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Summary: The family of calcium-activated neutral proteases,
calpains, appears to play a key role in neuropathologic events
following traumatic brain injury (TBI). Neuronal calpain acti-
vation has been observed within minutes to hours after either
contusive or diffuse brain trauma in animals, suggesting that
calpains are an early mediator of neuronal damage. Whereas
transient calpain activation triggers numerous cell signaling
and remodeling events involved in normal physiological pro-
cesses, the sustained calpain activation produced by trauma is
associated with neuron death and axonal degeneration in mul-
tiple models of TBI. Nonetheless, the causal relationship be-
tween calpain activation and neuronal death is not fully under-
stood. Much remains to be learned regarding the endogenous
regulatory mechanisms for controlling calpain activity, the
roles of different calpain isoforms, and the in vivo substrates

affected by calpain. Detection of stable proteolytic fragments of
the submembrane cytoskeletal protein all-spectrin specific for
cleavage by calpains has been the most widely used marker of
calpain activation in models of TBI. More recently, these pro-
tein fragments have been detected in the cerebrospinal fluid
after TBI, driving interest in their potential utility as TBI-
associated biomarkers. Post-traumatic inhibition of calpains,
either direct or indirect through targets related to intracellular
calcium regulation, is associated with attenuation of functional
and behavioral deficits, axonal pathology, and cell death in
animal models of TBI. This review focuses on the current state
of knowledge of the role of calpains in TBI-induced neuropa-
thology and effectiveness of calpain as a therapeutic target in
the acute post-traumatic period. Key Words: Biomarker, cal-
cium, neuroprotection, protease, proteolysis, spectrin.

INTRODUCTION

Calpains are nonlysosomal, neutral cysteine proteases
activated by calcium. Of the several isoforms of calpains
that appear to be expressed in the brain,' the two most
well characterized are the ubiquitous calcium-regulated
isoforms u-calpain and m-calpain. Each exists as a het-
erodimer comprised of a unique large (80 kDa) catalytic
subunit and a common small (28 kDa) regulatory sub-
unit. Both the large and small subunits contain multiple
calcium binding sites. Elevations in intracellular free
calcium above isoform-specific thresholds (~1 wmol/L
for p-calpain and ~1 mmol/L for m-calpain) result in
calcium binding and subsequent activation via a confor-
mational change that creates an active catalytic triad,” as
well as autolysis of both subunits. Because p-calpain and
m-calpain have essentially identical substrate specificity
and virtually nothing is yet known of their differential
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roles in trauma, this review will discuss calpains in gen-
eral, referring to both isoforms.

The range of physiological functions of calpains is not
yet fully appreciated, but transient calpain activation is
involved in essential functions such as cell signaling,
synaptic plasticity, and protein turnover.* In contrast,
sustained activation of calpains contributes to both chronic
neurodegeneration associated with Parkinson’s disease,
Alzheimer’s disease, and Huntington’s disease” and acute
neuronal damage resulting from traumatic brain injury
(TBI),%7 stroke,' hypoxia,®® and spinal cord injury.'’
Calpains are also implicated in pathologies outside of the
CNS, including muscular dystrophies, type 2 diabetes
mellitus, cataract formation, and myocardial infarction.?
Although experimental evidence for the involvement of
calpains in pathological states is strong, much remains to
be learned about the regulation of calpain activity, the
identity and relative importance of in vivo substrates, and
differential roles and subcellular localization of calpain
isoforms.

This review will discuss the current state of knowl-
edge of calpain activation patterns in experimental mod-
els of TBI, in vivo calpain substrates, the relationship of
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calpain-mediated proteolysis to neuronal death, and the
emerging role for calpain-specific proteolytic fragments
as biomarkers in TBI. Finally, preclinical efforts at im-
proving outcome after TBI through calpain inhibition
will be reviewed.

POST-TRAUMATIC CALPAIN ACTIVATION

Regional-temporal profile

The first reports of calpain activation following ex-
perimental TBI were published in 1996. Using a com-
bination of immunoblotting and immunohistochemical
analyses for breakdown products (BDPs) of the sub-
membrane cytoskeleton protein all-spectrin specifically
generated by calpains, Saatman et al.” showed that lateral
fluid percussion brain injury in the rat initiates calpain
activation in neuronal dendrites of the cortex and hip-
pocampus and in axons of damaged white matter tracts
within 90 min after injury. By 4 h after injury, calpain
activation was noted in neuronal somata as well, and by
24 h degenerating cortical and hippocampal neurons
were intensely labeled for calpain-mediated spectrin
BDPs (FIG. 1). Using another model of contusive brain
injury in which dark, shrunken neurons can be observed
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FIG. 1. Regional and subcellular localization of calpain-medi-
ated spectrin breakdown after lateral fluid percussion brain injury
in rats. Immunohistochemistry with an antibody specific for cal-
pain-mediated proteolytic fragments of spectrin reveals a highly
localized pattern of calpain activation in the contused cortex and
CAS3 region of the hippocampus in the hemisphere ipsilateral to
injury that increases in intensity from 4 h (A) to 24 h (B) after
injury. Within the contused cortex, neuronal labeling was first
observed in dendrites at 90 min (C), in the dendrites and somata
at 4 h (D), and in degenerating neurons at 24 h (E). Scale bar in
(E) represents 50 pm and applies also to (C) and (D).

Neurotherapeutics, Vol. 7, No. 1, 2010

histopathologically within 15 min after TBI, Kampfl et
al.® demonstrated an even more rapid post-traumatic ac-
tivation of calpains. Lateral controlled cortical impact
(CCI) brain injury in the rat resulted in calpain-mediated
spectrin BDPs in the injured cortex as early as 15 min,
with levels increasing up to 24 h after injury. Quantifi-
cation of autolysis of the large subunit of w-calpain from
80 kDa to 76 kDa® and of u-calpain and m-calpain
activity using casein zymography'' both corroborated an
early increase in calpain activity, from 15 min until 6 h
after lateral CCI in the rat.

In addition to the commonly used rat TBI models of
lateral fluid percussion and CCI described above, calpain
activation (typically assayed using spectrin proteolysis as
a surrogate marker for calpain activity) has been dem-
onstrated in mouse models'?~'* and in several other types
of in vivo TBI models, including impact acceleration,
weight drop, closed skull impact, midline fluid percus-
sion, and optic nerve stretch,'*'*~'7 confirming that
post-traumatic calpain activation is a common patholog-
ical event triggered by both focal and diffuse traumatic
insults. Nonetheless, the time course of activation may
differ with the type of brain injury sustained. For exam-
ple, diffuse brain injury produced by weight drop to the
closed skull results in a significant increase in the level of
calpain-mediated 145-kDa spectrin BDPs in the cortex,
hippocampus, and striatum, but only after 24—48 h in
male mice,'*'® whereas focal cortical contusion induced
by CCI elicits increased cortical calpain-mediated prote-
olysis within minutes to several hours (FIG. 2).%'9-%°
Injury severity has also been shown to affect calpain
activation patterns in the hippocampus or in septohip-
pocampal cultures.>'~>* Little is known about potential
sex-related differences in post-traumatic calpain activa-
tion, but Kupina et al.'"® noted a less widespread and
more delayed pattern of calpain activation in female,
compared with male, mice subjected to diffuse brain
injury.

Using trauma models that produce predominantly ax-
onal pathology, calpain-mediated spectrin proteolysis
was observed in axons within minutes to hours after
injury.'#!>'® Electron microscopy revealed that spectrin
BDPs were initially localized near the axolemma, but
were distributed throughout the axon cylinder at later
time points.'> In optic nerve axons of mice, stretch injury
elicited a biphasic pattern of calpain activation, with an
initial transient phase of proteolytic activity in intact
axons and a second phase of calpain-mediated proteoly-
sis on the order of days after injury in disconnected and
degenerating axons.'? This second phase of calpain ac-
tivation is likely involved in the Wallerian degeneration
of damaged axons. Early calpain-mediated spectrin pro-
teolysis in intact axons followed by the later appearance
of punctate labeling for axonal spectrin BDPs, consistent
with axonal degeneration, has also been observed after
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FIG. 2. Time course of spectrin proteolysis in the cortex after
severe controlled cortical impact injury in mice. Immunoblotting
for spectrin revealed a progressive increase in the 150-kDa
spectrin breakdown product (SBDP) and the calpain-specific
145-kDa SBDP, beginning at 30 min and 1 h, respectively. Sig-
nificantly increased spectrin breakdown was observed through
48 h after injury. N = 8 animals per time point. Data are pre-
sented as means; error bars indicate standard error. One-way
analysis of variance with post hoc Fisher’s protected least sig-
nificant difference tests: * p < 0.0001 vs. sham SBDP 150; # p <
0.0001 vs. sham SBDP145. Reprinted from Deng et al.,?° with
permission.
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closed head injury in 17-day-old rats.'” The clinical rel-
evance of post-traumatic axonal calpain activation was
corroborated by a study in which both levels of calpain-
mediated spectrin BDPs and the ratio of autolyzed to
nonautolyzed large subunit of m-calpain (76 kDa/80
kDa) were shown to be elevated in the corpus callosum
of humans who had died after blunt head trauma and
showed postmortem evidence of diffuse axonal injury.**

Calpain activation is involved in the pathology of trau-
matic axonal injury, but the nature of the role of calpains
may depend on a multiplicity of factors, many of which
are not yet understood. In models of contusive TBI,
calpain activation in white matter may play a relatively
minor role,'”*> whereas it may be much more instru-
mental in models of diffuse brain injury that mimic clin-
ical diffuse axonal injury.'>'® In addition, the extent of
calpain-mediated proteolysis in axons may be highly
dependent on injury severity or the number of insults.*
Calpain-mediated spectrin BDPs have been colocalized
with compacted neurofilaments in damaged axons,'” but
spectrin degradation by calpains does not always corre-
spond temporally or spatially to other well-established
markers of axonal injury, such as the accumulation of
B-amyloid precursor protein'’ or neurofilament pro-
tein.'” These data highlight the complexity of axonal
injury and the need for a greater understanding of axonal
substrates and regulation of calpains.

Regulation

Intracellular free calcium is the primary regulator of
calpain activation, but calpains are also regulated
through interaction with a specific inhibitor protein, cal-
pastatin. In the presence of calcium, one calpastatin mol-
ecule can bind to and inhibit the proteolytic activity of
four molecules of calpain.?’ Calpains and calpastatin
appear to be coexpressed in all cell types of the CNS.
Some studies, however, suggest that these proteins may
not be exclusively cytosolic,”® " raising the possibility
that the extent of inhibition of calpains by endogenous
calpastatin may vary according to subcellular localiza-
tion. Experimental evidence suggests that calpain activ-
ity is greater near individual mitochondria'® or accumu-
lations of mitochondria®' in traumatically injured axons.
The intracellular localization of calpains and calpastatin
may also change as a result of injury, in that calcium
increases have been shown to trigger translocation of
calpains to the plasma membrane® and shifts in intracel-
lular calpastatin pools.** After TBI in rats, a relative shift
in p-calpain activity from the cytosol to the total mem-
brane fraction was observed from 3 to 24 h after injury,"'
a time frame consistent with increased calpain autolysis
and proteolytic activity.®

Little is known about the response of calpastatin to
TBI or about its effectiveness in inhibiting post-trau-
matic calpain activation or its downstream consequences.
In rats, CCI brain injury elicited a delayed increase in an
80-kDa calpastatin-positive band on immunoblots, rela-
tive to a 130-kDa band.*® It is unclear whether the in-
crease in the 80-kDa band represented increased expres-
sion of a calpastatin isoform™* or cleavage of a higher
molecular weight isoform. Mice deficient in calpastatin
exhibit greater motor dysfunction and a more pro-
nounced memory deficit than wild-type mice after CCI
brain injury, but showed no difference in their volume of
cortical tissue damage.>® These data suggest that endog-
enous calpastatin plays a role in limiting behavioral dys-
function after TBI, but do not support a neuroprotective
effect in neurons within a focal contusion.

Other means of regulating calpain activity include
transcriptional regulation, phosphorylation, and oxida-
tion. Cortical and hippocampal p-calpain mRNA levels
increase in a delayed fashion, at 72 h after CCI in rats,
and are preceded by increased m-calpain and calpastatin
mRNA at 24 h.*® Although calpains and calpastatin have
multiple phosphorylation sites,” no published studies
have examined the effect of phosphorylation on post-
traumatic calpain activity. Oxidation inhibits proteolytic
activity, but not autolysis, of calpains.>’ Given that free
radical generation is a well-established acute conse-
quence of TBIL>® oxidative damage may modulate cal-
pain function in the injured brain.
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FIG. 3. Potential effects of calpain-mediated proteolysis on cellular activity and fate. Activated calpain proteolyzes a vast array of
cellular proteins ranging from cytoskeletal (structural) proteins to membrane-bound proteins (receptors, channels) and soluble proteins
(enzymes and apoptotic proteins) to nuclear transcription factors. Altering either or both the structure or activity of the protein substrates
can have significant consequences, from modulating signal transduction to axonal degeneration and cell death. AlF, apoptosis inducing
factor; CaMK, calcium/calmodulin-dependent protein kinase; CaN, calcineurin; elF4G, eukaryotic initiation factor, isoform 4G; GluR1,
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor, subunit 1; GSK3, glycogen synthase kinase, isoform 33; IP;R, inositol-
1,4,5-triphosphate receptor; MAP-1, -2, microtubule-associated protein, isoform 1 or 2; NMDAR1, 2A. NMDA receptor, subunit 1 or 2A;
nNOS, neuronal nitric oxide synthase; PKC, protein kinase C; PLC, phospholipase C; PMCA, plasma membrane calcium ATPase.

Potential cellular substrates

The calpain substrate most widely studied in models of
TBI is the 280-kDa nonerythroid all-spectrin protein,
which provides structural support to the plasma mem-
brane cytoskeleton, particularly in axons and presynaptic
terminals. The identification of all-spectrin cleavage
sites unique to calpains enabled the development of
cleavage-specific antibodies suitable for use in immu-
nohistochemistry and immunoblotting.***° Further-
more, whereas calpain-mediated proteolysis of all-spec-
trin results in stable 150-kDa and 145-kDa fragments,
caspase-3 mediated cleavage results in 150-kDa and 120-
kDa fragments, allowing for the differential detection of
calpain and caspase-3 activation on immunoblots of tis-
sue or cell homogenates, serum, or cerebrospinal fluid
(CSF).*!' Although detection of calpain-generated spec-
trin BDPs has provided a powerful and widely applicable
tool for the study of the role of calpains in neurodegen-
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erative disease and injury in vivo, a more complete un-
derstanding of the functional consequences of post-trau-
matic calpain activation requires the identification of a
much broader spectrum of in vivo calpain substrates.

In studies using purified proteins or cell culture assays,
calpains have been shown to cleave a very large number
of cellular substrates encompassing a host of cytoskeletal
proteins, signal transduction proteins, membrane-associ-
ated proteins, neurotransmitters, and transcription factors
(FIG. 3).'* Although some putative calpain substrate
proteins (e.g., microtubule-associated protein 2, growth-
associated protein-43, and Bid) have been shown to be
cleaved or decreased in level after experimental
TBIL*"**** a specific role for calpain in post-traumatic
proteolysis has been difficult to establish, for lack of
truly specific calpain inhibitors and calpain-specific
cleavage markers. Because most calpain substrate pro-
teins are susceptible to degradation by several other pro-
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teases, such as cathepsins or caspases, relationships be-
tween post-traumatic calpain activation and the loss of
putative calpain substrates must be interpreted cautiously
in in vivo trauma models, in which the environment
cannot be manipulated to the extent that it can in vitro. In
vitro models of neurotrauma can be used to test effects of
multiple inhibitors, overexpression of calpastatin, and
manipulations of extracellular and intracellular calcium
to more definitively identify calpain substrates. Recently,
trauma-induced cleavage of voltage-gated sodium chan-
nels by calpain was described using this approach.**

The neurofilament triplet proteins NF68, NF160, and
NF200 are known calpain substrates in vitro, and TBI
induces loss of neurofilament proteins in gray and white
matter regions.'®**43-4% A role for calpains in neurofila-
ment degradation is supported by evidence that NF68
BDPs detected after contusive injury are similar in mo-
lecular weight to those generated by in vitro calpain
digestion,* and that calpain inhibitors administered to
brain-injured animals attenuate the loss of NF68 and
NF200.°° More recently, four isoforms of myelin basic
protein (MBP) were shown to be degraded after CCI
brain injury in rats, resulting in stable BDPs.’' An anti-
body against the N-terminus of these proteolytic frag-
ments, obtained from brain-injured mice, also detected
MBP fragments of an identical molecular weight pro-
duced by incubating either naive homogenates or puri-
fied MBP with calpain. These fragments were not ob-
served after incubation with caspase-3, cathepsin B or D,
or matrix metalloproteinase-2 or -9, providing strong
support for an in vivo role for calpains in the proteolysis
of MBP after TBI.

In a study using a similar approach of matching the
molecular weights of BDPs identified after TBI to those
produced by incubation of naive brain homogenates with
activated calpain, collapsin response mediator protein 2
(CRMP-2) was implicated as a potential calpain sub-
strate after CCI brain injury in rats.’”> Calpain-mediated
truncation of CRMPs after TBI may have implications
for axonal sprouting or growth, axonal degeneration, and
neuronal death.”?

This approach is being expanded using proteomic or
degradomic techniques, examining large numbers of pro-
teins from serum or CSF samples from brain-injured
humans or brain tissue obtained from brain-injured ani-
mals for either decreases in intact protein or the appear-
ance of novel low molecular weight proteins that could
be putative BDPs. In a study using a high-throughput
immunoblotting technique, 40 proteins downregulated in
the hippocampus at 48 h after severe CCI in rat were
identical to those degraded after incubation with m-cal-
pain, suggesting that they may be targets for calpain after
TBL.>? An alternate approach for identifying calpain sub-
strates is to screen proteolytic patterns from in vitro

models of cell death known to involve calpains and then
look for selected BDPs in an in vivo model of TBI.>*

Relationship to neurodegeneration

Although calpain-mediated proteolysis of spectrin af-
ter TBI is well established, the significance of this event
in the context of cell death is more ambiguous. Evidence
that ties neurodegeneration after trauma to calpain acti-
vation stems from work both in vitro and in vivo. The in
vivo models of TBI, for the most part, support a close
correspondence between areas exhibiting persistent cal-
pain activation and those displaying foci of neuronal
degeneration. For example, in both lateral fluid percus-
sion and lateral CCI models, calpain-mediated spectrin
BDPs were localized ipsilateral to the percussion or im-
pact injury, and were absent from the contralateral hemi-
sphere.®”'? Furthermore, comparisons of patterns of cal-
pain-mediated spectrin fragments and histological stains
reveal that the location and timing of calpain proteolytic
activity is coincident with the loss of histological stain
and with morphological changes such as dendritic
beading or fragmentation or somal shrinkage or bleb-
bing.o7:25

In the hippocampus, calpain activation was restricted
to the CA3 region,7 an area of selective neuronal loss in
lateral fluid percussion brain injury.>> Notably, thalamic
neurons, remote from the contusion site, display delayed
alterations in calcium flux,>® calpain activation,” and cell
death.>> Time-course studies suggest that the peak in
post-traumatic p-calpain autolysis precedes the peak ac-
cumulation of calpain-mediated spectrin BDPs,® which
in turn precedes the peak of neurodegeneration.’’ In
septohippocampal cultures, mechanical stretch injury ca-
pable of evoking a persistent elevation in calpain-medi-
ated spectrin BDPs also induced the release of cytosolic
lactate dehydrogenase and uptake of nuclear propidium
iodide, two commonly used indicators of cell death. Neu-
rons in these injured cultures also displayed fragmented
and beaded dendrites, loss of NeuN immunostaining, and
nuclear changes consistent with necrotic or apoptotic cell
death.” Together, these in vivo and in vitro data support
the prevailing hypothesis that prolonged calpain activa-
tion contributes to post-traumatic cell death.

Nevertheless, sublethal calpain activation may also oc-
cur, perhaps contributing to transient cellular damage or
adaptive responses. For example, neuronal cultures sub-
jected to mild stretch injury, which resulted in a transient
elevation in spectrin BDPs, showed no significant neu-
ronal death.”® In vivo, calpain-mediated spectrin BDPs
have been observed in the hippocampus ipsilateral to
CCI injury in the absence of overt hippocampal cell
death, suggesting that calpain activation may occur in the
absence of extensive morphopathological changes.*’

In an elegant study using tracer molecules introduced
into the extracellular space before and after TBI, Farkas
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et al.’® demonstrated that calpain-mediated spectrin
BDPs were not typically localized in neurons exhibiting
plasma membrane compromise or necrosis. Rather, the
majority of neurons labeled for spectrin BDPs displayed
only limited ultrastructural change. After lateral CCI
brain injury, both u- and m-calpain activity increased in
the contralateral cortices,'' despite a lack of calpain-
mediated spectrin proteolysis detected by immunoblot-
ting or overt neuron loss.>' Tt is possible, however, that
calpain activation in the contralateral hemisphere con-
tributes to, or is reflective of, diffuse axonal degenera-
tion."?

Trauma may also initiate cell death without substantial
involvement of calpains. In the lateral fluid percussion
model of TBI, neurons of the hippocampal dentate hilus
degenerate early,”® even after mild injury,” but do not
exhibit calpain-mediated spectrin proteolysis,” suggest-
ing that hilar neuron death was independent of calpains.
Diffuse TBI leads to membrane compromise and ne-
crotic change in cortical neurons, most often in the ab-
sence of calpain-mediated spectrin degradation.’® Me-
chanical stretch injury to organotypic hippocampal slices
results in calpain activation and caspase-3 activation in
distinct subpopulations of neurons, with no appreciable
colocalization.*

Colocalization studies have not been performed in in
vivo models of TBI, but the temporal patterns of
caspase-3 and calpain activation are reasonably different.
Caspase-3 activation is detected in the cortex and hip-
pocampus at 8—12 hours after injury, peaks at 24 hours,
and is substantially reduced by 3 days after injury,'>*°~%2
whereas calpain activation occurs earlier (by 3—4 hours)
and is sustained up to 7 days after injury.”'® Therefore,
given that TBI is known to initiate caspase-3 activation
and apoptotic cell death,® it is likely that a subset of
damaged neurons will die via apoptosis without calpain
activation.

Collectively, these various studies suggest that spectrin
proteolysis by calpain is not necessary or sufficient for
neuron death after TBI, and emphasize the need for
caution in interpreting the occurrence of calpain-medi-
ated spectrin breakdown and its overall implications for
neuronal injury and death.

CALPAIN-SPECIFIC BREAKDOWN
PRODUCTS AS BIOMARKERS IN TBI

Biomarkers are desirable in clinical settings to im-
prove diagnosis or prognosis for head-injured patients,
improve sensitivity of detection of mild TBI, predict
adverse events associated with TBI, or select patients
with given pathophysiologic characteristics for treat-
ment.®*®> Clinically useful biomarkers might be mea-
sured in brain microdialysate, CSF, or serum. Ideally,
TBI biomarkers should be specific to brain trauma, and
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their levels should vary with injury severity and correlate
with functional or histological outcome. Calpain-medi-
ated BDPs make good candidates for biomarkers because
they are absent or present at low levels in uninjured
animals or humans, increasing the signal-to-noise ratio.
Furthermore, they are linked to a pathophysiologic event
(i.e., prolonged activation of calpains) that is critical in
neurodegeneration.

To date, efforts at characterizing a biomarker for TBI
related to calpain have focused on all-spectrin, although
other proteins with stable calpain-generated fragments
may be candidates as well.’® In either adult or immature
animals, levels of spectrin BDPs increase in both brain
tissue and CSF within the first 72 h after TBL®”-® Trau-
ma-induced increases in CSF spectrin BDP levels were
proportional to injury severity,>*® but did not correlate
with lesion size after contusive injury.®® Together with
recent data demonstrating that concussive TBI in rats
was associated with increased CSF levels of calpain-
mediated spectrin BDPs,'® these observations suggest
that both contusive damage and axonal injury may con-
tribute to the appearance of spectrin BDPs in the CSF of
brain-injured animals.

Several prospective case—control studies of patients
with severe TBI have reported increased levels of cal-
pain-mediated and caspase-mediated spectrin BDPs in
ventricular CSF from 6 h to 3—4 days after trauma.”®~"?
Although TBI is often associated with elevated intracra-
nial pressure, severe TBI patients had significantly
higher CSF levels of spectrin and spectrin BDPs than did
patients with elevated intracranial pressure from nontrau-
matic causes.’”’* Higher levels of the 145-kDa spectrin
fragment were measured in CSF of those patients with a
Glasgow Coma Scale of 3-5, compared with patients
with a score of 6—8,”! indicating a relationship with
injury severity. Acute elevations in CSF levels of spec-
trin BDPs were higher in patients with declines in Glas-
gow Coma Scale over the first 24 h after head injury’®
and in those with poor outcome at 6 months.”! Further-
more, persistent elevations in intact spectrin and spectrin
BDPs in CSF were associated with a worse outcome at 6
months after discharge, compared with the outcome for
patients with decreasing CSF levels over the first 4 days
after TBL."?

Identification and characterization of biomarkers for
TBI is a relatively young field of research, and is still
rapidly evolving. To date, animal model and clinical TBI
studies suggest that calpain-mediated spectrin BDPs may
provide a reliable marker of brain injury, detectable in
brain tissue or CSF. Initial studies provide promising
data to suggest that analyses of the levels, duration, and
rate of change of concentrations of spectrin or spectrin
fragments may provide important information regarding
injury severity, clinical course, or outcome. Conse-
quently, markers of calpain-mediated proteolysis may
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FIG. 4. Chemical structures for calpain inhibitors tested in animal models of traumatic brain injury. In vivo studies (discussed in the text)
of calpain inhibitor Il, AK295, SJA6017, MDL-28170 (calpain inhibitor Ill), and calpain inhibitor 5b have demonstrated efficacy in selected

outcomes.

serve as important tools in future clinical trials, to aid in
stratification of patients for treatment or in early assess-
ment of treatment efficacy. A recent study demonstrated
that pretreatment with the M1-specific muscarinic cho-
linergic receptor antagonist dicyclomine attenuated
145k-Da spectrin BDP levels in the CSF at 24 h after
moderate lateral fluid percussion in rats.”* It remains to
be determined whether decreasing CSF concentrations of
calpain-mediated spectrin BDPs by means of this or
other treatments leads to improved outcome.

THERAPEUTIC POTENTIAL OF POST-
TRAUMATIC CALPAIN INHIBITION

Given the correlation between prolonged calpain acti-
vation and trauma-induced neurodegeneration and the
broad range of protein targets that could potentially be
protected, calpain inhibition is an attractive therapeutic
approach. Because basal levels of calpain activity in the
brain are relatively low, short-term inhibition of calpains
may have fewer side effects than strategies to antagonize

other common targets, such as glutamate receptors. The
goal of calpain inhibition as a treatment strategy for TBI
is to prevent or reduce degradation of multiple neuronal
or nonneuronal substrate proteins, such as cytoskeletal
proteins and signaling molecules, thereby attenuating
cell death and improving functional outcome. In evalu-
ating a therapy, it is important to consider 1) the need for
improving functional recovery as well as structural in-
tegrity after injury and 2) the appropriate dose and ther-
apeutic time window. Calpains may be inhibited directly,
using specific calpain inhibitors or more broadly acting
protease inhibitors, or indirectly, via other targets that
modulate intracellular free calcium levels.

Calpain and cysteine protease inhibitors

A handful of studies have evaluated calpain inhibitors
in experimental models of TBI. The chemical structures
of these inhibitors are illustrated in FIG. 4. Calpain in-
hibitor II (N-acetyl-leu-leu-methioninal), when adminis-
tered by continuous intra-arterial infusion for 24 h after
cortical impact injury in the rat, significantly reduced
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loss of NF68 and NF200 and calpain-mediated spectrin
proteolysis in the cortex, suggesting cytoskeletal protec-
tion.”® A subsequent study, however, found that calpain
inhibitor II given at 5 min and 6 h after weight-drop brain
injury in the rat failed to attenuate loss of microtubule-
associated protein 2.”> Because calpain inhibitor II is not
selective for calpains over certain cathepsins (K; for
p-calpain = 120 nmol/L, K; for m-calpain = 230
nmol/L, K; for cathepsin B = 100 nmol/L, and K; for
cathepsin L = 600 pmol/L), interpretation of the role
of calpain inhibition in these studies is not straight-
forward.

Post-traumatic administration of the ketoamide calpain
inhibitor AK295 [Z-Leu-aminobutyric acid-CONH(CH,);-
morpholine], given by continuous intra-arterial infusion
for 48 h, significantly attenuated motor and memory
impairment at 1 week after lateral fluid percussion brain
injury in rats, implicating calpains in post-traumatic
events underlying neuromotor and cognitive dysfunc-
tion.”® Surprisingly, although this reversible calpain in-
hibitor is relatively selective for calpains (K, = 27-42
nmol/L) over other cysteine proteases such as cathepsin
B (K; = 24 umol/L), administration of AK295 did not
reduce calpain-mediated spectrin BDPs in the cortex or
hippocampus at 48 h or 1 week after TBL.”” Furthermore,
cortical lesion size and the number of apoptotic cells in
the cortex, subcortical white matter, and hippocampus
were equivalent in rats receiving AK295 and saline ve-
hicle, suggesting that overt neuroprotection was not re-
quired for the behavioral improvements elicited by
AK?295.

A similar functional improvement without protection
of spectrin was observed in a study by Kupina et al.'*
using the reversible peptide aldehyde calpain inhibitor
SJA6017. Mice subjected to diffuse weight-drop brain
injury showed a dose-dependent improvement in mo-
tor function, even with intravenous administration of
SJA6017 delayed up to 4 h after injury. The drug did not,
however, reduce spectrin breakdown in cortical or hip-
pocampal tissues.

Together, these studies support the hypothesis that pro-
longed calpain activation contributes to post-traumatic
morbidity; however, they also reinforce the need to un-
derstand more fully the in vivo actions of calpains in the
traumatically injured brain.

Calpain inhibitors may contribute to functional recov-
ery by protecting against cell death in select populations
of neurons or by reducing axonal or dendritic pathology.
For example, improved neuronal survival in the dentate
hilus at 2 weeks after injury has been reported with
intraperitoneal injection of the nonpeptidic calpain inhib-
itor 5b [N-(1-carbamoyl-1-oxohex-1-yl)-2-[E-2-(4-dim-
ethylaminomethylphenyl)-ethen-1-yl]benzamide] at 15
min and 2 h after lateral fluid percussion brain injury in
rats.”® Protection of white matter in TBI has been dem-
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onstrated using perhaps the most widely studied calpain
inhibitor, MDL-28170, a cell permeable, reversible, pep-
tidic aldehyde inhibitor of both p- and m-calpain (K; =
10 nmol/L; K; for cathepsin B = 25 nmol/L).”® Pretreat-
ment with a single intravenous bolus of MDL-28170,
also known as calpain inhibitor III, reduced acute pathol-
ogy associated with traumatic axonal injury (accumula-
tion of amyloid precursor protein and neurofilament
compaction) at 2 h after impact acceleration brain injury
in rats.®® Preservation of injured white matter was also
demonstrated in a subsequent study that explored func-
tional and structural outcomes as well as therapeutic
window for treatment. After midline fluid percussion
brain injury in rats, MDL-28170 was effective in reduc-
ing amyloid precursor protein accumulation with up to a
4 h delay in initiating a single bolus treatment, but at-
tenuation of injury-induced decreases in compound ac-
tion potentials in the corpus callosum required treatment
within 30 min after injury.®' Furthermore, structural and
functional axonal protection were sustained for as long
as 2 weeks if an initial 30-min bolus was coupled with
24 h and 48 h dosing, consistent with studies reporting
prolonged calpain activation after TBL.%7-'4

Indirect calpain inhibition

Although the use of specific calpain inhibitors pro-
vides a direct means to preventing undesirable proteol-
ysis after TBI, preventing activation might also be
achieved at an earlier step by antagonizing a major entry
route for ionic calcium in neurons: the N-methyl-
D-aspartate (NMDA) subtype glutamate receptor. Using
a stretch injury model in hippocampal slice cultures,
DeRidder et al.?? have shown that, at moderate and se-
vere injury levels, calpain is activated in the pyramidal
cell layer of areas CA3 and CA4 and in the granule cell
layer of the dentate gyrus. Pretreatment with NR2B-
specific or broad-spectrum NMDA receptor antagonists,
but not an NR2A-specific antagonist, significantly re-
duced calpain-mediated spectrin proteolysis in these re-
gions. These data suggest that NR2B-containing NMDA
receptors play a key role in post-traumatic calpain acti-
vation, an insight that provides a new approach for more
selective NMDA receptor antagonist therapies. Because
both the NR2A and NR2B subunits can be cleaved by
calpains,®* the interplay between calpain activation and
NMDA receptor expression and function in the setting of
TBI may be complex. In this regard, we have observed
that, paradoxically, administration of the NR2B-selective
antagonist before and after CCI significantly increases
TBI-induced accumulation of spectrin BDPs (J. Creed et
al., unpublished observations).

Magnesium modulates the activity of the NMDA re-
ceptor, creating a voltage-dependent block that inhibits
Ca”" influx. Traumatic injury results in widespread neu-
ronal depolarization, thereby relieving the magnesium
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block of NMDA receptors. Supplementation with Mg**
would be expected to partially preserve the blockade of
the NMDA receptor, whereas a deficiency in available
Mg?* could exacerbate calcium influx after trauma. Con-
sistent with this hypothesis, acute postinjury treatment
with Mg?* reduced calpain activation in the cortex and
hippocampus of brain-injured rats, and also attenuated
cortical tissue damage and MAP2 alterations.®> Con-
versely, prolonged dietary magnesium deficiency prior to
injury enhanced calpain activity and worsened out-
come.®® Therefore, although Mg®" has a multiplicity of
actions within the CNS, it may influence post-traumatic
cell death and cytoskeletal disruption, in part, by modu-
lating calpain activity.

Hypothermia is another treatment approach for TBI
with numerous possible mechanisms of action.®* Hypo-
thermia (32°C) for 90 min, with or without 90 additional
minutes of rewarming, reduced acute calpain-mediated
spectrin proteolysis in axons after impact acceleration
brain injury in the rat.® In clinical trials, however, mag-
nesium sulfate®® and hypothermia®” in TBI failed to
show beneficial effects.

Traumatic neuronal injury results in increased nonspe-
cific plasma membrane permeability,®® which may allow
an excessive influx of calcium sufficient to activate cal-
pains. Although damage to the plasma membrane led to
calpain activation only in a subset of neurons after dif-
fuse brain injury in rats,”® axonal intracellular free cal-
cium increases and calpain activation could be attenuated
by extracellular calcium chelation or treatment with the
amphiphilic copolymer poloxamer 188 to reseal mem-
branes in neuronal cultures subjected to traumatic shear
stress.>! Post-traumatic oxidative damage may exacer-
bate membrane damage and contribute to mitochondrial
dysfunction, thereby enhancing neuronal calcium dys-
regulation.®® Repeated administration of the peroxyni-
trite-derived free radical scavenger, Tempol, beginning
at 15 min after CCI in mice reduced calpain-mediated
spectrin proteolysis at 24 h, motor dysfunction at 2 days,
and regional neurodegeneration at 7 days.®’

The efficacy of immunophilin ligands to attenuate cal-
pain activity after TBI raises the interesting possibility
that inhibition of mitochondrial permeability transition
may be an alternative means for reducing calpain-medi-
ated proteolytic damage. For example, central adminis-
tration of the immunophilin ligand cyclosporin A either
before® or 30 min after’’ impact acceleration injury
attenuated axonal calpain activation and neurofilament
alterations in rats. Although cyclosporin A inhibits cal-
cineurin as well as mitochondrial permeability transition,
both cyclosporin A and NIM811 (a cyclosporin A analog
that lacks the calcineurin-inhibitory capacity of cyclo-
sporin A) reduced cortical calpain-mediated spectrin pro-
teolysis, neurodegeneration, and motor dysfunction
when given 15 min after severe CCI in mice.”” Admin-

istration of the neuroimmunophilin ligand V-10,367 at
24 h after weight-drop head injury in mice resulted in
attenuation of calpain-mediated spectrin proteolysis in
the striatum at 3 days,”® suggesting a prolonged thera-
peutic window for influencing calpain-dependent pathol-

ogy.

CONCLUSIONS

Calpain-mediated spectrin proteolysis has been exten-
sively evaluated in animal and in vitro models of TBI as
a surrogate marker of calpain activity. Acute, sustained
calpain activation has been observed in many popula-
tions of vulnerable neurons, localized to multiple neuro-
nal compartments, suggesting that calpains may be early
mediators of neuronal dysfunction or death. Nonetheless,
the relationship between calpain-mediated spectrin deg-
radation and cell death is not straightforward, and may
depend on neuronal subtype and injury mechanics, and
on subcellular location, rate, and duration of calpain
activation, as well as other factors. Calpain cleavage of
other substrates, of which much less is known in the
setting of TBI, may be more critical in determining the
functional consequences of post-traumatic calpain acti-
vation. Stable BDPs generated after calpain cleavage of
spectrin are detectable in the CSF of brain-injured ani-
mals and humans, and may serve as a useful biomarker
of injury and response to treatment. Post-traumatic inhi-
bition of calpains, either directly or indirectly, has been
associated with attenuation of protein substrate degrada-
tion, neuronal damage, and behavioral deficits, fueling
continued interest in calpain inhibition as a therapeutic
approach in TBI. Despite substantial advances, much
remains to be learned regarding the mechanisms by
which calpain regulates cellular responses to traumatic
injury.
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