of downstream events including calpain activation. The
NMDAR has been established as a physiological calpain substrate through many lines of
investigation, including work in vitro, in cell culture systems and in animal models (40). In
vitro, the NR1 subunit of the NMDAR is not a substrate for calpain, but three NR2 subunits
(NR2A-C) are readily cleaved by calpain at their C-terminal regions; the rate of proteolysis is
similar for these three NR2 subunits. Calpain cleaves NR2A before amino acids 1279 and 1330.
After proteolysis, the N-terminal fragment of the NR2A subunit remains capable of forming a
functional receptor when combined with NR1a, as measured by electrophysiological properties
of the channel and the ability to bind the channel antagonist MK-801. Similarly, the N-terminal
fragments in calpain-cleaved NR2B and NR2C subunits should be capable of assembling with
NR1 to create active NMDAR, but the exact sites of cleavage in these subunits have not been
identified (40).

In situ experiments in transfected cells have shown results similar to in vitro experiments. When
calpain is activated by NMDAR stimulation in transfected HEK 293 or 293t cells, NR2A and
NR2B are calpain substrates while NR1 is not. The site of NR2A cleavage in situ occurs in the
region after amino acid 1051, consistent with in vitro data. In contrast with in vitro experiments,
however, the N-terminal fragment of the cleaved subunit is not stable on the cell surface in

situ, suggesting that other cellular pathways further degrade the calpain-generated N-terminal
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fragment of NR2A. The degradation of the N-terminal product by calpain and subsequent
pathways leads to a loss of MK-801 binding and a reduced number of functional NMDAR
(41). HEK cells transfected with NMDARs undergo cell death following receptor activation
that models many properties of excitotoxicity in neurons. Consequently, calpain-mediated
cleavage of NR2A in transfected cells is a protective mechanism. In situ experiments in HEK
cells show that blocking calpain with calpastatin accelerates NMDAR-mediated cell death;
thus, calpain activation and subsequent proteolysis of NR2A provides a mechanism for
controlling excessive calcium influx into the cell through the NMDAR and the resulting
excitotoxic cell death. This demonstrates one paradigm in which calpain plays an important
role in NMDAR function and stability and provides a crucial mechanism for cell survival via
its modulatory role on receptor levels (41).

Results from neuronal cultures are more complex than those from transfected cells or in
vitro experiments. In primary rat hippocampal cultures, in which both NR2A and NR2B
subunits are present, calpain is activated after NMDAR stimulation and leads to differing levels
of NR2A and NR2B cleavage. NR1 and actin are not cleaved. Interestingly, in most paradigms
NR2B is the major substrate for calpain, and NR2A is degraded to a much lesser degree.
Cleavage occurs at the C-terminal end of NR2B and leads to the formation of a stable
breakdown product of approximately 115 kDa. Levels of this product increase with increased
length of agonist exposure and coincide with the decrease in full-length NR2B levels (42). The
C-terminal fragment of NR2B produced in neurons essentially matches the smallest breakdown
product (roughly 1030 amino acids) generated by in vitro treatment of recombinant NR1/2B
receptors, suggesting that the sites of calpain-mediated cleavage in neurons match those in
vitro. While surface levels of full-length NR2B decrease, the cleaved NR2B remains on the
surface in hippocampal neurons and is potentially active. The 115 kDa NR2B breakdown
product observed in cultured neurons after agonist treatment is also observed after transient
ischemia in the hippocampus and in animals undergoing status epilepticus (42,43). This
indicates that calpain cleaves NMDAR subunits during excitotoxic insults in the brain as well
as in cultured neurons. Even though NR2A is not significantly cleaved by calpain in more
developed hippocampal neurons in culture, it is cleaved at earlier developmental time points
and may be crucial in the activation of calpain in hippocampal neurons (42). This last result
matches findings from HEK cells. In cells transfected with NR1A/2B, the NR2B subunit is not
readily cleaved and calpain activation is minimal. However, when NR2A is also included,
NR2B is cleaved by calpain (42).

Experiments in neurons derived from other brain regions produce similar results. In acutely
isolated and cultured cortical neurons, calpain selectively cleaves NR2A and NR2B after
NMDAR activation (11), and in vitro experiments in synaptic membranes of the rat
telencephalon also demonstrate calpain-induced cleavage of the NR2 subunit (44). However,
as in hippocampal cultures, such results vary developmentally. NR2A is cleaved in
hippocampal and cortical neurons early in development, but cleavage levels decrease with
development (DIV14-21) in both types of cells; this may reflect an increasing association of
NR2A subunits with PSD-95 (see below). However, NR2B degradation by calpain remains
the same in hippocampal cells over this period, while in cortical cells, it is cleaved to a lesser
degree at DIVV21 as compared to DIV14. Thus the cleavage of NR2 subunits by calpain appears
to reflect both cell type and developmental stage.

Electrophysiological properties of the NMDAR after calpain activation also vary over
development in hippocampal cultures. Agonist treatment with glutamate and glycine for 30
minutes decreases NMDAR current density in DIV21 cells but not in DIV10 cells. IN DIV21
neurons, this effect is similar in the presence or absence of calpain inhibitors; thus, calpain
does not seem to control this phenomenon. This may reflect agonists induced internalization,
in which binding of agonists to the NMDAR, in particular glycine, leads to receptor
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internalization and hence reduced current density through the channel (45). In contrast, a
calpain dependent change in desensitization of NMDARs appears in DIVV10 neurons after
glutamate and glycine treatment. However, calpain-mediated cleavage of NR2B decreases the
levels of full length NR2B in the DIV10 cells, but the cleaved receptors remain on the surface
and appear to remain active (46). Thus, at this time in development calpain not only readily
cleaves receptors but creates a novel form of active receptor with altered desensitzation. This
shows that the physiological effect of calpain-mediated NMDAR cleavage may differ over
development.

A second aspect of the NMDAR-calpain interaction is the regulation of calpain activation by
NMDAR subtypes. NMDAR-mediated calpain activity increases with development (DIV7 to
DIV21) in hippocampal as well as cortical cultures. In hippocampal neurons, calpain activity
plateaus at DIV14, but continues to increase in cortical neurons until DIV21. This increase
reflects an increase in expression of NMDA subunits and is not due to increases in calpain
levels. Levels of calpain | remain constant throughout the DIV7-21 period, while levels of
NR1, 2A and 2B increase significantly in cortical cultures; NR1 and 2A levels increase but
NR2B levels fall with development in hippocampal cultures. The NMDAR subtype associated
with calpain activation is also controlled by developmental changes in subunit compositions
and neuronal types. It is primarily activated by NR1/2B and NR1/2A/2B in DIV7 cortical
cultures. At DIV14, these receptors continue to play an important role in calpain activation,
but it is lower than DIV7. In contrast, NR1/2B is the primary receptor type involved in
activation of calpain at DIV7 in hippocampal cultures; by DIV14, NR1/2A/2B also plays a
significant role in this process. With further development, at DIV21, NR1/2B plays a negligible
role in calpain activation while NR1/2A/2B and likely even NR1/2A contribute the most to
this physiological event (46). Increased calpain activation in NR1/2A receptors could reflect
the high fractional Ca2* passage through them (47). As C-terminally truncated NR2A
constructs activate calpain equally to wild-type, there is no evidence to suggest that the high
level of calpain activation reflects specific structural motifs in the intracellular region of NR2A.
All of these findings illustrate the changes in the role of calpain in modulating NMDAR
function with development.

4.1.2. Control of calpain-mediated cleavage of NMDARs: MAGUKS and tyrosine
kinases—The postsynaptic density is rich in many anchoring proteins, one of which is
postsynaptic density — 95 (PSD-95). The N-terminal end of PSD-95 contains a domain of 90
amino acids called PSD-95/Discs large/zone occludens-1 (PDZ) through which it binds the C-
terminus of NR2 subunits (21). PSD-95 also binds many other proteins such as the microtubule-
associated protein CRIPT, potassium channels, and Ras GTP-ase. This ability to bind many
molecules along with its ability to form polymers facilitates NMDAR clustering and
stabilization at the synapse (21).

Binding of PSD-95 modulates the ability of calpain to cleave NMDARSs. In HEK293 cells
transfected with NMDAR subunits, PSD-95 protects NR2A from calpain cleavage both at the
cell surface as well as intracellularly. NR2A binds to PSD-95 through the final four amino
acids of NR2A, known as the ESDV motif (48). These amino acids are also necessary for the
effect of PSD-95 on calpain-mediated cleavage of NR2A. The process by which PSD-95 limits
cleavage by calpain is not entirely clear, but PSD-95 does not reduce calpain activity or
NMDAR- mediated intracellular calcium responses after agonist exposure, suggesting that the
effect of PSD-95 is not an effect on calpain activation but instead on targeting of calpain to the
NMDAR (8). It also does not require receptor internalization, since preventing internalization
of NMDARSs does not affect receptor cleavage. However, palmitoylation of PSD-95 is required
for itto block the cleavage of NR2 by calpain. Palmitoylation sites on PSD-95 allow it to cluster
and stably bind the C-terminus of NR2A. SAP102, which, like PSD-95 is a membrane-
associated guanylate kinase (MAGUK), is not palmitoylated, does not cluster, and does not
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block cleavage of NR2A by calpain. This suggests that clustering is an essential component to
the effect of PSD-95 on NMDAR cleavage, and that the effect of PSD-95 may be mediated by
steric hindrance (8). Regardless of the exact mechanism, the effect of PSD-95 on calpain-
mediated cleavage may explain subunit selectivity of calpain for NR2B in hippocampal
neurons. In these neurons, PSD-95 is associated with NR2A more than with NR2B, which
makes the 2A subunit resistant to calpain-mediated cleavage. In contrast, NR2B, which is found
at higher levels extrasynaptically, is more readily proteolyzed. In situ studies in HEK 293 cells
have shown that PSD-95 protects NR2B from calpain-mediated proteolysis, suggesting that in
neurons, calpain targets predominantly extrasynaptic, rather than synaptic, NMDARs (49).
(Figure 2)

A second regulatory mechanism for calpain-mediated cleavage is phosphorylation of tyrosine
residues. Src family kinases (SFKs) are tyrosine kinases highly expressed in neurons. Two
such kinases, Src and Fyn, have been extensively studied due to their interaction with NMDA
as well as AMPA receptors. Specific interactions between SFKs, MAGUK proteins, and
NMDAR activation control calpain-mediated proteolysis of the NR2 subunit (Figure 2). Src
is directed to NR2A and 2B subunits by selectively and uniquely binding PSD-95, among
MAGUKS, to gain access to the receptors. Src-mediated phosphorylation of NMDAR subunits
significantly reduces calpain-mediated cleavage of these receptors in vitro (50,51). In contrast,
Fyn-mediated phosphorylation of NR2A and NR2B enhances cleavage by calpain. Fyn
phosphorylates NR2B at three distinct sites: Y1252, Y1336 and Y1472. Of these,
phosphorylation of Y1336 facilitates calpain-mediated cleavage of NR2B. However, while
MAGUK proteins like PSD-95 or SAP102 are required for phosphorylation of NR2B by
constitutively active Fyn, PSD-95 blocks cleavage of NR2B such that only NR2B associated
with SAP102 is readily cleaved by calpain. Although Fyn and calpain are active intracellularly,
and SAP102 and NR2B associate intracellularly, the Fyn-mediated increase of NR2B cleavage
by calpain is limited to cell surface receptors (52). These data suggest that the control of NR2B
cleavage involves not only MAGUK proteins and SFKs, but also other macromolecular or lipid
components that vary between cellular compartments.

Interestingly, NR2B-Y 1336 is involved in a variety of processes downstream from NMDAR
activation. These include dephosphorylation/inactivation of the MAP kinase p38, activation
of PI3 kinase (a protective mechanism in excitotoxicity), ubiquitination of NR2B, and ethanol
sensitivity of the NMDAR (53,54,55,56). In contrast, phosphorylation of Y1472 is linked with
increased association of NR2B with PSD95 and regulation of NMDAR levels on the cell
surface (57,58). Moreover, phosphorylation of the different residues is altered by NMDAR
activation, with Y1336 phosphorylation increasing with NMDAR activation. This leads to the
possibility that the control of calpain-mediated cleavage by Y1336 is part of a feedback loop
in which high levels of NMDAR activation lead to a pattern of calpain activation, p38
dephosphorylation, and P13 kinase activation. Such events could be crucial in synaptic
remodeling as well as components of excitotoxicity.

4.2. The AMPA receptor and calpain

AMPA receptors are the major ionotropic glutamate receptors mediating fast excitatory
signaling at the synapse. Like the NMDAR, AMPA receptors are involved in various processes
in the nervous system including synaptic plasticity, dendritic sprouting and regulation of gene
expression (59). Such receptors are also cation channels activated by the binding of glutamate
to two of the four binding sites on each receptor (60). Once activated, AMPA receptors allow
the passage of only sodium and potassium in most situations. In receptors lacking the edited
form of the GIuR2 subunit, calcium can also pass (such receptors are a minority of brain AMPA
receptors). The receptor is composed of four subunits GIuR1, GIuR2, GIuR3 and GIuR4, each
possessing an extracellular N-terminus, an intracellular C-terminus and three transmembrane
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loops. The C-terminus interacts with many molecules including anchoring proteins such as
GRIP and PICK1, and kinases that lead to its phosphorylation (61).

Calpain can modulate AMPA receptor function post-translationally by cleaving the C-terminus
of the GIuR1 subunit. In this situation, calpain is usually activated by NMDAR- mediated
calcium influx since AMPAR-mediated calcium influx is usually insufficient for calpain
activation. This reflects the inability of most AMPA receptors to pass calcium and their fast
desensitization. A small population of AMPARSs allows calcium influx but the fractional
calcium current is smaller than that of NMDAR (47). However, in spite of the homology
between different AMPA receptor subunits, not all are readily cleaved by calpain. In cortical
pyramidal neurons activation of calpain by prolonged NMDA application leads to C-terminal
GluR1 cleavage (putatively before amino acids N833 and R837), while GIuR2 levels remain
unchanged (62). If the NMDAR is stimulated briefly, the levels of GIuR1 cleavage are much
lower, and most AMPA receptor destruction occurs through endocytosis rather than calpain-
mediated degradation. With increased duration of NMDAR stimulation, calpain-mediated
cleavage increases. The role of calpain as a regulatory mechanism for AMPA receptor turnover
at high levels of NMDAR stimulation parallels the effect of NMDAR stimulation of calpain-
mediated cleavage of NR2B. However, in contrast to NR2B, the calpain-generated fragment
of GIuR1 does not remain on the surface and is probably internalized. Similar results have been
observed in models of hypoxia and ischemia, suggesting that cleavage of AMPAR by calpain
acts as a mechanism to control excitotoxicity (62).

4.2.1. Control of calpain-mediated cleavage of AMPARSs by kinases—In addition,
while phosphorylation of AMPA receptors by various kinases modulates its susceptibility to
calpain-mediated cleavage, the exact regulation of AMPAR cleavage by SFKs differs from
that of NMDAR. In synaptic membranes, Src-mediated phosphorylation of AMPA receptors
does not alter GIuR1 cleavage, while Fyn protects GIuR1 from being cleaved by calpain. Since
there is only one tyrosine residue in the C-terminus of AMPAR, the two different SFKs may
interact with other molecules in differentially regulating AMPAR susceptibility to cleavage
by calpain (63,51). Other kinases, like CaMKII, also modulate calpain-mediated cleavage of
GIluR1. Phosphorylation of S831 on GluR1 by CaMKII significantly increases cleavage of the
subunit by calpain in cortical neurons in vitro. Additionally, inhibiting or reducing expression
of CaMKII, or mutating S831 prevents the increased cleavage of the receptor observed upon
agonist exposure (64). Overall, the modulation of calpain-mediated cleavage of AMPAR by
phosphorylation suggests that it is a carefully regulated system, although the exact role of this
cleavage remains unclear. (Figure 3a)

4.3. The mGIuR and calpain

Metabotropic glutamate receptors (mGIluRs) mediate neuronal signaling by coupling to G-
proteins associated with specific downstream targets. There are three major categories of
mGIuRs based on pharmacological differences and associated second messenger systems.
Group | includes mGIuR1 and 5, Group Il includes mGIuR2 and 3, and Group 111 includes
mGIuR4, 6, 7 and 8. All eight mGIuRs are products of distinct genes, and many of them are
further subdivided into different splice variants. Different mGIuRs are activated to varying
degrees by different prototypic agonists, are associated with different second messenger
systems, and differ in their synaptic localization. Despite the large diversity of the mGIuRs
they are similar in their basic structure, possessing an extracellular and intracellular domain
with seven transmembrane loops (65).

Only recently has the mGIuR family been shown to be a calpain target. mGluR1-alpha, a Group
| receptor, is cleaved by calpain at its intracellular, C-terminal end at the residue S936 (66).
This cleavage is induced by calcium influx through the NMDAR, and has neurotoxic effects.
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The cleaved mGIluR1-alpha is active and remains on the cell surface, but through loss of its C-
terminus, is uncoupled from downstream pathways. One such pathway is the PI3K-Akt
pathway, which has neuroprotective effects that are lost upon calpain-mediated cleavage of
the C-terminus of the receptor. A fusion peptide derived from the site of mGluR1-alpha
cleavage selectively blocks its cleavage and restores the neuroprotective effects of the PI3K-
Akt pathway. This provides an example of a specific cellular process regulated by calpain.
Thus calpain-mediated cleavage of mGluR1-alpha provides a specific role for calpain in
excitotoxicity as well as a link between excitotoxicity and NMDAR-mGIuRL1 interactions
(66).

5. CONCLUSION

Calpain appears to be a significant regulator of synaptic transmission at the glutamatergic
synapse. However, the ways in which calpain mediates cleavage of NMDARs, AMPARs and
mGIuRs to regulate neuronal functions remains somewhat unclear. Among glutamate
receptors, calpain cleavage leads to dysregulation of their normal functions, but the exact
consequences of such events in downstream signaling remain to be elucidated. (Figure 3b).
However, in some physiological and pathophysiological scenarios calpain-mediated cleavage
of substrates can regulate transcription. Calpain cleaves beta-catenins, a group of molecules
that are involved in development and onset of cancer by acting as transcriptional regulators;
the calpain generated fragments of beta-catenin are stable in neurons and translocated to the
nucleus where they modulate Tcf, a transcription factor (67). In another instance, calpain-
mediated cleavage of specific substrates directly leads to cell death through nuclear events.
The mitochondrial protein apoptosis inducing factor (AlF) is cleaved by calpain during
excitotoxic events; the resulting fragment is released from the mitochondria and translocated
to the nucleus during ischemic conditions. In the nucleus, AIF causes cell death and leads to
genomic degradation (68).

While these specific examples of calpain dependent events aid in understanding the role of
calpain, a crucial aspect that is not understood is the regulation of cleavage. The role of kinases
and phosphatases in the cleavage of NMDARSs by calpain has provided a greater understanding
of the complex interactions of calpain with its substrates. It is plausible that such regulatory
events exist for many other substrates, and a knowledge and understanding of these events
would provide significant insight into the specific roles of calpain in the cell at large.
Understanding of the biochemical processes involved in synaptic cleavage of glutamate
receptors by calpain is thus a further goal. In cell adhesion processes, calpain mediated control
of integrins is regulated by SFKs and MAPK through formation of a macromolecule complex
at the cell surface (69). Conceivably, similar complexes might regulate cleavage of glutamate
receptors and other synaptic substrates. However, direct demonstrations of such a mechanism
are needed before we fully understand the role of calpain mediated cleavage of glutamate
receptors in neuronal function.
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Abbreviations
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AMPA alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate
mGIuR metabotropic glutamate receptor

MAP mitogen activated protein
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PSD-95 postsynaptic density-95

SAP102 synapse associated protein 102

SAP97 synapse associated protetin 97
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A glutamatergic synapse showing the major glutamate receptors NMDAR, AMPAR, Kainate
R and mGIuR. NMDARs are mostly located on the postsynaptic end and are present at the
synaptic and extrasynaptic locations, while AMPARs and mGIuRs are located both pre- and
postsynpatically. Calcium entry through synaptic NMDARs leads to activation of the protease
calpain downstream of the receptor. When activated, calpain forms part of a feedback loop for
controlling excessive calcium influx by cleaving most glutamate receptors and leading to a

reduction in their function.
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Figure 2.

PSD-95 is one of the postsynaptic density proteins involved in clustering of NMDARs on the
cell surface. It binds the C-terminus of the receptor at the ESDV motif, and protects against
calpain-mediated cleavage of that end. The inset shows two Src family kinases (SFKSs), Src
and Fyn, that phosphorylate residues on the C-terminus of NR2B leading to differing regulation
by calpain. Fyn phosphorylates Y1252, Y1336 and Y1472 and thus potentiates calpain-
mediated cleavage, while Src phosphorylates Y1472 by binding PSD-95, and prevents cleavage

by calpain.

Front Biosci (Schol Ed). Author manuscript; available in PMC 2010 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Doshi and Lynch Page 15

1279 1330

I NR2A - 1464a.a.
” l | (rat, human)

e
Y1267 Y1325 Y1387
Fyn/Src

1030 (approximate)
l NR2B - 1482a.a.
[ | - hman-1484a.a.)
| |

|
Y1252 Y1336 Y1472

833 837 Fyn/Src
] GluR1-907a.a.
' (rat, human-906a.a.)
Ll
S831 S845
PKCI/CaMKIl PKA
936
| mGluR1a - 1199a.a.
| (rat, human-1194)
| Calpain Cleavage Site
| Phosphorylation Site
A Transmembrane Domain
NR2B NR2A GIuR1 mGIuR1
neurons transfected cells neurons neurons

Calpain Calpain
Calpain
v v
Altered receptor Neurotoxic
function Cell death

Receptor

destruction

Cell protection
B
Figure 3.

a. Calpain cleavage and selected phosphorylation sites on different subunits of the NMDA,
AMPA and mGlu receptors. The locations of the transmembrane domains are highly conserved
among the ionotropic receptor subunits. The exact calpain cleavage sites on NR2B are not fully
known, but it should be noted that many phosphorylation sites are located close to calpain
cleavage sites, indicating the important role played by phosphorylation of C-terminal residues
in controlling calpain-mediated cleavage.

b. Effect of calpain-mediated cleavage on different glutamate receptor subunits and the
proposed role of calpain in the fate of the cell.
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