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Abstract: Calpains are calcium-dependent proteolytic enzymes that have deleterious effects on
neurons upon their pathological over-activation. According to the results of numerous studies
to date, there is no doubt that abnormal calpain activation triggers activation and progression of
apoptotic processes in neurodegeneration, leading to neuronal death. Thus, it is very crucial to
unravel all the aspects of calpain-mediated neurodegeneration in order to protect neurons through
eliminating or at least minimizing its lethal effects. Protecting neurons against calpain-activated
apoptosis basically requires developing effective, reliable, and most importantly, therapeuti-
cally applicable approaches to succeed. From this aspect, the most significant studies focusing
on preventing calpain-mediated neurodegeneration include blocking the N-methyl-D-aspartate
(NMDA)-type glutamate receptor activities, which are closely related to calpain activation;
directly inhibiting calpain itself via intrinsic or synthetic calpain inhibitors, or inhibiting its
downstream processes; and utilizing the neuroprotectant steroid hormone estrogen and its
receptors. In this review, the most remarkable neuroprotective strategies for calpain-mediated
neurodegeneration are categorized and summarized with respect to their advantages and disad-
vantages over one another, in terms of their efficiency and applicability as a therapeutic regimen
in the treatment of neurodegenerative diseases.

Keywords: calpain, neurodegeneration, neuroprotection, calpain inhibitors, NMDAR, Speedy/
RINGO

The role of pathological calpain activation

in neurodegenerative diseases

The term “neurodegeneration” defines the progressive loss of function and structure
of neurons that finally ends up with neuronal cell death. Since neurodegeneration is a
multifactorial and hence, a very complicated process, its exact mechanism still remains
unknown, and its origin of onset is a type of “chicken and egg” situation. Despite
its multifaceted nature, it is known that over-activation of cysteine-protease calpains
as a result of destabilization of calcium homeostasis is one of the main causative
factors for neurodegeneration. There are number of neurodegenerative conditions
such as amyloid beta (A) aggregation, metabolic alterations, and oxidative stress,
which all cause destabilization of calcium homeostasis, resulting in the elevation
of intracellular calcium levels, which in turn finally leads to pathological activation
of calcium-sensitive cysteine-protease, calpain (Figure 1). Calpain is known to be
one of the most effective proteins of which deregulation leads neurons into apoptosis
through different pathways.'

Calpains are heterodimeric proteins that are composed of a large 80 kDa catalytic
subunit and a small 30 kDa regulatory subunit. The small 30 kDa subunit contains two
domains: V and VI. Domain V is the terminal domain and possesses glycine residues,
while domain VI has five helix-loop-helix structural EF-hand calcium-binding motifs.
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Figure | Schematic illustration of calpain-mediated apoptotic progression of neurons as a result of different neurodegenerative stimuli.

The large 80 kDa subunit is composed of four domains:
I, 11, IT1, and IV. Domain I is the autolytic cleavage site, and
domain II has the cysteine protease activity and interacts with
the substrates. Domain I1I’s function is not known. Domain
IV contains E-helix-loop-F-helix motifs (EF hands) on which
are calcium binding sites.®

Calpain is localized in the cytosol in its inactive form in
the absence of calcium. Upon an increase in intracellular cal-
cium level, calpain is translocated to the membrane, and there,
itbecomes activated with calcium and phospholipids. Calpain
activation occurs mainly in two stages. In inactive form, two
subdomains of protease domain II (I1a and IIb) are separated
by structural constraints. In the first stage of activation, this

structural constraint is released in the presence of calcium
ions, which is a necessity to activate the calpain and to form
the active catalytic site.” Calcium binds to EF-hand motifs in
domains III, IV, and VI, and this binding separates domain I1
from domain III. Therefore, a 30 kDa subunit dissociates from
an 80 kDa subunit at the end of the first stage. At the second
stage, an active site on the protease domain II is rearranged
to be able to interact with its substrates.®

Although calpain activity is strictly regulated, mainly by
calcium, there is also an endogenous inhibitor of calpain,
namely calpastatin, which regulates the activity of calpain.’
Calpastatin reversibly binds to the active site and inhibits
calpain only in the presence of calcium ions.!
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Activated calpain has a number of substrates such as
growth factor receptors, cytoskeletal proteins, microtubule-
associated proteins, and mitochondria in order to fulfill
crucial roles in different cellular mechanisms such as
progression of cell cycle,!! differentiation, apoptosis, long-
term potentiation (LTP), synaptic plasticity, and central
nervous system (CNS) development in neurons.'>'3 LTP
is a calcium-dependent regulator of memory development
that results, in part, from remodeling of dendritic spines.'*
Activation of N-methyl-D-aspartate (NMDA) receptors,
which results in the activation of calpains and proteolysis
of structural proteins such as spectrin,'® plays a crucial role
in the induction of LTP.'" Different studies also showed that
calpain inhibition caused rapid axon retraction, attributing a
role for calpain in axon maturation and maintenance during
CNS development.'®!7

Recent studies have indicated that calpains play sig-
nificant roles in the apoptotic processes in the case of
neurodegeneration."'®!? Deregulation of calcium homeostasis
results in calcium overload, and subsequent calpain over-
activation forces neurons to ultimately undergo apoptosis
for the reason that members of apoptotic machinery, such
as B-cell lymphoma 2 (Bcl-2) family members of cell death
regulators and nuclear transcription factors such as p53 and
caspases are themselves direct substrates of calpains.?

Several members of the Bcl-2 family proteins that regu-
late programmed cell death?' are processed by calpains.?
Putcha et al?* showed that Bax (a Bcl-2 family member)
translocation from cytosol to mitochondria is a key event in
neuronal apoptosis in the trophic factor-deprived sympathetic
neuron model. The role of calpain in this process is to cleave
Bax into an 18-kDa pro-apoptotic fragment that leads to
cytochrome ¢ release and subsequently, apoptosis.?

In addition to this, Sedarous et al'® showed that inhibiting
calpain by pharmacological calpain inhibitors (MDL-28170
and PD 150606) significantly reduced p53 induction and
subsequent cytochrome c release, and caspase-3 increase
in embryonic cortical neurons, indicating that calpain is
a key mediator of p53 induction and caspase-dependent
apoptosis.

In addition, experimental data suggest some neuroprotec-
tive effects for inhibitors of calpain and caspase in neurons.®
An increased body of evidence indicates an interaction
between calpain and caspase proteolytic systems. Calpain
can lead to activation of caspase-3 by cleaving pro-caspase-3.
Caspases can also play a role in the degradation process of
the specific endogenous calpain inhibitor, calpastatin, accel-
erating calpain activation. Moreover, in an experiment using

ultraviolet radiation to trigger apoptosis, it has been shown
that calpain activity is required for caspase-3 activation.?>?
These findings obviously indicate that both calpain and
caspase proteolytic systems are involved in the progression
of neuronal death.?’?

Since pathological calpain activation is one of the most
important neurodegenerative factors causing activation of
apoptotic machinery, it is crucial to develop effective and
reliable approaches to prevent calpain-mediated apoptosis in
degenerating neurons. An increasing number of studies dem-
onstrated that there are many kinds of different stimuli that
trigger pathological calpain activation.?*! Thus, depending
on the type of stimuli, there are numerous strategies devel-
oped by distinct research groups to inhibit apoptotic effects
of calpain over-activity. Although using calpain inhibitors
is the most frequently applied strategy for the blockade of
calpain-mediated apoptosis in neurodegeneration, consider-
ing its disadvantages, some other neuroprotective strategies
are also being utilized. The most frequently used methods
for this reason are over-expression or inhibition of certain
proteins, especially those are involved in glutamate recep-
tor signaling or using receptor antagonists, testing certain
hormones and their receptors for their neuroprotective activi-
ties or designing competitive peptides to inhibit calpain’s
enzymatic activity are also utilized.

Neuroprotection through direct
inhibition of glutamate receptor
activity

Glutamate is an important neurotransmitter of the CNS that
functions in many physiological cellular events through acti-
vating glutamate receptors.’?** On the other hand, glutamate
can be toxic for neurons in the case of excessive or prolonged
exposure, which is known as glutamate neurotoxicity.>*3
Glutamate neurotoxicity is known to be a major factor in
a number of chronic neurodegenerative disorders such as
amyotrophic lateral sclerosis and Alzheimer’s disease.*

It has been shown that abnormal Ca?* influx through glu-
tamate receptors is a part of glutamate neurotoxicity, which
results in activation of certain enzymes such as calpain,
leading to cleavage and degradation of proteins, membranes,
and nucleic acids.’” Although the underlying mechanisms
of glutamate neurotoxicity are not completely known, the
NMDA receptor (NMDAR)-mediated Ca?" overload and
subsequent calpain activation have been indicated as strong
candidates.?*

There is a growing body of evidence indicating involve-
ment of NMDARSs in calpain-mediated neuronal injury and
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neuronal death. In a study investigating the role of calpain
in glutamate-induced retinal neuron injury, glutamate treat-
ment has been shown to induce apoptosis by elevating Ca*"
influx and protein levels of calpain 2 and calpain-specific
alpha-spectrin breakdown products (SBDPs).*’ Together with
calpain induction, an increase in cyclin-dependent kinase 5
(cdk5) and its co-activator p35 protein levels have been
determined. Under normal conditions, p35 is the partner for
cdk5, which is a non-mitotic neuron-specific kinase, and a
cdk5/p35 complex is formed in important cellular events
such as neuronal development and maturation.*** How-
ever, in the case of neuronal calpain over-activation, calpain
cleaves p35 into p25 and p10 fractions, as p35 is a substrate
of calpain. p25 has binding ability to cdk5 to form a cdk5/
p25 complex. However, p25 causes prolonged activation and
mislocalization of cdk5.** Owing to prolonged activation of
cdkS by p25, the calpain/p35—p25/cdkS/NMDAR signal-
ing pathway is implicated in playing a role in neurological
disorders by phosphorylation of NMDAR subunit NR2A at
the Ser1232 site (p-NR2AS1232), induction of the functional
NMDARSs’expression in the cell membrane, and subsequent
glutamate-induced increase of Ca?*.*>46 Chen et al* has utilized
an NMDAR antagonist, D-2-amino-5-phosphonovalerate and
a non-NMDAR antagonist, 6-cyano-7-nitroquinoxaline-2,
3-dione to protect neurons against glutamate-induced increase
of Ca? and as a result, elevation of calpain and its cleavage
product SBDPs have been shown to be attenuated.
Although different types of glutamate receptor antago-
nists, specifically those for NMDARs, have been successfully
utilized in both in vitro and in vivo studies, they have failed
categorically in clinical trials, because completely block-
ing NMDARs causes serious side effects, such as memory
impairment, psychosis, and nausea.*’ Thus, there is a growing
effort to search for alternative ways of inhibiting glutamate
excitotoxicity in order to minimize these side effects. Such
an alternative strategy has been developed in an ischemic
neuronal injury study.* It has been previously reported that
calpain-mediated cleavage of metabotropic glutamate recep-
tor oo (mGluR 1) had an important role in excitotoxicity,
and a transactivating regulatory protein (TAT)-mGIluR1
peptide, which was developed as an alternative to general
receptor antagonists, was neuroprotective against this excito-
toxicity.* This peptide includes the calpain cleavage site of
mGluR 1o and the peptide transduction domain of the TAT of
human immunodeficiency virus (HIV). Since over-activation
of glutamate receptors is also widely recognized as an initiat-
ing factor in ischemic neuronal death, Zhou et al*® tested this
peptide in in vivo and in vitro neonatal hypoxia/ischemia

(H/T) models for its neuroprotective effect. Results have
shown that the TAT-mGluR1 peptide is preventive against
H/I-induced neuronal death in neonatal rats. The pathway
of neuroprotection for the TAT-mGluR1 peptide is through
blockade of calpain-mediated H/I-induced mGluR 1o deg-
radation. However, calpain-mediated H/I-induced spectrin
degradation is not affected by this peptide, suggesting that the
neuroprotective effect of the peptide depends on inhibition of
calpain-mediated mGluR 1 o degradation, not on calpain inhi-
bition. The results of this study indicated that TAT-mGluR1
peptide may be a strong alternative to prevent H/I-induced
cytotoxic events, since it has the potential to cause milder side
effects compared to those of glutamate receptor antagonists
and calpain inhibitors.

One of the important features of NMDAR is its poten-
tial to form different subunit compositions that provide an
advantage of having a number of receptor subtypes with
different signaling and synaptic targeting characteristics.
NMDARs are composed of an essential GluN1 subunit and
different combinations of GIuN2 (A-D) and GIuN3 (A-B)
subunits. In contrast with GluN1/GluN2 heteromers, which
are well recognized by their high permeability to Ca?*, GluN3
subunits decrease NMDARs’ Ca?* permeability by at least
tenfold.>**! When this inhibitory GIuN3 subunit is involved
in the subunit composition, it causes both reduction in Ca**
influx via NMDAR channels and alteration of synaptic target-
ing properties of the channel, indicating elimination of two
neurodegenerative hallmarks of NMDARs. A recent study,
utilizing the neuroprotective potential of GIuN3A subunits
against neurotoxin 3-nitropropionic acid (3-NP)-induced
striatal excitotoxic damage in GIuN3A over-expressing trans-
genic mice has demonstrated that mild over-expression of
GIluN3A protected striatal neurons from excitotoxic damage
of 3-NP.>? Results have also shown that GIuN3 A-mediated
neuroprotection is dose-dependent and potentially associated
with inhibition of a Ca**-dependent protease, calpain, which
is evident from the decrease in 3-NP-induced cleavage of
fodrin and Striatal-enriched protein tyrosine phosphatase
(STEP) by calpain as compared to controls.

Attempts at treating neurodegenerative diseases utilizing
NMDAR antagonists have far been unsatisfactory because it
is difficult for most NMDARSs’ antagonists to efficiently cross
the blood—brain barrier (BBB) to reach their target.**** Even
if an inhibitor/antagonist can cross the BBB, direct inhibi-
tion of NMDARSs has major drawbacks in that glutamate
receptors assume a role in numerous vital cellular processes,
and blockade of them may result in failure of these cellular
processes.> 5 Thus, prevention of the downstream processes
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of excess glutamate receptor induction such as calpain over-
activation, which drives neurons into apoptosis, may present
a broader range of opportunities for neuroprotection. Calpain
inhibition may provide advantages over glutamate receptor
antagonists in that calpain is predominantly in its inactive
proenzyme form under normal physiological conditions,
and its significant activation occurs only under pathological
conditions.

Neuroprotection through inhibition
of calpain activity or its downstream

processes
Although there is an intrinsic inhibitor of calpain named cal-
pastatin, it has large active polypeptide fragments preventing
it from crossing membrane barriers, which strongly reduces
its therapeutic potential.*® By considering this problem, on the
one hand, researchers have focused on designing exogenous
small calpain inhibitor peptides, peptide-mimetics, or non-
peptidic analogs that have good cell permeability and low
toxicity; on the other hand, researchers have been exploring
novel strategies to overexpress or intrinsically up-regulate
calpastatin.®2

A number of reversible or irreversible exogenous calpain
inhibitors such as AK275,% MDL-28170,% PD150606,5%%
SJA6017,% A-705253,578 SNJ-1945,% and Calpeptin™ are
frequently used in experimental studies (Table 1). Research-
ers continually work on enhancing stability, specificity,
potency, and efficiency of the synthetic calpain inhibitors by
developing third and even fourth generation calpain inhibitors
with improved pharmacological profiles.”"7

AKZ275 is one of the prototypic calpain inhibitors. In the
very first exogenous calpain inhibitor experiments, AK275
was among the mostly preferred calpain inhibitors due
to its selectivity, membrane permeability, solubility, and
in vitro efficiency. Bartus et al® tested AK275 for the first
time for its neuroprotective effect on cortical ischemic
damage-associated focal ischemia in rats. Over-activated
calpain is one of the most potent participants of ischemic
brain injury through different pathways such as hydrolysis
of cytoskeletal and membrane proteins,”*” and subsequent
activation of certain enzymes like apoptotic caspase-3, which
causes neuronal death. For this reason, these researchers used
the middle cerebral artery occlusion method to induce focal
ischemia, and they applied AK275 through supracortical
perfusion. Results showed that abnormal calpain activity
is an important factor for ischemia and that AK275 was a
relatively reliable neuroprotectant for the treatment of focal
brain ischemia.

In addition to AK275, calpeptin is another calpain inhibitor
that may have an important function in protecting neurons
against focal cerebral ischemia—reperfusion injury. Peng et al”
performed focal cerebral ischemia—reperfusion injury experi-
ments in rat models to prove the neuroprotective effect of
calpeptin through a potential mechanism of caspase-3 inhi-
bition. The results showed that calpeptin reduced neuronal
apoptosis in the hippocampal CA1 section of focal-cerebral
ischemia—reperfusion-subjected rat brains by inhibiting
caspase-3 expression. This caspase-3 inhibition may be due
to inhibition of calpain, since it is well known that calpains
can directly or indirectly modulate and activate p53, which
in turn causes caspase-3 activation.'® However, there is still
need for further studies to reveal the exact mechanism of
caspase-3 inhibition by calpeptin.

MDL-28170 is another first generation calpain inhibitor
which is membrane permeable and selective for calpain. It
was used for the first time to prevent proteolysis of eryth-
rocyte membrane-associated cytoskeletal proteins in rats.”
After that, Brorson et al® performed experiments using
MDL-28170 to prevent glutamate receptor-mediated neu-
rotoxicity, which is known to cause Ca?*-dependent calpain
over-activation. MDL-28170 was shown to successfully
block proteolytic activity of calpain together with the advan-
tage of limiting excitotoxicity even when applied 1 hour after
calpain’s toxic effects had been recorded.

In addition, MDL-28170 has also been shown to be neuro-
protective against both neuronal apoptosis occurring as a result
of oxidative stress and subsequent calpain activation through
intracellular Ca**-overload.” In this study, using H,O, to gen-
erate oxidative stress and using A23187 calcium ionophores
to provide intracellular Ca®* overload on neuron-like PC12
cells indicated significant increases both in calpain activity and
mRNA expression of pro-apoptotic bax gene. However, pretreat-
ment of PC12 cells with MDL-28170 has been shown to prevent
both calpain activity and an increase in mRNA expression of pro-
apoptotic bax gene, also suggesting a role for calpain in oxidative
stress and Ca?* influx-dependent neurodegeneration.”

A relatively less cytotoxic calpain inhibitor compared to
other members of its class (such as MDL-28170, and calpain
inhibitor I and II), named SJA6017, has been studied in
diffuse traumatic brain injury mice models.®® This was the
first use of a calpain inhibitor in a diffuse traumatic brain
injury model, and results have shown that SJA6017, when
administered early (20 minutes post-injury), provided an
improvement on functional outcome after 24 hours of injury,
indicating a possible therapeutic role for calpain inhibitors
in traumatic brain injuries.
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Inhibiting calpain’s p53 regulating effect which
participates in the DNA damage induced death

signal caused by camptothecin.
Inhibiting proteolytic activity of calpain which

Preventing calpain-mediated neuron injury
resulted from NMDA-induced damage.

following traumatic brain injury by inhibitng

calpain activity.

First application: | h before NMDA Injection.
Second application: 12 h after NMDA injection

Delayed administration: 4 or 6 h post injury.
and two daily injections for the next 2 days.

50 uM for 8 h together with camptothecin
IP: 1, 3, and 10 mg/kg.

Early administration: 20 min post injury.

STVI: 0.3, I, or 3 mg/kg.

exposure.

In vitro: mouse cortical neuron culture: embryonic

day |5 mice/camptothecin treatment.
In vivo: 8-month-old male Wistar rats application

of NMDA solution (60 nmol) by a Hamilton
microsyringe into the right nucleus basalis.

In vivo: male CF-| mice/DHI.

Nimmrich et al®®

Sedarous et al'é
Kupina et al®

APP/PS1, amyloid precursor protein/presenilin | protein; min, minute; CREB, cAMP response element-binding protein; CAl, Cornu Ammonis, region | of Hippocampus; FCI, focal cerebral ischemia; DHI, diffuse head injury; MCA-O,

Abbreviations: h, hour; AR, Amyloid beta; NMDA, N-methyl-D-aspartate; RGC-5, Retinal Ganglion Cell Line; MPP+, |-methyl-4-phenylpyridinium; SH-SY5Y, human derived bone marrow epithelial cell line; S/K, serum and potassium;
Middle Cerebral Artery Occlusion; SCP, Supracortical Perfusion; STVI, Single Tail Vein Injection; IP, Intraperitoneal; ICV, Intra Cerebroventricle; PC12, Rat adrenal medulla pheochromocytoma cell line; CF-1, Carworth Farms-1.

MDL-28170
SJA6017
A-705253

Since calpain is well characterized as a part of the
NMDAR-mediated neurodegeneration, inhibition of cal-
pain, instead of direct inhibition of NMDAR activity, is a
rational way to prevent neurodegeneration in order not to
interfere with NMDAR-mediated regulation of LTP and
cognition. Thus, Nimmrich et al®® studied cholinergic neu-
rons in disease-related animal models, which had excitotoxic
lesions on cholinergic nucleus basalis magnocellularis of
Meynert; these animal models also had a calpain inhibitor
A-705253 to prevent excitotoxicity-induced neuronal decline
without interfering with learning and memory processes.
These researchers have shown that excitotoxicity seriously
impeded novel object recognition ability, and that use of
A-705253 calpain inhibitor prevented both this deficit and
accompanying gliosis in a dose-dependent manner, while
it did not inhibit LTP in hippocampal slices. Granic et al®’
then tested A-705253 in a rat animal model of AB-induced
neurodegeneration in which AB-induced lesions of nucleus
basalis resulted in a significant decrease in cholinergic neuron
number. A-705253 has been shown to prevent cholinergic
neurodegeneration together with accompanied neuroinflam-
matory response, in a dose-dependent manner.%” From the
results of this study, it can be concluded that calpain inhibi-
tion may also be a useful strategy to prevent AB-induced
neurodegeneration.

On the other hand, in order to unravel the mechanisms
of degeneration occurring in spinal cord neurons in the case
of Parkinson’s disease, SNJ-1945, a cell-permeable calpain
inhibitor, has been tested for its neuroprotective activity
in differentiated SH-SYS5Y neuroblastoma cells that were
exposed to two Parkinsonian neurotoxicants, the toxic cat-
ion 1-methyl-4-phenylpyridinium (MPP+) and rotenone to
generate an experimental Parkinsonism model.>® MPP+ and
rotenone, which have been previously shown to elevate the
intracellular free Ca®* levels and induce calpain over-acti-
vation in VSC 4.1 cells.®*” The results of the study showed
that SNJ-1945 pre-treatment significantly protected cells in
terms of viability and cellular morphology against MPP+
and rotenone exposure, indicating that calpain inhibition
is the true strategy to protect neurons against Parkinsonian
neurotoxicants, and in this context, SNJ-1945 is a strong
inhibitor of calpain.™®

Neuroprotective effect of SNJ-1945 has also been evalu-
ated to reduce retinal cell death caused by retinal cell dam-
age. Researchers induced in vivo retinal damage in mice by
injecting NMDA intravitreally, and then they administered
SNJ-1945.7 The in vitro part of the study was performed
by inducing cell damage by using a 4-hour oxygen-glucose

Neuropsychiatric Disease and Treatment 2015:11

submit your manuscript 303
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Neuropsychiatric Disease and Treatment downloaded from https://www.dovepress.com/ by 90.158.46.43 on 27-Feb-2020

For personal use only.

Yildiz-Unal et al

Dove

deprivation treatment followed by an 18-hour reoxygenation
period in RGC-5 (arat retinal ganglion cell line) cell culture.
NMDA injection has been shown to cause calpain activation
in vivo and in vitro by immunochemically measuring its
cleaved products, spectrin and p35. The results of the study
showed that SNJ-1945 significantly attenuated calpain activ-
ity, and reduced cell loss and also the number of positive
cells for terminal deoxynucleotidyl transferase nick labeling
in vivo and in vitro.” These results not only indicate that
calpain activation may be the key mechanism for retinal cell
death, but also indicate that SNJ-1945 may be an effective
neuroprotector in retinal diseases.

Despite their relatively efficient neuroprotective func-
tions, there is a major limitation for the clinical use of avail-
able synthetic calpain inhibitors because of these inhibitors’
lack of specificity towards calpains among other cysteine
proteases and other proteolytic enzymes and related risk
for these calpain inhibitors of inhibiting cysteine proteases
other than calpains. Thus, developing alternative calpain
inhibitors that have interaction with sites different from the
catalytic site of calpain may provide enhanced specificity
and potential for clinical use.

Alpha-mercaptoacrylate derivative PD150606 is one of
these alternative kinds of calpain inhibitors, due to its rela-
tively high specificity for calpains. It was described as a newly
discovered class of calpain inhibitors by Wang and Yuen®
in 1994, owing to its feature of uncompetitive inhibition
with respect to substrate. Since most calpain inhibitors are
the peptides competing for the catalytic site of the protease,
PD150606 differs from those inhibitors by its unique inter-
action with the calcium binding site of calpain rather than
its catalytic site. The neuroprotective effect of PD150606
was shown for the first time by revealing its capability to
inhibit hypoxic/hypoglycemic injury to cerebrocortical
neurons and excitotoxic injury to Purkinje cells.®* Moreover,
neuroprotection through PD150606 has also been tested in
serum/potassium withdrawal-induced apoptosis of cerebellar
granule cells.% This research has demonstrated that 40 mM
PD150606 prevented serum/potassium withdrawal-mediated
apoptosis by inhibiting calpain, indicating a therapeutic role
for this type of calpain inhibitor.

Although synthetic calpain inhibitors (E64, BDA-410,
etc) may also protect neurons in slow degenerative events
such as Alzheimer’s disease®®*®! and in ischemic and trau-
matic injuries, the range of neurodegenerative conditions in
which calpain inhibitors could provide benefits still remains
uncertain. Most of the calpain inhibitor experiments up to
now generally involved ischemic and traumatic injuries to

the CNS, and there are a few studies showing the efficiency
of calpain inhibitors in slow-progressing neurodegenerative
diseases.®? Besides, calpain inhibitors, not having a complete
specificity for calpain, can modulate other cysteine or serine
proteases, which can have unknown effects on the progres-
sion of neurodegeneration.®® Thus, developing strategies for
inhibiting downstream apoptotic processes of calpain over-
activation rather than direct inhibition of calpain may be of
great importance to eliminate all of the disadvantages of using
calpain inhibitors.

Even though there have been many attempts to develop
effective calpain inhibitors, none of the calpain inhibitors
has been approved for clinical use.®® This is probably due
to the low specificity of existing calpain inhibitors. Besides,
combination of the nature and extent of enzyme inhibition
is also important for effective inhibition of neuropathologic
calpain activity. Thus, there is still a need for more efficient
pharmacological approaches with reduced side effects.

Considering these negative aspects, in our laboratory, we
have been searching for non-synthetic inhibitor candidates for
calpain-mediated apoptosis in neurodegeneration. A novel
and alternative cell cycle regulator protein Speedy/RINGO is
quite remarkable in this respect,®* due to its attributed addi-
tional function in preventing caspase-dependent apoptosis
in mitotic U20S human osteosarcoma cells.®

As emphasized before, the calcium-activated proteolytic
enzyme calpain is one of the key proteins that can directly
or indirectly drive neurons into apoptosis. The indirect
method is through cdk5, a non-mitotic kinase, which is
up-regulated through calpain over-activation, a process fol-
lowed by a subsequent increase in pS3 and active caspase-3
levels under neurodegenerative conditions.’* The direct
method is the up-regulation of p53 by calpain itself, since
it has been demonstrated that p53 can be modulated and
activated by calpains.'® Speedy/RINGO is an atypical cell
cycle regulator, synthesized only in mitotic cells, which
has been shown to have protective effects in mitotic cells
against apoptosis by inhibiting caspase-3 activation in a
p53-dependent manner.®>* Our aim was to reveal pos-
sible protective effects of Speedy/RINGO against calpain-
induced caspase-3 activation in post mitotic neurons, which
is crucial in terms of providing novel insights in preventing
the caspase-3 activation cascade in neurodegeneration.®
For this purpose, rat primary hippocampal neurons have
been transfected with Speedy/RINGO expression con-
struct, and then intrinsic calpain has been over-activated
via the calcium ionophore. As a result, we have shown
that calpain over-activation leads to the up-regulation of
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pS53 and a subsequent increase in active caspase-3 levels
in rat primary hippocampal neurons, indicating activation
of apoptotic machinery in neurons. This calpain-directed
caspase-3 activation upon up-regulation of p53 is prevented
by the expression of Speedy/RINGO in rat hippocampal
neurons. Furthermore, 4’,6-diamidino-2-phenylindole
(DAPI) staining and terminal deoxynucleotidyl transferase
dUTP nick end labeling assays have been performed for
detection of apoptosis. Apoptotic analysis supported the
finding that calpain over-activated neurons occurred in the
early apoptotic stage, while calpain over-activated Speedy/
RINGO-expressing neurons were not apoptotic.®* There-
fore, although its mechanism of action requires further
elucidation, Speedy/RINGO may be a novel and alternative
neuroprotectant, and it may act as a savior for neurons that
are under apoptosis as a result of calpain activation due to
caspase-3 activation.

On the other hand, there are efforts to up-regulate the
intrinsic calpain inhibitor, calpastatin, because it may
overcome the specificity, efficiency, water solubility, and
BBB-crossing problems that synthetic, exogenous calpain
inhibitors have.®*®° Taurine (2-aminoethanesulfonic acid),
which is an organic acid widely distributed in mammalian
tissues, has been utilized for this reason in an experimental
study by Sun and Xu.”' Taurine has a high cytoprotective
potential due to its functions as a neurotransmitter, neuro-
modulator, modulator of intracellular calcium homeostasis,
and anti-oxidant factor.”>** Sun and Xu”' have investigated
the neuroprotective role of intravenously administered
taurine through affecting calpain/calpastatin actions in a rat
model of focal cerebral ischemia. Results have indicated
that taurine exerted dose-dependent neuroprotection by
the mechanism of inhibiting the m-calpain- and caspase-3-
mediated apoptotic neuronal death via increasing calpastatin
synthesis.’! In order to use any substance as a neuroprotective
agent, it is a prerequisite for that substance to have the ability
to pass through the BBB. In this context, there is supporting
evidence that taurine may pass through the BBB, and hence,
may be used as a neuroprotective agent in brain ischemia;
for example, the demonstration of increased taurine levels in
the brain after systemic administration of taurine indicates
its ability to pass through the BBB.?>*¢ Identification of the
carrier-mediated transport of taurine from vascular space to
the brain®” and indication of linearly increased taurine levels
in rat brains after intraperitoneal injection also support the
idea that taurine can cross the BBB.*

In addition to up-regulating endogenous calpastatin,
over-expressing it using expression vectors to inhibit calpain

activity is also noteworthy. In a recent study, this technique
has been utilized to inhibit calpain, which is suspected to be
responsible for generation of toxic ataxin 3 fragments and
hence pathogenesis of the Machado—Joseph disease, the most
frequently found type of cerebellar ataxia.”” This study has
produced adeno-associated viral vectors for overexpression
of calpastatin and researchers have injected this viral con-
struct into Machado—Joseph disease model rats. This study
has demonstrated that calpain inhibition by over-expressed
calpastatin significantly reduced the size and number of toxic
ataxin 3 fragments and limited the progression of neurode-
generation in Machado—Joseph disease, pointing to another
possible neuroprotective approach.

In contrast, calpastatin has been found to be markedly
depleted in Alzheimer’s disease brains of patients which in
turn would cause uncontrolled activation of calpain.®® Based
on this finding, Rao et al'® have produced human calpastatin
over-expressing hCAST mice through an expression cassette
containing Thy-1.1 promoter to investigate the effects of cal-
pastatin in kainic acid-induced neurotoxicity, which has been
shown to be closely associated with Alzheimer’s disease.!®
The results of this study have demonstrated that higher
calpastatin levels inhibited kainic acid-induced cytoskeletal
protein disruption, neurodegeneration, and accompanying
reactive gliosis.

Although it is believed that calpain inhibition would
have relatively less side effects, ' considering its inactive
proenzyme form under normal physiological conditions,
when necessary, upon high levels of calcium influx, calpain
family members are activated and become crucially involved
in multiple metabolic/regulatory pathways such as the cell
cycle, differentiation, apoptosis, synaptic plasticity, and CNS
development.*® Therefore, there still exist some limitations
related to therapeutic use of calpain inhibitors, because mul-
tiple physiological functions of calpains might be disrupted
by calpain inhibitors. Thus, approaches other than using
synthetic calpain inhibitors, which may be unpractical and
insufficient, may be strong alternatives for the treatment of
neurological injuries and neurodegenerative disorders. In
this context, using non-synthetic calpain-mediated apoptosis
inhibitors such as Speedy/RINGO may be more realistic and
beneficial in order not to interfere with the vital physiological
functions of calpains in the cellular environment.

Neuroprotection through estrogen

receptors
The female sex hormone estrogen has effects on the struc-
ture and function of the nervous system, such as supporting
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synaptic plasticity and preventing death of neurons, because
brain regions related to sex differentiation have estrogen
receptors. Together with this function, estrogen is also a
neuroprotective anti-oxidant that may interact with neuro-
protective signaling pathways in neurons.'®

There is a growing body of evidence demonstrating that
hormone replacement therapy, which is defined as using
different types of estrogen alone or together with progestins,
is very efficacious against a number of neurodegenerative
conditions, such as Alzheimer’s disease!**!% and Parkinson’s
disease.!%6:107

By taking into consideration this neuroprotective role
of estrogen, researchers have been studying to find out if
preventing calpain-mediated neurodegeneration via estro-
gen hormone and its receptors would be a convenient and
powerful approach. For this purpose, Gamerdinger et al'®
have analyzed estrogen and its receptors, ERo. and ER, with
respect to their neuroprotective effect on over-expression of
calpains under a massive attack of Ca*" influx in ERa- and
ERB-transfected human neuroblastoma SK-N-MC cells. The
results of the study have revealed that calpain expression is
inhibited by estrogen/ERo in a receptor subtype-specific
fashion, since only ERa exerts this neuroprotective effect,
not ERP. These data suggest an estrogen receptor subtype-
specific neuroprotective action for calpain over-expressed
degenerating neurons.

In addition, the neuroprotective role of estrogen has
recently been tested specifically against amyloid toxicity
by using an Alzheimer’s disease rat model, which is pro-
duced by intra-hippocampal AB140 injection.'® AB140
treatment has been shown to cause at least two times more
calpain activation in the cerebral cortex, suggesting a role
for calpains in amyloid toxicity. However, introduction of
estrogen has been demonstrated to reduce AB140 peptide
levels in rat brain, and it has also been demonstrated that
rats on estrogen therapy have not developed a behavioral
dysfunction. Estrogen therapy has also been indicated to
normalize AB140-injected rats’ proteolytic systems, both in
the hippocampus and cortex regions. This effect of estrogen
may be due to selective estrogen-dependent calpain synthesis,
which has been indicated in a study about estrogen treatment
of spinal cord injury;!!? estrogen may cause reduction in cal-
pain’s enzymatic activity, even under massive Ca®" influx,
indicating an enhanced tolerance against Ca’" toxicity.

Since estrogen is a steroid hormone that has effects on
multiple metabolic pathways, it is not easy to develop a
single estrogen-based approach for the treatment of calpain-
mediated neurodegeneration. However, it is still a strong

therapeutic candidate as long as its mechanism of action is
further analyzed.

Conclusion

Given the multifaceted nature of neurodegeneration, it does
not seem to be easy to prevent onset or progression of neu-
rodegeneration by clinically modulating a single process.
However, while dissecting the underlying mechanisms
of neurodegeneration, pathologic calpain activation has
attracted great attention by many researchers for the reason
that Ca?*-activated calpains have been shown to be activated
and to trigger apoptotic machinery through different pathways
in degenerating neurons.' The main reason for abnormal
calpain activation is known to be the massive Ca?* influx that
is frequently seen under neurodegenerative conditions.”!!!:112
Glutamate neurotoxicity is one of the processes by which
excessive Ca*" influx is involved, and this process results
in calpain over-activation, leading to neuronal apoptosis.*’
Thus, many researchers have focused on both revealing the
exact mechanism of glutamate receptor-related calpain acti-
vation, and on developing neuroprotective strategies in the
context of glutamate receptor-related calpain activation. For
this purpose, they have mainly performed experiments aimed
at direct blockade of receptor activity to prevent excessive
Ca?" influx; they have used general receptor antagonists,*
alternative receptor blocking peptides,*® or over-expressing
inhibitory subunits of the glutamate receptor,” which reduces
its activity. In contrast with its success in preventing calpain
activation, direct blocking of glutamate receptors has too
many drawbacks; direct blocking can result in disruption of
cellular and metabolic integrity, because glutamate receptor
activity is vital for regulating neuronal processes such as
synaptic plasticity and memory function.*-’ From this point
of view, rather than direct inhibition of glutamate receptor
activity, studying of the inhibition of its downstream events,
such as inhibiting calpain itself, sounds more realistic and
beneficial if neuronal integrity is to be sustained. A number
of synthetic peptide or non-peptide calpain inhibitors have
been utilized for this purpose by different research groups.
However, during these studies, many problems have arisen
about specificity, efficiency, stability, and ability of these
synthetic calpain inhibitors to cross the BBB.%

In order to overcome these problems, rather than complete
inhibition of calpain, BBB-crossing competitive peptides
or peptidomimetics, which inhibits active site of calpain
or mimic certain substrates of calpain that are involved in
neurodegenerative progress, can be designed to selectively
prevent calpain’s degradation activity on these substrates.'!?
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In addition, for efficient and target-oriented delivery of these
designed peptides to a desired location, a biocompatible
delivery system can be used. This delivery system should
be biocompatible, safe, and easy to manufacture. Examples
of such delivery systems may be a fusion peptide, an
antibody conjugate, an engineered virus, nanoparticles, or
liposomes.'*!15

On the other hand, apart from designing partial or com-
plete calpain inhibitors, in order not to impede the essential
functions of calpain, alternative approaches especially target-
ing downstream apoptotic events of calpain over-activation
such as over-expression of anti-apoptotic Speedy/RINGO
have successfully been tested in consideration of being ben-
eficial against calpain-mediated apoptosis of neurons.®

Lastly, as a less studied approach, steroid hormone
estrogen has been examined for preventing pathologic
calpain activation in neurons considering its well-known
neuroprotective properties.!® Results of these studies have
shown that estrogen may be an effective neuroprotector
against calpain-mediated neurodegeneration as long as some
of its side effects are eliminated through a comprehensive
understanding of its mechanism of action.

Taken together, studies reviewed here indicate the ever-
growing picture of efficient, mechanism-based, target-
oriented, feasible neuroprotective strategies against calpain-
based neurodegeneration. Taking into consideration all
the negative aspects of available methods, it is essential to
change direction to more specific, efficient, practical, less
harmful, and most importantly, target-oriented novel strate-
gies to overcome apoptotic effects of calpain activation in
neurons.

Last, but not the least, not only calpain-mediated neurode-
generation, but also other candidate underlying mechanisms
of neuronal degeneration, point toward the development of a
number of neuroprotective strategies that still require further
analysis before they can be introduced into clinical practice.
Although calpain over-activity is one of the most important
and most potent underlying reasons for neurodegeneration, in
order to remain realistic in our expectations, a multivisioned
approach to developing therapeutic strategies for more than
one degenerative mechanism is needed.
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