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Abstract
Free radical-induced lipid peroxidation (LP) is critical in the evolution of secondary injury
following traumatic brain injury (TBI). Previous studies in our laboratory demonstrated that
U-83836E, a potent LP inhibitor, can reduce post-TBI LP along with an improved maintenance of
mouse cortical mitochondrial bioenergetics and calcium (Ca++) buffering following severe (1.0
mm; 3.5 m/sec) controlled cortical impact TBI (CCI-TBI). Based upon this preservation of a
major Ca++ homeostatic mechanism, we have now performed dose-response and therapeutic
window analyses of the ability of U-83836e to reduce posttraumatic calpain-mediated cytoskeletal
(α-spectrin) proteolysis in ipsilateral cortical homogenates at its 24 h post-TBI peak. In the dose-
response analysis, mice were treated with a single i.v. dose of vehicle or U-83836e (0.1, 0.3, 1.3,
3.0, 10.0 or 30.0 mg/kg) at 15 min. after injury. U-83836e produced a dose-related attenuation of
α-spectrin degradation with the maximal decrease being achieved at 3.0 mg/kg. Next, the
therapeutic window was tested by delaying the single 3 mg/kg i.v. dose from 15 min. post-injury
out to 1, 3, 6 or 12 h. No reduction in α-spectrin degradation was observed when the treatment
delay was 1 h or longer. However, in a third experiment, we re-examined the window with
repeated U-83836e dosing (3.0 mg/kg i.v. followed by 10 mg/kg i.p. maintenance doses at 1 and 3
h after the initial i.v. dose) which significantly reduced 24 h α-α-spectrin degradation even when
treatment initiation was withheld until 12 h post-TBI. These results demonstrate the relationship
between post-TBI LP, disruptions in neuronal Ca++ homeostasis and calpain-mediated cytoskeletal
damage.
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INTRODUCTION
The hallmark of the secondary phase of traumatic brain injury (TBI) is a triad of
excitotoxicity, free radical-induced LP, and Ca++ dysregulation (Bullock and Fujisawa 1992;
Tymianski and Tator 1996; Hall et al. 2010). Glutamate release after injury causes an influx
of Ca++ into neuronal cells via activation of NMDA receptors (Arundine and Tymianski
2004). Activation of NMDA receptors has been shown to contribute to post-traumatic LP
(Ozsuer et al. 2005) probably by causing an early increase of cytosolic Ca++ which ignites
the production of free radicals by several mechanisms including the Ca++ induced activation
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of phospholipases and arachidonic acid cascade, conversion of xanthine dehydrogenase to
xanthine oxidase, induction of nitric oxide synthases and mitochondrial leak (Hall and
Springer 2004). The reactive species will attack cellular and mitochondrial membranes
causing LP and protein oxidative damage (Beckman and Koppenol 1996; Violi et al. 1999;
Singh et al. 2007). The inflicted oxidative damage causes further deterioration of Ca++

homeostasis (Hall et al. 1998) probably by targeting mitochondria and stimulating the
formation of the mPTP (Castilho et al. 1995) which contributes to delayed Ca++

dysregulation (Jacquard et al. 2006). These events collectively culminate in a buildup of
cytosolic Ca++ that will ultimately lead to neuronal degeneration though massive activation
of cellular proteases like calpain (Kampfl et al. 1997).

Calpains are non-lysosomal Ca++-dependent cysteine proteases that function at neutral pH.
However, Under physiological conditions, calpains exist as inactive proenzymes in the
cytosol (Wang and Yuen 1994; Kawasaki and Kawashima 1996). Once activated by
increased cytosolic Ca++ load after TBI, calpains degrade a large number of cellular proteins
including cytoskeletal proteins such as α-spectrin (Roberts-Lewis and Siman 1993;
Posmantur et al. 1996; Saatman et al. 1996a; Newcomb et al. 1997; Pike et al. 1998; Buki et
al. 1999; Kupina et al. 2001; Kupina et al. 2002; Kupina et al. 2003; Deng et al. 2007)
leading ultimately to post-traumatic neurodegeneration and neurological dysfunction
(Saatman et al. 2000). α-Spectrin is an integral component of the cytoskeleton, especially in
axons, dendrites and presynaptic terminals (Goodman et al. 1995). Calpain-mediated
degradation of α-spectrin leads to the formation of breakdown products of two distinctive
molecular weights;150 kDa and 145 kDa which are considered footprints of calpain
activation (Roberts-Lewis and Siman 1993; Bartus et al. 1995; Pike et al. 2001) and are a
reliable predictors of outcome after TBI (Pike et al. 2001). It should be pointed out that the
150 kD α-spectrin breakdown product is also generated by another cysteine protease caspase
3 (Wang 2000). However, our past work has indicated that calpain is the primary mediator
of α-spectrin degradation in the mouse CCI-TBI model (Thompson et al. 2006; Deng et al.
2007). Similarly, studies by others in animal models of TBI (Liu et al. 1989; Pike et al.
1998; Pike et al. 2001; Aikman et al. 2006) and human TBI (Cardali and Maugeri 2006;
Pineda et al. 2007; Brophy et al. 2009) have also shown that the contribution of calpain to
post-TBI cytoskeletal degradation far exceeds that of caspase 3.

Studies done in a rat TBI model by (Buki et al. 1999) suggest that calpain-mediated α-
spectrin degradation ultimately culminates in overt damage to the cytoskeleton, leading to
irreversible damage of the axon and probably contributes to axotomy. Moreover, Inhibition
of calpain–mediated proteolysis has proved to be a neuroprotective strategy since calpain
inhibitors have been shown to salvage α-spectrin, attenuate axonal injury, and/or to improve
motor and/or cognitive functions (Saatman et al. 1996b; Kampfl et al. 1997; Posmantur et al.
1997; Kupina et al. 2001; Ai et al. 2007). Recently published clinical studies have largely
validated the use of α-spectrin degradation and immunoblot assessment of its proteolytic
fragments in cerebrospinal fluid as biomarkers, the levels of which seem to correlate with
TBI diagnosis, severity in terms of the Glasgow Coma Scale score and most importantly
outcome (Mondello et al. 2010).

In the present report, we tested the hypothesis that LP plays a significant role in triggering
posttraumatic calpain-mediated α-spectrin proteolysis, by determining whether
pharmacologically scavenging lipid peroxyl radicals (LOO•) would attenuate calpain-
mediated α-spectrin proteolysis after severe CCI-TBI. This was carried out with the use of
U-83836E (Hall et al. 1991), which is a potent, selective and dual mechanism LOO•
scavenger that we recently demonstrated to attenuate cortical mitochondrial oxidative
damage and preserve mitochondrial functions following TBI including aerobic respiration
and Ca++-buffering capacity (Mustafa et al. 2010).
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MATERIALS AND METHODS
Animals

The present studies employed 270 young adult male CF-1 mice (Charles River, Portage, MI,
USA) weighing 29 to 32 g. All animals were fed ad libitum and housed in the Division of
Laboratory Animal Resources (DLAR) sector of the University of Kentucky Medical
Center, which is fully accredited by AALAC. Procedures follow protocols approved by the
University of Kentucky’s Institutional Animal Care and Use Committee (IACUC).

Materials
Magnesium chloride (MgCl2), Mannitol, Ethylene-glycol tetraacetate (EGTA), Bovine
serum albumin (BSA), N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES),
Potassium salt, Triton, Tris HCL, Sodium chloride, Dextrose, Sucrose, calcium chloride,
EDTA, glycerol, Protease inhibitors (Complete Mini™ Protease Inhibitor Cocktail tablet).

Mouse Model of Focal (Controlled Cortical Impact - CCI) Traumatic Brain Injury
Mice were initially anesthetized in a Plexiglas chamber using 4.0% isoflurane, shaved,
weighed and then placed in a stereotaxic frame (David Kopf, Tujunga, CA, USA).
Throughout the injury procedure, mice were kept anesthetized by a constant flow of 3%
isoflurane and oxygen both delivered via a nose cone. The head was positioned in the
horizontal plane with the nose bar set at zero. A 2 cm sagittal incision is made in the scalp
and the flap was retracted using hemostats to expose the skull. After that, a 4.0 mm
craniotomy was made, using a dental bur (SS WHITE, Lakewood, NJ 08701) mounted on a
cordless Dremel (Dremel, Racine, WI 53406), lateral to the sagittal suture and centered
between bregma and lambda. The drilled skull cap at the craniotomy site was carefully
removed to avoid inflicting damage to the dura.

A computer-controlled pneumatic impactor (Precision Systems Instrumentation TBI-030
Impactor, Fairfax Station, VA 22039) was used to generate the CCI-TBI. The impactor
induced a non-penetrating, localized contusion of the cortex. The impactor tip was 3.0 mm
in diameter with a slightly beveled edge. Injury severity is altered via independent
adjustment of the impactor contact velocity and the depth of cortical deformation. In the
present studies, a severe level of CCI-TBI was employed in which the contact velocity of the
impactor was set at 3.5 m/sec, while the deformation depth was set at 1.0 mm as described
previously (Scheff and Sullivan 1999; Singh et al. 2006b; Deng-Bryant et al. 2008; Mbye et
al. 2008). After injury, the craniotomy was closed by placement of a 6.0 mm diameter disk
made of dental acrylic that was cemented in place with cyanoacrylate to close the
craniotomy. The mice were then placed in a Hova-Bator Incubator (model 1583; Randall
Burkey Co, Boerne, TX, USA), set at 37°C, for at least 20 minutes to prevent post-traumatic
hypothermia. Consciousness (i.e. return of right reflex and mobility) was regained within ten
minutes after the injury. The survival time point for the injured mice was 24 h post-TBI
which has been shown to be the time of the peak in posttraumatic calpain-mediated α-
spectrin degradation in the mouse CCI-TBI model (Deng et al. 2007).

U-83836E Preparation and Dosing
U-83836E was purchased from the Biomol Company (Biomol International, LP, 5120 Butler
Pike, PA 19462-1202 USA) and made up fresh daily in physiologic saline 0.9%). For i.v.
injections, dilutions were made to deliver the assigned dose of U-83836E in an injection
volume of ≈0.12 ml whereas for intraperitoneal injections dilutions were made to deliver 10
mg/kg in an injection volume of ≈0.30 ml.
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Tissue Extraction and Protein Assay
At 24 h post-TBI, mice were overdosed with sodium pentobarbital (200mg/kg i.p.).
Following decapitation, the contused ipsilateral cortical tissue was rapidly dissected on an
ice-chilled stage as previously described (Deng et al. 2007). Immediately following
dissection, samples were transferred into ice-cold Triton lysis buffer (1% triton, 20mM tris
HCL, 150mM NaCl, 5mM EGTA, 10mM EDTA, 10% glycerol) with protease inhibitors
(Complete Mini™ Protease Inhibitor Cocktail tablet). Samples were then briefly sonicated,
and incubated on ice for 45 min. Following that, the samples were centrifuged at 14,000 rpm
for 30 minutes at 4°C, and the supernatants were collected for protein assay. Protein
concentration was determined by Bio-Rad DC Protein Assay, with sample solutions diluted
to contain 1mg/ml of protein for immunoblotting.

Western-Blotting Analysis of Calpain-mediated Cytoskeletal Degradation
To measure calpain-mediated α-spectrin degradation products, aliquots of each sample (a
total of 5 μg in a final volume of 15 μl) were run on a SDS/PAGE Precast gel (3–8 % Tris-
Acetate Criterion™ XT Precast gel, Bio-Rad) and transferred onto a nitrocellulose
membrane using a semi-dry electro-transferring unit set at 15 V for 15 min. Following
transfer, the membranes were incubated in a TBS blocking solution with 5 % milk for 1 h at
room temperature. For the detection of α-spectrin and its breakdown products, a mouse
monoclonal anti-α-spectrin antibody (Affiniti FG6090) was used at a dilution of 1:5000 in
TBST blocking solution with 5% milk with overnight incubation at 4°C. Positive bands
were detected by a goat anti-mouse secondary antibody conjugated to an infrared dye
(IRDye800CW, Rockland, Gilbertsville, PA, USA) at a dilution of 1:5000. All incubations
and washing steps were performed according to the instructions given by the manufacturers.
The intensity of the bands was visualized and quantified using a Li-Cor Odyssey Infrared
Imager (Li-Cor; Lincoln, NE, USA). A loading control consisting of pooled samples
containing intact α-spectrin and its 145 and 150 kD breakdown products from previous TBI
experiments was included on each blot to enable normalization of the band densities across
the multiple western blots needed to be run for the three experiments.

Sample Size and Statistical Analysis
Each experimental group contained 10 mice. We used Prizm 4.0 to perform a one-way
analysis of variance (ANOVA). Where the ANOVA was statistically significant, it was
followed by a Dunnett’s post-hoc analysis to determine the significance of differences
between injured vehicle-treated vs. injured U-83836E-treated groups. A p<0.05 was required
for statistical significance in all the experiments. All data are shown as mean ± standard
deviation (SD).

Experimental Design
Three experiments are included in the present study. Experiment #1 was a dose-response
experiment in which groups of 10 mice were treated with vehicle (0.9% saline or U-83836E
(0.1, 0.3, 1.0, 3.0, 10.0 and 30.0 mg/kg i.v. in a single dose at 15 min. after CCI-TBI and
ipsilateral cortical tissue α-spectrin degradation assessed at its 24 h posttraumatic peak
(Deng et al. 2007). To make this ambitious dose-response more technically and statistically
feasible, the experiment was done in two parts: Part 1 included the 0.1, 0.3 and 1.0 mg/kg
i.v. doses which were examined against a vehicle-treated injured group and Part 2 included
the 3.0, 10.0 and 30.0 mg/kg i.v. doses which were examined against a second vehicletreated
group.
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Experiment #2 was a therapeutic window analysis of the effects of the single 3.0 mg/kg i.v.
dose of U-83836E (selected from Experiment #1) on 24 h α-spectrin degradation in which
the time of drug administration was delayed to 1, 3, 6 or 12 h post-injury.

Experiment #3 was a second therapeutic window analysis in which the initial 3.0 mg/kg i.v.
dose of U-83836E was followed by two additional 10.0 mg/kg i.p. doses administered at 1
and 3 h after the i.v. dose. In this experiment 7 treatment delays were included that were
split between two parts: Part 1 included treatment delays of 1, 3 and 6 h post-injury vs. a
vehicle-treated group and Part 2 included treatment delays of 1, 9, 12 and 18 h vs. a second
vehicle-treated group.

RESULTS
Dose-Response Analysis of the Effect of U-83836E on α-Spectrin Degradation

Figure 1 shows the results of the two part Experiment #1 dose-response analysis examining
ipsilateral cortical α-spectrin fragments level following CCI-TBI. Part 1 included the
U-83836E i.v.-treated groups; 0.1 mg/kg, 0.3 mg/kg, and 1.0 mg/kg while Part 2 included
the U-83836E i.v.-treated groups; 3.0 mg/kg, 10.0 mg/kg, and 30.0 mg/kg (n=10/dose
group). Each part included its own vehicle-treated injured group. The six different single i.v.
dosages were administrated (tail vein) to the mice 15 min after CCI-TBI. All mice were
euthanized 24 h after injury when α-spectrin degradation is at its peak (Deng et al. 2007). In
Part 1, the ANOVA did not show a significant difference across experimental groups (145
kDa; F(3,36)= 1.732, p>0.05. 150 kDa; F(3,36)= 1.045, p>0.05) which precluded any
subsequent post-hoc analysis. However, in Part 2, which involved the higher doses, the
ANOVA did show a significant difference across the experimental groups (145 kDa;
F(3,36)= 9.895, p<0.01. 150 kDa; F(3,36)= 7.909, p<0.01). Subsequent Dunnett’s post-hoc
analysis revealed that the thee U-83836E doses (3.0, 10.0 and 30 mg/kg i.v.) significantly
reduced both the 150 and 145 kD SBDPs compared with the vehicle-treated injured mice.
However, there were no significant differences among different dosage groups. Therefore,
the lowest maximally effective dose (3.0 mg/kg i.v.) was chosen for the subsequent
Experiments #2 and #3. While not shown, U-83836E did not effect the levels of α-spectrin
or it’s degradation products in sham, non-injured mouse brain tissue.

Therapeutic Window Analysis of a Single Dose of U-83836E Measured by Calpain-Mediated
α-Spectrin Breakdown

A therapeutic window study (Experiment 2) was next conducted in which the onset of
U-83836E treatment (3.0 mg/kg i.v. was delayed from the 15 min post-injury tested in
Experiment #1 to either 1, 3, 6, or 12 h (Figure 2). The vehicle treated group displayed high
levels of SBDPs at 24 h post-injury as in Parts 1 and 2 of Experiment #1. Although there
was a slight decline of both SBDPs among U-83836E treatment groups compared with the
vehicle-treated group, the overall one way ANOVA was not significant across the various
treatment groups (145 kDa; F(4,45)=2.006, p>0.1. 150 kDa; F(4,45)= 1.668, p>0.1). Thus, in
the case of single U-83836E i.v. dose administration, the therapeutic window is less than 1
h.

Therapeutic Window Analysis of a Multiple Dose Regimen of U-83836E Measured by
Calpain-Mediated α-Spectrin Breakdown

We next investigated the therapeutic window of a U-83836E treatment regimen involving an
initial 3mg/kg i.v dose followed by two consecutive doses of 10mg/kg i.p, 1 h after the first
dose and 2 h after the second dose, respectively (Experiment #3). The onset of U-83836E
treatment was delayed from the 15 min post-injury time point tested earlier to either 1, 3, 6,
9, 12, or 18 h (Figure 3). Due to the large number of animals needed for this study, it was
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divided into two parts as already noted in the Materials and Methods. Part 1 included
groups that were treated with U-83836E beginning at 1, 3 or 6 h whereas Part 2 included
groups that were treated with U-83836E beginning at 1, 9, 12 or 18 h (n=10). Each part of
the therapeutic window experiment included a a separate vehicle-treated injured group and a
separate 1 hr treatment delay group to determine the consistency of the injury effect as
assessed in the vehicle-treated groups and consistency of the U-83836E effect between the
two parts of the experiment. As expected, the vehicle-treated groups showed high levels of
SBDPs. In Part 1, involving a maximum treatment delay up to 6 h post-TBI, there was a
significant difference across all treatment groups for both the 145 and 150 kD α-spectrin
fragments (145 kDa; F(4,45)=21.78, p<0.0001, 150 kDa; F(4,45)=23.91, p<0.0001).
Subsequent post-hoc Dunnett’s testing showed that for both fragments, the U-83836E
treated groups were all significantly different than the corresponding vehicle treated injured
group. In Part 2 involving a repeat of the 1 h treatment delay as well as groups in which
treatment was delayed either 9, 12 or 18 h, the ANOVA also showed a significant difference
across treatment groups (145 kDa; F(4,45)=21.78, p<0.005, 150 kDa; F(4,45)=6.38, p<0.05).
The post-hoc Dunnett’s testing showed for both fragments that there was a statistically
significant difference between the U-83836E and vehicle-treated groups out to, and
including, a 12 h treatment delay. Even with a delay of 18 h post-injury, the 150 kD
fragment was significantly suppressed compared to the vehicle-treated 150 kD fragment
levels. However, U-83836E did not have an effect on the 24 h calpain-specific 145 kDa
SBDP (p>0.05) when treatment initiation was withheld to 18 h post-TBI.

DISCUSSION
In our previous investigation, we demonstrated that U-83836E treatment can attenuate post-
traumatic LP in cerebral cortical tissue or mitochondria together with a preservation of
aerobic respiratory function and Ca++-buffering capacity (Mustafa et al. 2010). Consistent
with that overall effect, and the preservation of Ca++-buffering capacity in particular, the
current results have demonstrated that the LOO• scavenger U-83836E produces a dose-
related attenuation of α-spectrin degradation after TBI. As discussed earlier, posttraumatic
α-spectrin degradation is produced by both calpain and another cysteine protease caspase 3.
The 150 kDa α-spectrin fragment is produced by both proteases whereas the 145 kDa
fragment is calpain-specific (Wang 2000). However, since we detected very little of the
caspase 3-specific 120 kDa fragment (Wang 2000) in these or other TBI experiments
(Kupina et al. 2001; Kupina et al. 2002; Kupina et al. 2003; Thompson et al. 2006; Deng et
al. 2007; Deng-Bryant et al. 2008), we believe that the leading source of posttraumatic α-
spectrin degradation. From this, we conclude that even though U-83836E does not directly
interact with calpain, it nevertheless attenuates the activation of this Ca++-activated protease
by preserving neuronal intracellular Ca++ homeostatic mechanisms which are known to be
compromised by posttraumatic LP (Hall et al. 2010) and thereby decreases post-traumatic
Ca++ overload and it’s activation of neuronal calpain. Calpain-mediated α-spectrin
proteolysis peaks at 24 h after CCI-TBI in mice (Deng et al. 2007), and it has been
repeatedly implicated in posttraumatic neurodegeneration (Posmantur et al. 1994; Kampfl et
al. 1996; Posmantur et al. 1996; Kampfl et al. 1997; Buki and Povlishock 2006; Thompson
et al. 2006; Deng et al. 2007; Saatman et al. 2010). Posttraumatic activation of calpains is
mediated via the evolution of intracellular Ca++ dysregulation after injury (Kampfl et al.
1997). The early phase of Ca++ dysregulation is an acute manifestation of glutamate-
mediated excitotoxicity which triggers an influx of Ca++ via activation of NMDA receptors
(Hayes et al. 1988; Faden et al. 1989; Randall and Thayer 1992). This initial increase in
intracellular Ca++ triggers a “burst” of highly reactive free radicals (Hall et al. 1993; Lewen
et al. 2000) contributed to by multiple mechanisms including membrane phospholipase and
arachidonic acid cascade activation, increased biogenic amine release and turnover and
mitochondrial ”leak” (Hall and Braughler 1993). The radical burst initiates LP oxidative
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damage which can progressively increase exponentially as it propagates through cell
membranes (Hall and Braughler 1993).

The ensuing LP damage exacerbates the loss of intracellular Ca++ regulation by several
mechanisms as illustrated in Figure 4. First of all, it has been shown that the accumulation of
LP products such as 4-hydroxynonenal (4-HNE) impairs glutamate transport mechanisms
(Keller et al. 1997;Pedersen et al. 1999) which prolongs the extracellular duration of
synaptically-released glutamate and thus the duration of its activation of NMDA receptors
and inward Ca++ influxes. Secondly, LP damages membrane phospholipid architecture (Hall
et al. 2010) which can accentuate cell membrane ionic permeabilities, and most importantly
that of Ca++. This is evident by the occurrence of Ca++ influxes in cultured cells following
oxidant treatment which has been shown to be ameliorated by U-83836E treatment (Kimura
et al. 1992;Munns and Leach 1995). Thirdly, LP damage targets the Ca++ ATPase within the
cell membrane impairing its ability to pump Ca++ either into the endoplasmic reticulum or
through the plasma membrane (Rohn et al. 1993,1996;Durmaz et al. 2003). Fourth, LP can
potentially disrupt Ca++ homeostasis by mobilizing Ca++ from endoplasmic reticular stores
(Racay et al. 1997). Fifth, LP in mitochondrial membranes aggravates mitochondrial
dysfunction (Gadelha et al. 1997;Kowaltowski and Vercesi 1999;Sullivan et al. 1999;Singh
et al. 2006b;Mbye et al. 2008) including a compromise of the ability of mitochondria to
buffer cytosolic Ca++ (Singh et al. 2006b;Mustafa et al. 2010). If oxidative damage to the
mitochondrion is severe enough, it can trigger formation of the mitochondrial permeability
transition pore (mPTP) leading to mitochondrial permeability transition (MPT), collapse of
the mitochondrial membrane potential and a dramatic release of mitochondrial matrix Ca++

into the cytoplasm (Gadelha et al. 1997;Nicholls and Budd 2000). These events culminate in
a dramatic increase of cytosolic Ca++ causing massive activation of calpain and caspase 3.
Such immense protease activation following TBI is revealed by the evolution of high levels
of cytoskeletal SBDPs after TBI (Kampfl et al. 1997;Posmantur et al. 1997;Pike et al.
1998;Pike et al. 2001). Thus, it is our hypothesis that LP is a major contributor to the
delayed Ca++ dysregulation following TBI. Consequently, inhibiting LP by scavenging
LOO• will protect cellular and mitochondrial membranes and hence maintain Ca++

homeostasis sufficiently to prevent the delayed posttraumatic phase of Ca++ dysregulation.
Consistent with this theory, a single i.v. dose of U-83836E administered at 15 min. post-
injury was able to decrease α-spectrin degradation at its peak at 24 h after injury.

The fact that delaying the single dose treatment beyond 15 min did not have a significant
effect is attributed to the nature of LP process. Lipid peroxidation can be initiated by a
variety of free radicals generated by the reactive nitrogen species peroxynitrite or by iron-
dependent mechanisms (Hall et al. 2010). However, once initiated, branching and
propagation of LP reactions damage is dependent on LOO• which is generated within the
process of LP (Spiteller 2006; Hall et al. 2010). As more time passes after injury before the
start of antioxidant treatment, then more and more LOO• radicals are generated and the
propagation of LP becomes amplified and therefore more difficult to stop. As a result, when
we delayed the treatment from 15 min to 1 h, the single dose was not sufficient to stop the
LP which was already well along. In contrast, when we employed the multiple dosing
paradigm to increase the total amount of U-83836E administered and prolong its antioxidant
action, it significantly attenuated the levels of SBDPs even though the treatment was
delayed up to 12 h after injury. The ability of the drug to attenuate calpain-mediated α-
spectrin proteolysis even when the treatment is delayed for 12 h is indicative that both
branching and propagation reactions of LP and their contribution to Ca++ dysregulation are
still active at least out to 12 h following TBI. This is supported by our previously reported
data which shows that in addition to the early increase in calpain-mediated α-spectrin
proteolysis which begins during the first hr and plateaus at 6 h, there is a significant
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secondary increase in α-spectrin degradation between 12 and 24 h following CCI-TBI
followed by a progressive decline thereafter (Deng et al. 2007).

As explained above, and illustrated in Figure 4, there are several mechanisms by which LP
contributes to posttraumatic intracellular Ca++ dysregulation, and a cell-permeable LP
inhibitor like U-83836E could potentially counteract each of these. Having said that, we
demonstrated in our previous experiments that administration of a 3 mg/kg i.v. dose to mice
at 15 min. after CCI-TBI was able to significantly preserve the bioenergetics and Ca++

buffering capacity of mitochondria isolated from the injured cortex (Mustafa et al. 2010). In
the same study, the mitochondrial functional protection was accompanied by a significant
reduction in the levels of the mitochondrial protein-bound LP product 4-HNE. In other work
in our laboratory, it has been shown that direct application of 4-HNE to isolated cortical
mitochondria potently impairs their bioenergetic function (Vaishnav et al. 2010). Thus, it
seems certain that U-83836E is attenuating calpain-mediated cytoskeletal damage at least in
part via mitochondrial functional protection. Further support for this notion comes from the
fact that the peak of mitochondrial functional collapse after CCI-TBI does not occur until 12
h post-injury (Singh et al. 2006a) which coincides with our present observation of a
U-83836E repeated dose therapeutic window of 12 h. In other words, the 12 h window is
demonstrable because the absolute window for mitochondrial functional preservation is also
12 h. Secondary to the 12 h bottoming out of cortical mitochondrial function, we have
documented a delayed secondary spike in α-spectrin degradation between 12 and 24 h post-
injury in the CCI-TBI model (Deng et al. 2007). The coincidence of these events provides an
explanation for how a 12 h therapeutic window in regards to stopping cytoskeletal
proteolysis could be feasible. Nevertheless, the requirement for U-83836E to be effective
when delayed until 12 h is that intensive (i.e. repeated) dosing be applied to stop the
probably intense LP that is well developed by 12 h after injury.

Lastly, it should be pointed out that this is not our first demonstration that a 12 h therapeutic
window in regards to pharmacological inhibition of post-TBI calpain-mediated cytoskeletal
damage can occur or that such a prolonged window is associated with a compound that acts
to protect mitochondria. In recent work, we examined the cytoskeletal and neuroprotective
effects of the novel compound NIM-811 (Mbye et al. 2008; Mbye et al. 2009). NIM811 is a
non-immunosuppressive cyclosporine A analog, and like cyclosporine A, it appears to
protect mitochondria by binding to cyclophilin D and preventing the formation of the mPTP
(Waldmeier et al. 2002). Identical to our present therapeutic window data with U-83836E,
we observed that NIM811 can attenuate post-TBI calpain-mediated α-spectrin degradation if
administered as late as 12 h after injury (Mbye et al. 2009) and that this is paralleled by a
significant reduction in mitochondrial LP-related oxidative damage (Mbye et al. 2008) and
ultimately a decrease in cortical neurodegeneration and motor dysfunction (Mbye et al.
2009). This further emphasizes the contribution of mitochondrial dysfunction to overall
posttraumatic Ca++ dysregulation as well as the conclusion that it is amenable to
pharmacological intervention as late as 12 h post-TBI.

Concerning U-83836E, our ongoing studies include a careful assessment of whether this
potent and selective LOO• scavenging LP inhibitor, like NIM811 (Mbye et al. 2009), is also
able to attenuate post-TBI cortical neuronal damage and improve motor function. However,
extensive work in animal models has shown a connection between the brain tissue or CSF
levels of calpain-generated α-spectrin fragments and neuronal damage in preclinical TBI
models (Posmantur et al. 1996; Saatman et al. 1996a; Newcomb et al. 1997; Buki et al.
1999; Kupina et al. 2002) and the neuroprotective effects of compounds that attenuate α-α-
spectrin degradation by either directly or indirectly decreasing calpain activation (Posmantur
et al. 1997; Kupina et al. 2002; Deng-Bryant et al. 2008; Mbye et al. 2009). Furthermore, the
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value of CSF α-spectrin proteolytic fragment levels as an outcome predictor has recently
been extended to human TBI (Mondello et al. 2010).
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Figure 1.
U-83836E dose-response analysis of the effects of a single i.v. dose administered at 15 min
after CCI-TBI in male mice on α-spectrin degradation in injured cortical tissue as assessed
by quantitative western blotting of the calpain-specific 145 kDa and the mixed calpain/
caspase 3-generated 150 kDa α-spectrin breakdown products at their 24 h peak. This was a
two part study in which Part 1 involved testing the three lower doses whereas in Part 2 the
higher three doses were examined. The three highest doses; 3.0, 10.0 and 30.0 mg/kg doses
significantly reduced both SBDPs compared to their paired vehicle-treated group.
Representative western blots are displayed below the graphs (LC stands for loading control).
N = 10 animals/group; values = mean (±SD); one-way ANOVA followed by Dunnett’s post
hoc test: * p < 0.05 vs. vehicle.
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Figure 2.
Therapeutic window analysis of the effects of a single 3.0 mg/kg i.v. dose of U-83836E,
administered at 1, 3, 6 or 12 h after CCI-TBI in male mice on α-spectrin degradation in
injured cortical tissue as assessed by quantitative western blotting of the calpain-specific 145
kDa and the mixed calpain/caspase 3-generated 150 kDa α-spectrin breakdown products at
their 24 h peak. Values = mean (±SD) (N=10 mice/group) following administration of a
single dose of U-83836E at either 1, 3, 6, or 12 h post-injury. A one-way ANOVA did not
reveal a statistically significant difference across experimental groups in regards to the 145
and 150 kD SBDPs. Representative western blots are displayed below the graphs (LC stands
for loading control).
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Figure 3.
Therapeutic window analysis of a multiple dose regimen of U-83836E initiated at either 1,
3, 6, 9, 12, or 18 h post-injury as measured by calpain-mediated α-spectrin proteolysis 24 h
following severe CCI. The initial dose was 3mg/kg i.v followed one hour later by a 10mg/kg
i.p maintenance dose. Two hours after the second dose, a third dose of 10mg/kg i.p was also
administered. This was a two part study in which Part 1 involved testing of treatment delays
of 1, 3 and 6 h whereas Part 2 involved a repeat of the 1 h treatment delay as well as 9, 12
and 18 h delays. Values = mean (±SD) for the 145 and 150 kDa SBDPs with N = 10 mice/
group. One-way ANOVAs revealed a statistically significant difference across experimental
groups in both Part 1 and Part 2. Subsequent post hoc analysis revealed that the mice treated
with multiple doses of U-83836E at, 1, 3, 6, 9, or 12 h post-injury all had a significantly
(p<0.05) lower mean levels of the 145 and 150 kDa SBDPs compared with the paired
vehicle-treated groups. However, even the group treated with multiple doses of U-83836E
beginning at 18 h after injury did display a lower level of the 150 kDa SBDP, but not that of
the calpain-specific 145 kDa fragment compared to the vehicle-treated group. Statistical
differences (one-way ANOVA and Dunnett’s post hoc test), *p<0.01 vs. vehicle, #p<0.05
vs. vehicle, n=10. Representative western blots are displayed below the graphs (LC stands
for loading control)
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Figure 4.
Mechanisms by which free radical-induced lipid peroxidation contributes to intracellular
Ca++ overload and calpain activation after TBI (see DISCUSSION for details).
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