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Abstract
We assessed the temporal and spatial characteristics of PN-induced oxidative damage and its
relationship to calpain-mediated cytoskeletal degradation and neurodegeneration in a severe
unilateral controlled cortical impact (CCI) traumatic brain injury (TBI) model. Quantitative temporal
time-course studies were performed to measure two oxidative damage markers: 3-nitrotyrosine
(3NT) and 4-hydroxynonenal (4HNE) at 30 min, 1, 3, 6, 12, 24, 48, 72 hrs, 7 days after injury in
ipsilateral cortex of young adult male CF-1 mice. Secondly, the time course of Ca++-activated,
calpain-mediated proteolysis was also analyzed using quantitative western-blot measurement of
breakdown products of the cytoskeletal protein α-spectrin. Finally, the time course of
neurodegeneration was examined using de Olmos silver staining. Both oxidative damage markers
increased in cortical tissue immediately after injury (30 min) and elevated for the first 3–6 hrs before
returning to baseline. In the immunostaining study, the PN-selective marker, 3NT, and the lipid
peroxidation marker, 4HNE, were intense and overlapping in the injured cortical tissue. α-Spectrin
breakdown products, which was used as biomarker for calpain-mediated cytoskeletal degradation,
were also increased after injury, but the time course lagged behind the peak of oxidative damage and
did not reach its maximum until 24 hrs post-injury. In turn, cytoskeletal degradation preceded the
peak of neurodegeneration which occurred at 48 hrs post-injury. These studies have led us to the
hypothesis that PN-mediated oxidative damage is an early event that contributes to a compromise of
Ca++ homeostatic mechanisms which causes a massive Ca++ overload and calpain activation which
is a final common pathway that results in post-traumatic neurodegeneration.
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INTRODUCTION
There is compelling evidence supporting the role of oxidative damage in the delayed secondary
neuronal cell death which is initiated by the primary traumatic brain injury (TBI). The first
work in this regard, conducted by Kontos and his colleagues, demonstrated the formation of
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superoxide radicals in cerebral microvasculature in a cat fluid percussion TBI models (Kontos
and Povlishock, 1986;Kontos and Wei, 1986). Using the salicylate trapping method, Hall and
coworkers detected a rapid, but transient rise in brain hydroxyl radical (•OH) in experimental
head injury models (Hall et al., 1993;Hall et al., 1994); (Smith et al., 1994). This was elegantly
confirmed by others using brain microdialysis techniques to monitor salicylate-trapped •OH
over time in the same animals (Globus et al., 1995). The increase of •OH is followed by an
increase in lipid peroxidation products (Smith et al., 1994). The strongest support for a role of
oxidative damage in the acute pathophysiology of TBI is derived from the fact that several
antioxidant compounds have been shown to be neuroprotective in TBI models (Hall et al.,
1994) (Awasthi et al., 1997); (Mori et al., 1998); (Marklund et al., 2001).

The reactive oxygen species (ROS) peroxynitrite (PN), which can produce highly reactive and
cytotoxic free radicals, has been suggested to be a key player in post-traumatic secondary brain
oxidative damage (Hall et al., 2004;Hall et al., 1999). Peroxynitrite is formed by the chemical
reaction of nitric oxide (•NO), produced by nitric oxide synthase (NOS), with superoxide
radical (O2

• −) whenever the two are produced in close proximity (Saran et al., 1990). All three
NOS isoforms (eNOS, iNOS, and nNOS), as a key element in production of PN, have been
shown to be up-regulated in brain tissue following TBI (Cobbs et al., 1997); (Wada et al.,
1998) (Gahm et al., 2000); (Orihara et al., 2001). In addition, a novel isoform of Ca++-sensitive
NOS (mtNOS), discovered within mitochondria (Bates et al., 1995); (Lopez-Figueroa et al.,
2000);(Giulivi, 2003), has been shown to contribute to mitochondrial production of •NO and
PN (Radi et al., 2002). The PN-derived free radicals (•NO2, •OH, •CO3

−) can induce extensive
oxidative damage to cellular membranes, proteins and DNA (Beckman, 1996) (Murphy et al.,
1998); (Radi, 1998). Each of the PN-derived free radicals can initiate lipid peroxidation (LP),
or cause protein carbonylation by reaction with susceptible amino acids (e.g. lysine, cysteine,
arginine). Moreover, aldehydic LP products (e.g. 4-hydroxynonenal) can bind to cellular
proteins compromising their structural and functional integrity (Neely et al., 1999).
Additionally, •NO2 can nitrate 3 position of tyrosine residues in proteins. As a result, 3-
nitrotyrosine (3NT) is used as a specific footprint of PN-induced cellular damage (Hall et al.,
1997).

In recent work we investigated the role of PN in a mouse model of diffuse closed head injury
which demonstrated the spatial and temporal coincidence of PN-induced protein nitration and
lipid peroxidation and that this oxidative damage precedes, and therefore may have a causal
role in post-traumatic neurodegeneration (Hall et al., 2004). However, TBI is a complex
disorder that is impossible to fully reproduce in a single model. For example, we have found
significant differences between the time courses of neurodegeneration in mouse models of
diffuse (Kupina et al., 2003) and focal (Hall et al., 2005a;Hall et al., 2005b) TBI. Hence, the
magnitude and timing of post-traumatic secondary injury mechanisms probably varies across
head injury models. Most importantly, if we are to accurately test the efficacy of novel
neuroprotective pharmacological treatments, it is important to first understand the time course
of the relevant secondary injury mechanisms in models of focal as well as diffuse TBI.

Thus, the present study was conducted to examine the temporal and spatial characteristics of
PN-induced cortical oxidative damage in a model of severe controlled cortical impact (CCI)
focal TBI, and its relationship to calpain-mediated cytoskeletal degradation and
neurodegeneration. Markers for PN-induced protein nitration (3-nitrotyrosine, 3NT), and lipid
peroxidation (4-hydroxynonenal, 4HNE) were measured using immuno-slotblotting and
immuno-histochemistry. Secondly, we employed western-blotting methods to look at the time
course of calpain-mediated cytoskeletal degradation in order to assess the temporal relationship
of oxidative damage to Ca++−mediated proteolytic degradation. Finally, we used de Olmos
silver staining to measure the evolution of post-traumatic neurodegeneration. The results
demonstrate that the PN-mediated oxidative damage is an early event that probably contributes
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to an exacerbation of neuronal intracellular Ca++ overload, massive calpain activation and
cytoskeletal degradation and neurodegeneration.

MATERIALS AND METHODS
All the surgical, injury and animal care protocols described below have been approved by the
University of Kentucky Institutional Animal Care and Use Committee, and are consistent with
the animal care procedures set forth in the guidelines of the U.S. Public Health Service Policy
on Humane Care and Use of Laboratory Animals.

Mouse Model of Controlled Cortical Impact (Focal) Traumatic Brain Injury
Young adult male CF-1 mice (Charles River, Portage, MI) weighing 29–31g were used in this
study. The mice were anesthetized with isoflurane (3.0%), shaved, and then placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA). Throughout the surgery, the mice
were provided with constant isoflurane (SurgiVet, 100 Series) and oxygen (SurgiVet, O2
flowmeter, 0–4Lpm). The head was positioned in the horizontal plane of a stereotaxic frame
with the nose bar set at zero. We firstly produced a 4mm craniotomy lateral to the sagittal
suture, and centered between lambda and bregma. A cortical contusion was produced on the
exposed cortex (the anterior-posterior coordinate for the epicenter of the injury was Bregma
−2.0mm) using a pneumatically-controlled impactor device (Precision System Instruments
TBI-0200 Impactor, Lexington, KY) similar to that previously described (Sullivan et al.,
1999b) (Hall et al., 2005b;Sullivan et al., 1999a) except that the current device utilizes a unique
contact sensor mechanism that ensures accurate and reliable determination of cortical surface
prior to initiating the injury sequence. This results in increased accuracy and reproducibility
in regards to the CCI injury compared to that produced by earlier CCI impactors. In the present
studies, the impactor containing a 3mm diameter rod tip compressed the cortex at 3.5m/sec to
a depth of 1mm with a dwell time of 50msec to produce a severe injury. After surgery and
injury, a 4mm disk made from dental cement (Dentsply Trubyte) was placed over the
craniotomy site and adhered to the skull using cyanoacrylate. In order to prevent immediate
post-traumatic hypothermia, following the suturing of the skin, mice were placed in a Hova-
Bator incubator (37°C, model 1583, Randall Burkey Co) until them regained consciousness
(determined by the regain of the righting reflex and increased mobility). The injured mice were
allowed to survive from 30 min to 7 days depending on their experimental group. For the
neurochemical studies (measurement of oxidative damage markers and cytoskeletal
degradation, see below), the N for each timepoint group was 8 animals based upon our
experience with the variability seen with these measurements in previous studies (Hall et al.,
2004;Hall et al., 2005b;Kupina et al., 2003). For each timepoint, two sham animals were
included which were mice that received craniotomy but not cortical contusion. The two sham
animals in each group were killed at each of the post-traumatic times along with their brain-
injured counterparts. Eight sham mice were randomly selected for comparison with the injured
groups.

Tissue Extraction and Protein Assay
At the selected times for the time course analysis (30 min, 1 hr, 3 hrs, 6 hrs, 12 hrs, 24 hrs, 48
hrs, 72 hrs and 7 days), the sham or CCI-injured mice were deeply overdosed with sodium
pentobarbital (200mg/kg i.p.). Following decapitation, the ipsilateral cortex were rapidly
dissected on an ice-chilled stage and immediately transferred into pre-cooled 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 vortexed at 14,000rpm 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.
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Slot-Immunoblotting Analysis of Oxidative Damage (3NT and 4HNE)
To measure 3-nitrotyrosine (3-NT) or 4-hydroxynonenal (4-HNE), an aliquot of each ipsilateral
cortical sample (μg) was diluted with 20μl of tris-buffered saline (TBS), and transferred to a
Protran (0.μm) nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany) by a
Minifold II vacuum slot blot apparatus (Schleicher & Schuell). After the samples were loaded
into the slots, they were allowed to filter through the membrane by gravity (no vacuum). Each
slot was then washed with 20μl TBS which was allowed to filter through the membrane again.
The membranes were then disassembled from the apparatus, and incubated in a TBS blocking
solution with 5% milk for 1 hr at room temperature. For the detection of 3NT, a rabbit
polyclonal anti-nitrotyrosine antibody (Upstate Biotechnology, MA, USA) was used at a
dilution of 1:2000 in TBST blocking solution with 5% milk for overnight at 4°C. For the
detection of HNE, a rabbit polyclonal anti-HNE antibody (Alpha Diagnostics International)
was used at a dilution of 1:5000 in TBST blocking solution with 5% milk for overnight at 4°
C. A goat anti-rabbit secondary antibody conjugated to an infrared dye (1:5000, IRDye800CW,
Rockland) was applied to the membrane for 1 hr at room temperature. Dry membranes were
then imaged and quantified using the Li-Cor Odyssey Infrared Imaging System (Li-Cor®

Biosciences). Preliminary experiments established protein concentration curves in order to
ensure that quantified blots were in the linear range. From the results of these, we selected the
2μg for use based upon that amount giving blots that were well within the linear range. A
standardized protein loading control was included on each blot to normalize the band densities
so that comparisons could be made across multiple blots. All the samples were run in duplicate
which were then averaged. For both the 4HNE and 3NT analyses, no primary antibody controls
were run to verify that the oxidative damage staining was specific. In addition, we ran positive
controls using both bovine serum albumin and normal brain tissue which were exposed to PN
and negative controls in which we pre-absorbed the primary antibodies with either 4HNE or
3NT which resulted in inhibition of the 4HNE and 3NT staining.

Immunohistochemical Analysis of Oxidative Damage (3NT and 4HNE)
A second set of animals was employed for immunohistochemical analysis of 3NT and 4HNE.
At the appointed times for the posttraumatic time course analysis (30 min, 1 hr, 3 hrs, 6 hrs,
12 hrs), groups of 5 mice each were overdosed with sodium pentobarbital (200mg/kg i.p.).
Two sham, non-injured mice that had craniotomies, but no injury, were included for each
timepoint. The mice were then perfused transcardially with 0.9% sodium chloride (pH7.4) until
the venous effluent (sectioned superior vena cava) was cleared of blood, followed by a fixative
solution made with 4% paraformaldehyde in 0.2M PBS (pH7.4). The heads were decapitated
after fixation and stored in the same fixative solution overnight at 4°C. The brains were
removed and equilibrated in the same fixative solution with 15% sucrose overnight at 4°C. The
equilibrated brains were sectioned at a thickness of 3μm into the same fixative solution with
15% sucrose at −20°C using a microtome with a freezing stage.

For the 4HNE detection, the free-floating sections were pre-treated with 0.1M NaBH4 in 0.1M
MOPS (pH8.0) for 10 min and rinsed off with 0.2M PBS for three times. The sections were
then incubated in 0.3% H2O2 for 30 min and rinsed three times with 0.2M phosphate-buffered
saline (PBS). Following that, the sections were blocked with a blocking solution (5% goat
serum, 0.25% Triton X-100, 1% dry milk, 0.2M PBS) for 2 hrs at room temperature, and then
incubated in the primary anti-HNE antibody (rabbit anti-HNE Michael Adducts, Calbiochem)
diluted 1:5500 in the same blocking solution overnight at room temperature. The sections were
then rinsed with 0.2M PBS six times, and then incubated in secondary goat anti-rabbit antibody
(Vectastain ABC-AP kit) for 2 hrs at room temperature. The sections were then rinsed with
0.1M Tris-HCl (pH8.2) and incubated in Vector blue (Vector blue alkaline phosphatase
substrate kit III). They were then rinsed with tap water four times, and mounted onto gelatinized
slides. For the 3NT detection, the sections were not pre-treated with 0.1M NaBH4 in 0.1M
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MOPS (pH8.0), but were treated the same for the rest of the procedure, except that they were
incubated in the primary anti-3NT antibody (rabbit anti-nitrotyrosine, Upstate) diluted 1:1200
in the blocking solution. For both the 4HNE and 3NT analyses, control slides were run without
the primary antibodies to verify that the oxidative damage staining was specific. In addition,
we ran additional controls in which we pre-absorbed the primary antibodies with either 4HNE
or 3NT which resulted in inhibition of the 4HNE and 3NT immunostaining. After the
immunohistochemical procedure, all slides mounted with brain sections were counterstained
with nuclear fast red (Vector Lot# Q1214), and then cover slipped. The brain sections were
photographed on an Olympus Provis A70 microscope at 1.25x, 20x and 40x magnification
using an Olympus Magnafire digital camera.

Western-blotting Analysis of Calpain-mediated Cytoskeletal Degradation
To measure calpain-mediated α-spectrin proteolysis, aliquots of each cortical sample (μg) were
run on a SDS/PAGE Precast gel (3–8% Tris-Acetate Criterion™ XT Precast gel, Bio-Rad) and
then transferred to a nitrocellulose membrane using a semi-dry electro-transferring unit set at
15V for 15 min. Preliminary experiments established protein concentration curves in order to
ensure that quantified bands were in the linear range as measured with the Li-Cor Odyssey
Infrared Imaging System. The membranes were incubated in a TBS blocking solution with 5%
milk for 1 hr 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 for overnight at 4°C. A goat anti-mouse
secondary conjugated to an infrared dye (1:5000, IRDye800CW, Rockland) was then applied
for 1 hr at room temperature. After drying, the membranes were then imaged and quantified
using the Li-Cor Odyssey Infrared Imaging System. A standardized protein loading control
was included on each blot to normalize the band densities so that comparisons could be made
across multiple blots (Hall et al., 2005b). This was made up of pooled brain tissue protein
collected from previously run TBI mice which gave strong bands corresponding to the 280kD
parent α-spectrin, the 150 kD and the 145 kD breakdown products. The amount of protein in
the loading control had been previously determined and shown to be within the linear range as
measured with the Li-Cor Odyssey Infrared Imaging System. Following the transfer, the gels
were stained with Coomassie Blue to verify even transfer. All the samples were run in duplicate
and averaged.

De Olmos Silver Staining Analysis of Neurodegeneration
Neurodegeneration was examined using the de Olmos aminocupric silver histochemical
technique in a third set of 27 mice as previously described (de Olmos et al., 1994;Hall et al.,
2005a;Hall et al., 2005b;Switzer, 2000). At either 6, 12, 24, 48, or 72 hrs or 7 days the injured
mice (N=3–4 per time point) were overdosed with sodium pentobarbital (200mg/kg i.p) and
transcardially perfused with 0.9% sodium chloride, followed by a fixative solution containing
4% paraformaldehyde; a sham group of 4 mice that received craniotomy only were sacrificed
24 hrs following surgery. Following decapitation, the heads were stored in a fixative solution
containing 15% sucrose for 24 hrs after which the brains were removed, placed in fresh fixative
and shipped for histological processing to Neuroscience Associates Inc (Knoxville TN). The
27 brains used for this study were embedded into one gelatin block (Multiblock® Technology,
Neuroscience Associates). The block was then frozen and thirteen 3μm coronal sections were
taken 42μm apart between 1.1mm anterior and 4.4mm posterior to bregma, were de Olmos
silver-stained to reveal degenerating neurons and neuronal processes, and then counterstained
with Nuclear Fast Red. The brain sections were photographed on an Olympus Provis A70
microscope at 1.25x magnification using an Olympus Magnafire digital camera and the image
was analyzed by Image-Pro Plus (4.0). The percentage area of silver staining for each brain
section was calculated by dividing the area of silver staining in each section by the area of the
total hemispheric section and multiplying by 100. The volume of silver staining in the
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hemisphere as a percentage of the overall hemispheric volume was estimated by the by the
equation % V = t × Σ % a(s), where % V is percent silver stain volume, t = the distance between
sections analyzed (42μm) and Σ % a (s) is the sum of percent area of silver staining in all
sections examined (13 for each brain) (Hall et al., 2005b).

Statistical Analysis
For all of the time course analyses, we used Statview 5.0 to perform a one-way analysis of
variance (ANOVA), followed by Fisher’s PLSD post-hoc analysis to determine the
significance of differences between individual time points and the non-injured Sham group.
For the ANOVA, a p<0.05 was required to establish a statistically significant difference across
the groups. However, for the post-hoc Fisher’s analysis, the program determined significance
based upon a correction for multiple comparisons comparing sham to each of the 9 post-injury
time points. Differences between pairs of post-injury timepoints (e.g. 30 min. vs. 1 hr) were
also analyzed.

RESULTS
Quantitative Post-Traumatic Time Course of Protein Nitration and Lipid Peroxidation

Figure 1 displays the complete quantitative time course study for 3NT and 4HNE in the
ipsilateral cortical samples taken from sham or CCI-injured mice. Figure 1A indicates
schematically the dorsal and coronal view of contusion site and peri-contusional cortical tissue
that was collectively sampled for the current study. Figure 1B shows the time course of changes
in 3NT, a selective marker of PN-mediated damage. As noted in the MATERIALS AND
METHODS, two non-injured sham animals corresponding to each post-traumatic timepoint
were run. For the nine timepoints, this resulted in a total of 18 shams. A comparison of the
bands obtained from different pairs of shams, showed little evidence that those animals killed
at the later timepoints had any more 3NT or 4HNE than those sampled at the earlier time points.
Therefore, we randomly selected 8 of the 18 shams to use as the sham group for comparison
with the different injured groups. The ANOVA showed that there was a highly significant
overall difference across the collective sham and post-traumatic groups in regards to 3NT levels
[F(9,70)=2.744; p<0.0001]. Post-hoc analysis revealed a significant increase in 3NT at 30 min
after injury compared to the sham group. At 1 hr after injury, the 3NT level reached its peak
and was approximately twice as much as that seen in sham, non-injured mice. The 3NT level
maintained significantly high until 12 hrs after injury, and at 24 hrs, it returned to baseline
(sham level). However, a small, but statistically significant secondary increase in 3NT was
also observed at 48, but not at 72 hrs.

Figure 1C displays the time course of post-traumatic changes in 4HNE, a marker for lipid
peroxidation, at different timepoints after injury. As with the 3NT analysis, there was a highly
significant overall difference across the collective sham and post-traumatic groups in regards
to 4HNE content [F(9,70)=15.211; p<0.0001]. Post-hoc analysis of between group differences
showed that there was a significant increase in 4HNE at 30 min after injury, the 4HNE level
reached its peak at 1 hr after injury and it stayed significantly higher than the sham level until
12hr before returning to the baseline levels seen in the Sham animals.

Spatial and Temporal Distribution of Peroxynitrite-Induced Protein Nitration and Lipid
Peroxidation

Figure 2 demonstrates the temporal and spatial characteristics of the immunohistochemical
staining related to post-traumatic oxidative damage in the ipsilateral hemisphere of mice after
CCI injury. Two adjacent brain sections in the epicenter (Bregma-2.0mm) of the contusion
were selected for 3NT staining and 4HNE staining. In Figure 2, the staining for 3NT and 4HNE
markers were concentrated within and around the contusion area in the ipsilateral cortex, and
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the 3NT and 4HNE staining was largely overlapping. Staining for both markers was observed
as early as 30 min. Staining remained intense up to 6 hrs after injury. At 12 hrs, the staining
showed signs of decrease no doubt due to proteolytic degradation of the oxidatively modified
proteins. This time course is in good agreement with the quantitative time course for 3NT and
4HNE shown in Figure 1.

Figure 3 shows high power photomicrographs of 3NT and 4HNE immunostaining within the
cortical contusion site in a sham, non-injured brain compared to staining at the contusion site
at 1 hr after injury. At 20x and 40x magnification, intense staining for both oxidative damage
markers is seen throughout the neuropil. In addition, microvascular staining for both 3NT and
4HNE is seen to clearly outline the microvessels deep within the injured cortex. Although the
sham brain shows some light staining in the neuropil, there is no evidence of staining of non-
injured microvessels. The pattern of staining in both the parenchyma and vasculature has also
been seen previously after a diffuse brain injury (Hall et al., 2004).

Quantitative Post-traumatic Time Course of Calpain-Mediated Cytoskeletal Degradation
Figure 4 displays the quantitative post-traumatic time course analysis of calpain-mediated
cytoskeletal degradation in the ipsilateral cortical tissue in terms of the levels of α-spectrin
breakdown products SBDP145 and 150 measured by western-blotting. The spectrin breakdown
product 145 (kD) and 150 (kD) in each time group were compared to the sham SBDP145 and
the sham SBDP150 respectively. The SBDP150 band can be produced by either calpain or
caspase 3, whereas the SBDP145 band is calpain specific. ANOVA showed that there was a
significant overall post-traumatic increase in SBDP145 [F(9,70)=9.444; p<0.0001] and
SBDP150 [F(9,70)=8.857; p<0.0001]. Accordingly, post-hoc analysis of the significance of
increases seen at individual post-traumatic time points was compared to sham, non-injured
animals. At 30 min after injury, the mean SBDP150 level was significantly increased. The
levels of this mixed calpain/caspase 3 marker remained significantly higher than sham levels
at all subsequent timepoints out to, and including, 48 hrs post-injury. The maximum increase
in SBDP150 was observed at 24 hrs post-injury. The calpain-specific SBDP145 showed a
significant increase vs. sham beginning at 1 hr post-injury, and increased slightly more at 3, 6
and 12 hrs.

Between 12 and 24hrs, there was a statistically significant (12 hr vs. 24 hr; p<0.0004) 75%
jump in SBDP145 levels with the 24 hrs time point manifesting the maximum post-traumatic
increase. In parallel, there was an equally significant (12 vs. 24 hr; p<0.0001) increase in the
SBDP150 levels SBDP150. The magnitude of the increase in SBDP145 was greater (compared
to the sham group) (18-fold) in comparison to the SBDP150 increase (6-fold). The level of
SBDP145 remained significantly elevated at 48 hrs before returning to levels at 72 hrs after
TBI that were no longer significantly higher than those seen in sham animals. The overall time
course patterns were similar for both SBDP150 and SBDP145.

It should be noted that the current post-traumatic time course of α-spectrin degradation,
although similar in several respects to a time course study we published earlier (Hall et al.,
2005b) using the CCI model, shows some differences that are worthy of explanation. In the
previous study, the earliest post-traumatic timepoint examined was 6 hrs at which time we
observed a statistically significant increase in SBDP145 and 150 compared to sham, just as in
the present study. However, the elevation in SBDPs did not increase further at 24 or 48 hrs,
but rather appeared to plateau before returning to the sham baseline level at 1 week. This is in
contrast to the significantly higher peak in SBDP 145 and 150 observed in the current study.
There are two likely reasons for the discrepancy between the current and the previously
published time course (Hall et al., 2005b). First of all, in the current study we employed a more
sensitive infrared imaging method for performing the densitometric analysis of the blots which
has a broader linear range compared to the less sensitive enhanced chemiluminescence (ECL)
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method that we previously employed which is only semi-quantitative. Consequently, the
previous plateau between 6 and 72 hrs post-injury (Hall et al., 2005b), in contrast to the current
results is probably due to the less accurate nature of ECL vs. infrared imaging. Secondly, the
current study was performed with a newer CCI device than the one used in the previous study.
The newer device (PSI TBI 0200 Impactor) utilizes a unique contact sensor mechanism that
insures accurate and reliable determination of cortical surface prior to initiating the injury
sequence. This results in increased accuracy and reproducibility in regards to the CCI injury.
Thus, for these two reasons, we have more confidence in the accuracy of the current results in
regards to the time course of post-traumatic cytoskeletal degradation. Furthermore, the current
time course of α-spectrin degradation in the CCI-injured cortex is similar in pattern to the time
course of α-spectrin degradation we have seen in the injured hippocampus using the same injury
device, injury severity and infrared imaging of the blots (Thompson et al., 2006)

Quantitative Post-Traumatic Time Course of Neurodegeneration
Figure 5 shows the quantitative de Olmos aminocupric silver staining analysis of
neurodegeneration in the ipsilateral hemisphere of mice subjected to CCI along with
histological examples of the spatial and temporal characteristics of silver staining between 6
hrs and 7 days after injury. At 6 hrs after injury, there was a significant increase of silver staining
volume compared to minimal level seen in sham, non-injured mouse brains. The silver staining
spread over time and peaked at 48 hrs after injury. After 48 hrs, the volume of silver staining
slowly waned, but remained significantly higher than the sham level even at 7 days. As shown
in the selected brain sections, at 6 hrs, the silver staining was mainly concentrated in all layers
in the ipsilateral cortical contusion. A cavitation lesion began to develop at 12 hrs and became
evident at 24 hrs. At 24 hrs, the silver staining had spread into and throughout the ipsilateral
hippocampus and dorsolateral aspect of the thalamus. At 48 hrs, the silver staining volume
reached its greatest extent. Silver staining also extended to the contralateral hippocampus,
indicative of the degeneration of CA3 commissural fiber projections to the contralateral dentate
gyrus and CA1 region as previously shown (Hall et al., 2005b).

DISCUSSION
The present study in the context of the focal controlled cortical impact (CCI) mouse model has
uniquely defined in a parallel fashion the time courses of oxidative damage, calpain-mediated
cytoskeletal degradation and neurodegeneration. A careful analysis of these three secondary
injury parameters has revealed clues concerning their mechanistic interrelationships. The
following discussion lays out the hypothesis that 1) the potent ROS PN is a key mediator of
post-traumatic oxidative damage; 2) a major source of PN is Ca++−overloaded mitochondria;
3) a major consequence of PN-mediated oxidative damage is exacerbation of intracellular
Ca++ overload by impairment of Ca++ homeostatic mechanisms and 4) this leads to an
enhancement of calpain-mediated cytoskeletal degradation which is the immediate precursor
of post-traumatic neuronal degeneration.

Temporal and Spatial Characteristics of Oxidative Damage and the Role of Peroxynitrite
The two oxidative markers: tyrosine nitration (3NT) and LP-derived 4HNE modified proteins
(see Halliwell and Gutteridge, 1999), increased in unison. Their increase occurred as early as
30 min after injury and peaked at 1hr. The coincidence of the early time course of 3NT and
4HNE suggests that they share a common ROS as their initiating source. The most likely
candidate ROS in this regard is PN. The nitration of the 3 position of tyrosine residues in
proteins is a result of PN activity and is used as a selective marker for PN-induced oxidative
damage. Therefore, it is generally accepted as evidence of a role of PN in tissue injury models
where 3NT elevations are seen (Beckman, 1996). Moreover, the indictment of PN as a source
of LP (4HNE) is strongly implied by the fact that 3NT and 4HNE share the same early post-
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traumatic onset (30 min), time to peak (1 hr) and duration (12 hrs). Furthermore, spatial overlap
of 3NT and 4HNE seen in the immunohistochemical examples also indicates that nitration and
LP are both initiated by PN. Previous work from our laboratory using a mouse model of diffuse
TBI, has also shown the spatial and temporal coincidence of 3NT and 4HNE immunostaining
leading to a similar conclusion that PN was key player in the post-traumatic oxidative damage
(Hall et al., 2004). However, in the case of the previously studied diffuse TBI model, the
duration of the increase in 3NT and 4HNE was much longer (at least 96 hrs) in contrast to the
much shorter expression of oxidative damage in the presently employed focal paradigm.
Particularly important is the fact that PN-mediated oxidative damage was observed in both the
cortical microvessels and in the neural parenchyma consistent with our earlier studies in the
mouse diffuse TBI model (Hall et al., 2004;Hall et al., 1999)

Sources of Peroxynitrite
Regarding the sources of PN in the injured brain, •NO is produced by multiple NOS isoforms,
and is a mediator of physiological (Garthwaite and Boulton, 1995) (Bicker, 2001) and
neuroprotective (Mohanakumar et al., 1998) (Chiueh, 1999) actions as well as being an effecter
of PN formation and oxidative damage (Dawson and Dawson, 1996); (Vicente et al., 2006).
An earlier immunocytochemical study revealed the induction of endothelial NOS (eNOS)
isoform in microvessels surrounding the cortical contusion post-injury, which may contribute
to blood-brain barrier (BBB) breakdown and hyperemia followed by TBI (Cobbs et al.,
1997). Other isoforms of NOS, neuronal NOS (nNOS) and inducible NOS (iNOS), have also
been shown to be upregulated in TBI models. In a focal brain contusion model, all three
isoforms of NOS (nNOS, eNOS, iNOS) have been found to be increased. However, each is
expressed in different compartments and cells, and is differentially regulated (Gahm et al.,
2000). In addition, a possibly novel isoform of NOS (mtNOS) is constitutively present in
mitochondria, is Ca++-dependent (Giulivi, 2003) and appears to be involved in mitochondrial
respiratory regulation (Elfering et al., 2002). Under hypoxic conditions, mtNOS activity is
induced in comparison to that seen in non-stressed mitochondria (Lacza et al., 2001). In rat
liver mitochondria, mtNOS has been shown to stimulated by Ca++ influx (Ghafourifar and
Richter, 1997) and leads to intramitochondrial PN formation (Ghafourifar et al., 1999).
Furthermore, there is evidence that mitochondria may be the primary target for oxidative
damage by PN under a variety of pathological conditions (Radi et al., 1994). Consistent with
this view, recent experiments from our laboratory, using the same mouse CCI model as in the
present study, have shown that the early post-traumatic impairment of mitochondrial
ultrastructure and bioenergetics are associated with PN-mediated protein nitration and 4HNE
conjugation together with a severe attenuation of Ca++ buffering capacity (Singh et al.,
2006). Furthermore, our in vitro studies with isolated brain mitochondria have demonstrated
that application of compounds such as penicillamine, which scavenges PN anion (ONOO−)
and peroxynitrous acid (ONOOH) (Hall et al., 1999), or tempol, which catalytically scavenge
PN-derived oxygen radicals (e.g. •NO2, •CO3) (Carroll et al., 2000), can protect against PN-
mediated mitochondrial respiratory dysfunction and oxidative damage (Singh et al, 2006b).
Both penicillamine (Hall et al., 1999) and tempol (Beit-Yannai et al., 1996) have been reported
to improve neurological recovery in rodent TBI models. Moreover, administration of the NOS
inhibitors nitro-arginine methyl ester and 7-nitroindazole have been shown to improve
neurological recovery in head-injured mice (Mesenge et al., 1996) together with a reduction
in brain 3NT levels (Mesenge et al., 1998).

Temporal Characteristics of Calpain-Mediated Cytoskeletal Damage
Several experimental TBI studies from different laboratories have documented the significant
contribution of calpain activity to the post-traumatic damage and neurodegeneration (Arrigoni
and Cohadon, 1991) (Posmantur et al., 1996;Saatman et al., 1996). Pathological calpain
activation is known to be triggered by excessive intracellular Ca++ accumulation (Bartus et al.,
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1995) (Kampfl et al., 1997), which is associated with the glutamate release and sustained
NMDA activation, as well as depolarization-induced opening of voltage-dependent Ca++

channels immediately after CNS trauma. Preferred substrates for calpain include cytoskeletal
proteins, membrane-associated proteins, signaling transduction proteins and transcription
factors (Carafoli and Molinari, 1998); Wang, 2000a). As noted earlier, calpain-mediated
proteolysis of the major membrane cytoskeletal protein, α-spectrin, results in the appearance
of two highly stable breakdown products, calpain-specific SBDP145 and the non-specific
calpain/caspase 3-generated SBDP150. Our results showed that there is a rapid accumulation
of both SBDPs by 1 hr after injury which further increases at 3 hrs before reaching a plateau
at 6 and 12 hrs. Nevertheless, at 24 hrs, both SBDPs showed a significant increase above the
level seen at 12 hrs spiked to their peak with a particularly prominent SBDP145 increase.
Although a role of caspase 3 cannot be ruled out in regards to the increase in SBDP150, the
predominant elevation in the calpain-specific SBDP145 at 24 hrs indicates that the major
contribution of calpain to cytoskeletal damage. In addition, the caspase 3 specific SBDP120
(Wang, 2000b) showed no increase over time which suggests only a very minor role of caspase
3 in post-traumatic spectrin proteolysis. After 24 hrs, the SBDP 145 and 150 levels
progressively subsided, and both returned to the baseline level (sham) by 72 hrs after injury.

Interaction of Peroxynitrite-Induced Oxidative and Calpain-Mediated Proteolytic Damage
Mechanisms

Multiple lines of evidence have linked ROS-initiated oxidative damage to the loss of
intracellular Ca++ homeostasis and calpain activation. It has been commonly indicated that
ROS cause a rapid increase in cytoplasmic Ca++ concentration in diverse cell types (Roveri et
al., 1992) (Chakraborti et al., 1999) (Okabe et al., 2000), which can contribute to the early
transient calpain activation. However, the current study indicated that the full activity of calpain
did not occur until a later timepoint that follows the early wave of oxidative damage and the
peak of mitochondrial dysfunction (Singh et al., 2006). At the point at which mitochondrial
functional failure occurs, this results in a loss of mitochondrial Ca++ buffering and release of
accumulated Ca++ into the cytoplasm which would be expected to exacerbate calpain activation
and spectrin breakdown. It has been shown that mitochondria-derived PN plays a role in
mitochondrial Ca++ overload, and can actually promote Ca++ release from intact mitochondria
(Bringold et al., 2000). Moreover, we have previously demonstrated that the mitochondrial
failure is coincident with oxidative damage to mitochondrial proteins and loss of mitochondrial
Ca++ buffering capacity (Singh et al., 2006). Moreover, in an in vitro study, nitric oxide-elicited
neuronal apoptosis through excitotoxicity and receptor-mediated intracellular Ca++ overload
mechanisms was blocked by calpain inhibitors (Volbracht et al., 2005). Another in vitro study
has also indicated that PN-initiated cell death in human articular chondrocytes is mediated by
mitochondrial dysfunction and calpain activity (Whiteman et al., 2004).

In addition to the apparent role of ROS in the post-traumatic impairment of Ca++ homeostasis,
ROS also are involved in directly regulating calpain proteolytic activity. As indicated in Figure
4, following an immediate and rapid increase of SBDPs at 1 hr after injury, there is essentially
a plateau in regards to the SBDP levels between 3 hrs and 12 hrs. Then, between 12 hrs and
24 hrs, both SBDPs exhibited a greater than 75% increase which was highly significant
(p<0.0004 for SBDP145 and p<0.0001 for SBDP150). A similar biphasic pattern of calpain-
mediated α-spectrin degradation has also been observed by our laboratory in the context of a
rat spinal cord injury model (Xiong et al., 2006) and by others in a transient ischemic brain
injury model (Neumar et al., 2001). In a recent hippocampal organotypic slice study, stretch-
induced injury also showed a biphasic activation of calpain (DeRidder et al., 2006). This
repeatedly demonstrated biphasic time course of calpain-mediated proteolysis can potentially
be explained by an initial partial ROS-mediated inhibition of calpain activity in the early post-
traumatic hrs during which PN generation and evidence of oxidative damage are at their highest
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level. Consistent with this hypothesis, it has been shown that ROS can inhibit calpain activity
via oxidation of the sulfhydryl groups of cysteine residues at the active site of the enzyme
(Benuck et al., 1992) (Guttmann et al., 1997) (Guttmann and Johnson, 1998). Recent work by
another group has shown that another cysteine protease caspase-3 in the traumatized brain is
similarly inhibited by PN specifically, and that this is prevented by application of the sulfhydryl
reducing agent dithiothreitol (Lau et al., 2006). The latter is also relevant since the SBDP150
fragment which also showed a biphasic time course is partially generated by caspase 3 as well
as calpain (Wang, 2000b). Therefore, it is reasonable to speculate that even though intracellular
Ca++ overload is triggered immediately after injury (Zhou et al., 2001), the peak of calpain-
and caspase-mediated cytoskeletal degradation may not be achieved until as much as 24 hrs
post-injury after which an initial ROS-mediated calpain and caspase inhibition has subsided.
In other words, as the intensity of the PN generation decreases, the oxidative damage-mediated
impairment of various Ca++ homeostatic mechanisms and the neurodegenerative consequences
of post-traumatic intracellular Ca++ overload and peak calpain activity would have the
opportunity to be fully seen. This peak in calpain-mediated damage at 24 hrs closely precedes
the progressive increase in post-traumatic neurodegeneration (silver staining) which peaks at
48 hrs.

We have observed the same close association between calpain-mediated cytoskeletal
degradation and neurodegeneration in the mouse diffuse TBI model except that the peak of the
former is seen at 72 hrs and that of the latter is seen between 72 and 96 hrs (Hall et al., 2004).
The different time courses of PN-mediated oxidative damage and calpain-mediated
cytoskeletal degradation seen in focal and diffuse (Kupina et al., 2003) TBI models suggests
that the therapeutic window and optimum treatment durations for either PN-directed
antioxidant agents or calpain inhibitor treatment may differ between the two types of TBI.

Summary—Our working hypothesis, based upon the findings in this study, is illustrated in
Figure 6. Initial mechanical trauma to the brain causes membrane depolarization, resulting in
the opening the voltage-dependent Na+, K+ and Ca++ channels, and the release of glutamate
into the extracellular spaces, which will lead to the activation of NMDA receptor. Both
mechanisms directly or indirectly elevate intracellular Ca++ and rapidly initiate the activation
of intracellular calpains. However, mitochondria take up the excessive Ca++ in the cell, which
subsequently activates mitochondrial NOS and results in overproduction of •NO radical.
Elevated •NO out-competes superoxide dismutase (SOD) for superoxide radical (•O2

−),
leading to the formation of PN. Then, PN-derived free radicals could be expected to initially
produce a partial inhibition of calpain and caspase-3 activity. Mitochondria, however, as a
major intracellular ROS source not only become a primary location for PN production, but also
are susceptible to PN-induced oxidative damage due to their enriched thiol and iron-rich
structures within the electron transport chain (ETC). In addition, the biochemical properties of
PN enable it to diffuse out of the mitochondria to induce further oxidative damage to the cell
membrane and cellular proteins. This increase in oxidative stress during the first 12 hrs, induces
cellular oxidative damage by LP, protein oxidation and protein nitration. The calpain-mediated
proteolysis displays a biphasic activity probably as a result of an initial partial PN-mediated
inhibition of calpain. However, as this subsides, the extensive compromise of Ca++ homeostasis
in the mitochondrion and the rest of the cell becomes manifest and calpain activity is free to
reach its peak. In the end, calpain-mediated cytoskeletal degradation becomes a final common
pathway leading to neuronal cell death.

The findings of this study strongly support the concept of an important pathophysiological role
of PN-mediated oxidative damage following TBI. Peroxynitrite-induced oxidative damage and
calpain activation interact and are probably responsible for much of the secondary injury and
neurodegeneration that occurs. If so, then PN-targeted antioxidants should be neuroprotective.
However, the combination of a PN-targeted antioxidant and a calpain inhibitor might have a
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better neuroprotective action than either approach alone. Future studies will explore these
possibilities.
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Figure 1.
Slot-blotting studies in ipsilateral cortical traumatic brain injury tissues showing the temporal
changes in protein nitration (3-nitrotyrosine; 3NT) and lipid peroxidation. A. Schematic
showing peri-contusional cortical tissue samples; B. time course of changes in 3-NT; C. Time
course of LP end product 4HNE. N = 8 animals per timepoint; values = mean ± standard error;
one-way ANOVA and Fisher’s PLSD post hoc test: *P < 0.0001 vs. Sham.
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Figure 2.
Immunohistochemical (IHC) staining studies showing the time course and spatial extent of
PN-induced 3NT and 4HNE at the epicenter (Bregma-2.0mm) of the injury site during the first
12 hrs compared to Sham. The IHC staining indicated prominent increase of both markers after
injury and similar distribution between the two.

Deng et al. Page 17

Exp Neurol. Author manuscript; available in PMC 2008 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
High power photomicrographs of 3NT and 4HNE immunostaining in the contusion site in a
sham, non-injured brain compared to staining at the contusion site at 1 hr after injury. At 20x
and 40x magnification, intense staining for both oxidative damage markers is seen throughout
the neuropil. In addition, microvascular staining for both 3NT and 4HNE is seen to clearly
outline the microvessels (arrows) deep within the injured cortex. Although the Sham brain
shows some light staining in the neuropil, there is no evidence of staining of non-injured
microvessels. Please note that the 20x and 40x focus was adjusted to emphasize the
microvascular staining, and as a result the background tissue appears slightly out of focus. The
calibration bar for the 1.25x photomicrographs is 2.0mm; for 20x the calibration bar is 10μm;
for 40x the calibration bar is 5μm.
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Figure 4.
Time course of the post-traumatic increase in calpain-mediated α-spectrin breakdown products
in CCI cortical tissues. Spectrin breakdown product (SBDP) 145 is specific to calpain activity,
whereas SBDP 150 is produced by both calpain and caspase 3. Both SBDPs showed similar
patterns, except that calpain-mediated SBDP 145 showed a more prominent increase. Both
SBDPs have an immediate increase following injury, and did not reach their peak until 24 hrs.
N = 8 animals per timepoint; values = mean + standard error; one-way ANOVA and Fisher’s
PLSD post hoc test: *P < 0.0001 vs. Sham SBDP150; one-way ANOVA and Fisher’s PLSD
post hoc test: #P < 0.0001 vs. Sham SBDP145.
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Figure 5.
Time course of post-traumatic neurodegeneration in CCI model as revealed by the de Olmos
silver staining technique. The bar chart provides the quantification of the lesion volume abut
measurement of the silver staining. An increase in silver staining volume determined by image
analysis (see Materials and Methods) occurred as early as 6 hrs and reached its peak at 48 hrs
post-injury. N = 3–4 animals per time point; values = mean ± standard error; one-way ANOVA
and Fisher’s PLSD post hoc test: *P < 0.0001 vs. Sham.
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Figure 6.
Hypothetical interrelationship between PN-induced oxidative damage in neuronal
mitochondria and the rest of the neuron, compromise of Ca++ homeostasis, calpain-mediated
proteolysis and neurodegeneration. Our results suggest that PN-induced oxidative damage
plays a key role in the post-traumatic secondary injury, which leads to exacerbation of Ca++

overload, calpain proteolysis of cytoskeletal and other cellular proteins and neurodegeneration.
See Discussion for a further description.
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