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       FINAL REPORT, DAMD17-01-1-0765 
TITLE: Common Mechanisms of Neuronal Cell Death after Exposure to Diverse Environmental Insults: 
Implications for Treatment 
 
INTRODUCTION AND BACKGROUND 
This final report summarizes research to study pathobiological mechanisms of traumatic brain injury 
(TBI). TBI has historically been a major civilian health problem. However, our recent experience in Iraq 
indicates that TBI is a major challenge for military medicine. More than 60% of combat casualties 
probably experience attendant brain injuries. Many of these injuries go undiagnosed in the combat 
environment. Thus, it has become increasingly important to understand the basic pathobiology of TBI and 
to develop insights that would lead to non-invasive diagnostics useful in combat environments. Our 
laboratory and others have consistently demonstrated the important roles of two families of cysteine 
proteases, calpains and caspases, and the study of these proteases is the central theme of this proposal.  
 
This proposal was originally submitted by Dr. Brian Pike who left academic research and turned the 
proposal over to Dr. Ronald L. Hayes shortly after the grant was awarded. Since Dr. Pike’s departure, 
research emphases have evolved. This evolution has occurred in response to scientific advances made 
since original submission of the proposal as well as the desire of Dr. Hayes to provide important insights 
into pathobiological mechanisms of brain injury that would have the broadest application to studies of 
acute injury and neurodegeneration both in military and civilian contexts. However, this evolution has 
remained faithful to the original hypothesis of the proposal that “regardless of injury mechanism, a 
relatively small subset of cellular and molecular events is responsible for the vast majority of cell death” 
(p 5). In addition, Dr. Pike pointed out that “while calpain and caspases have been widely implicated as 
mediators of cell death, rapid progress in understanding mechanisms contributing to protease regulation 
and cell death is hindered in animal models of CNS injury (p 5).” The evolution of our studies has 
reflected both a continuing and productive elaboration of pathobiological mechanisms of calpain and 
caspase-3 activation. In addition, while Dr. Pike originally felt that in vitro studies would provide the 
major opportunity for examining proteolytic mechanisms of cell death, we and others have made rapid 
advances in the development of biomarkers allowing non-invasive study of proteolytic pathology in in 
vivo models and ultimately in humans. The body of the report summarizes data collected and is organized 
under revised SOWs reflecting the evolved research goals of the proposal.  
 
SOWs 1 and 2 provide detailed summaries of data that are directly relevant to SOWs included in the 
original proposal. These studies were completed during the funding period of the original proposal and 
included major contributions by Dr. Pike, as reflected in the authorship. However, funding support for this 
work under the present proposal was inappropriately omitted. In any case, the data outlined in SOWs 1 
and 2 provide documentation of significant progress directly relevant to the original proposal. It is also 
important to understand that the original proposal focused on comparing a variety of more clinically 
relevant insults (e.g. ischemia/stretch injury, glutamate) to neurotoxin-induced damage. The proposed 
neurotoxins were maitotoxin and staurosporine (p 18). Thus, data summarized in SOW 1 and 2 both 
support the fidelity of the research conducted to the major hypotheses of the original proposal as well as 
provide a background for other research supported by this initiative.  
 
BODY 
SOW 1 
Hypothesis: Distinct cell death modalities are better defined by biochemical markers of proteolysis 
than by standard approaches of phenotypic descriptions of apoptosis and necrosis. Oxygen glucose 
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deprivation (OGD) produces differential activation of caspase-3 and calpain that can accurately 
characterize necrotic and apoptotic cell death mechanisms.  
 
The original hypothesis of this proposal for SOW 1 was: “to test the hypothesis that various CNS-related 
insults produced differential activation of caspase-3 and calpain depending upon the pathological signal 
and/or neuronal cell type. Distinct cell death modalities are better defined by such biochemical markers 
than by standard approaches of phenotypic descriptions of apoptosis and necrosis” (p 4). The original 
SOW proposed to examine calpain and caspase-3 activation in primary mixed and neuronally enhanced 
septo-hippocampal cultures following CNS-related insults (mechanical stretch injury, glucose-oxygen 
deprivation, glutamate toxicity) or neurotoxin production of apoptotic (by staurosporine) or necrotic (by 
maitotoxin) cell death phenotypes. The SOW further proposed to examine relationships between 
archetypal apoptotic and necrotic cell death phenotypes and calpain and caspase-3 activation after CNS-
related injury or after neurotoxin exposure (p 4).  
 The current SOW closely follows the major thrust of research proposed in SOW 1 of the original 
proposal and is based on uniquely comprehensive studies by our laboratory, including research conducted 
by Dr. Pike, systematically examining the relationship between biochemical markers of necrosis and 
apoptosis and phenotypic expression of necrotic and apoptotic cell death. These studies employed 
examination of processing of α-spectrin by calpain and caspase-3 as markers of protease activation 
potentially associated with necrosis (calpain activation) or apoptosis (caspase-3 activation) and  generally 
employed primary-septo-hippocampal cultures, one of the more clinically relevant culture systems 
employed in CNS injury studies. This previous research had established that varying insults produced 
different patterns of protease activation and necrotic and apoptotic cell death. The neurotoxin, 
staurosporine, reliably induces apoptosis and was associated with robust activation of caspase-3, as well 
as classic phenotypic markers of apoptosis including membrane blebbing and nuclear chromatin 
condensation. Surprisingly, there was also reliable activation of calpain, suggesting that calpain could also 
play a role in some forms of expression of the apoptotic phenotype (Pike et al., J Neurosci. Res., 1998). 
In contrast, maitotoxin, a neurotoxin that activates voltage and receptor-mediated calcium channels and 
produces necrosis, produced significant calpain but not caspase-3 activation. Thus, these data suggested 
that calpain activation was a major contributor to necrotic cell death (Zhao et al., Neurochem. Res., 
1999). These observations were extended to a novel in vitro model of stretch injury which approximates 
biomechanical forces seen in TBI in vivo (Pike et al., J Neurotrauma, 2000). Stretch injury was 
associated with prominent and rapid calpain activation with delayed caspase-3 activity at much lower 
levels. Thus, as our in vivo data confirm (see SOW 5B below), mechanical injury is reliably associated 
with a predominance of calpain activation. Glutamate toxicity is thought to be a major component of 
acute CNS injury. We showed novel characteristics of glutamate-induced cell death in primary septo-
hippocampal cultures and examined their relationship to calpain and caspase-3 protease activation (Zhao 
et al., JCBFM, 2000). Importantly, glutamate toxicity was associated with a previously undescribed cell 
death phenotype that differed from necrotic or apoptotic changes observed after maitotoxin or 
staurosporine exposure, respectively. However, expression of this cell death phenotype was associated 
with increases in calpain and caspase-3 activation.  
 In summary, this line of research had lead us to conclude that exclusive reliance on phenotypic 
expression of cell death, the classic approach to descriptions of necrosis and apoptosis, was 
unsatisfactory. However, in the early phase of this proposal we wanted to expand this body of research to 
examine the relationship of cell death phenotype and protease activation in an in vitro model of ischemia, 
oxygen-glucose deprivation in primary septo-hippocampal cultures.  
 
SOW 1-Plan 



To examine calpain and caspase-3 activation in primary mixed and neuronally enhanced septo-
hippocampal cultures following the clinically relevant, CNS-related insult, glucose-oxygen deprivation 
(OGD) and to compare this toxicity to assessments of toxicity produced by neurotoxins (staurosporine, 
maitotoxin). 
 
In this SOW, we systematically examined the relationship between calpain and caspase-3 activity and 
necrotic and apoptotic cell death phenotypes in a widely used in vitro model of ischemia, oxygen-glucose 
deprivation (Newcomb-Fernandez et al., 2001). Importantly, this was the first study to investigate the 
concurrent activation of calpain and caspase-3 in archetypal necrotic and apoptotic cell death phenotypes 
after any CNS insult. Experiments used a model of OGD in primary septo-hippocampal cultures and 
assessed cell viability, occurrence of apoptotic and necrotic cell death phenotypes, and protease 
activation. Experiments focused on 10 hrs of OGD combined with 24 hrs of reperfusion (normoxia after 
OGD). Immunoblots using an antibody detecting calpain and caspase-3 proteolysis of α-spectrin showed 
greater accumulation of calpain-mediated breakdown products (BDPs) compared with caspase-3 BDPs. 

As shown in Fig 4 from the original manuscript, robust accumulation of calpain mediated proteolysis was 
detected using α-spectrin for up to 48 hrs following OGD. Moderate increases in the caspase-3 mediated 
BDP were detected after injury, but formation of this BDP was variable (Fig 4A-4B). However, an 
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antibody specifically detecting the activated form of caspase-3 was able to detect evidence of caspase-3 
activation (Fig 4C). Administration of calpain and caspase-3 inhibitors confirmed that activation of these 
proteases contributed to cell death, as inferred by lactate dehydrogenase (LDH)  

release.                                        
As shown in Figure 6A of the original manuscript, LDH showed significant decreases in release following 
treatment with a calpain inhibitor. The specific caspase-3 inhibitor also inhibited LDH release, although 
decreases were not statistically significant compared with vehicle treated cultures. The pan caspase 
inhibitor had no effect on LDH release. Consistent with LDH data Western blot analyses of these samples 
(Fig 6B) showed that calpain inhibition almost completely blocked the formation of calpain-specific 
breakdown products. The pan caspase inhibitor also inhibited formation of the calpain-specific breakdown 
product to small extent but had only a minor effect on the caspase-3 BDP. Surprisingly, the caspase-3 
inhibitor dramatically reduced evidence of calpain activation but had only a modest effect on caspase 
activation. Future experiments need to examine the specificity of these drugs in more detail. OGD 
deprivation resulted in expression of apoptotic and necrotic cell death phenotypes, especially in neurons. 
Immunocytochemical studies of calpain and caspase-3 activation in apoptotic cells indicated that these 
proteases are almost always concurrently activated during apoptosis (See Figure 5 in Newcomb-
Fernandez, et al., 2001). As shown in Figure 5 from the manuscript, cultures deprived of oxygen and 
glucose had significantly increased cellular co-localization of SBDP 150 (calpain activation) and SBDP 
120 (caspase-3 activation), compared with control cultures. Although OGD cultures contain substantially 
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more immunoreactive cells than control cultures, immunocytochemistry showed a similar distribution of 
protease activation, regardless of treatment of condition (Fig 5A & 5C). Virtually all immunoreactive 
cells in control and OGD cultures showed concurrent calpain and caspase proteolysis of varying 
magnitudes (Fig 5A & 5C). This profile strongly suggests that co-activation of these proteases is a reliable 
feature of cell death expression and is especially prominent in apoptotic phenotypes. Importantly, these 
studies systematically examined and compared the effects of OGD to the effects of neurotoxins, 
maitotoxin and staurosporine (see Fig 5). 
 In summary, these data provided a novel and compelling demonstration that is inconsistent with 
the more widely held scientific understanding that caspase-3 is the principle, if not exclusive, mediator of 
the apoptotic cell death phenotype. These data demonstrated that co-activation of calpain and caspase-3 is 
a reliable characteristic of apoptotic cell death following ischemic injury in vitro. These observations 
strongly suggest that calpain activation, in combination with caspase-3 activation, could contribute to the 
expression of apoptotic cell death by assisting in the proteolytic degradation of important cellular 
proteins. In addition, interactions between these two cysteine proteases could be important determinants 
of cell death, including injury produced by neurotoxins.   
 
 
SOW 2 
Hypothesis: Tumor necrosis factor alpha (TNF-α) is a receptor coupled cell death mediator that 
primarily involves apoptotic rather than necrotic cell death pathways. Thus, TNF-α-mediated cell 
death is associated predominantly with caspase-3 rather than calpain activation.  
 
SOW 3 of the original proposal focused on testing the hypothesis that in response to various CNS-related 
injuries or neurotoxin exposure, tumor necrosis factor (TNF-α) triggers proteolytic activation of caspase-
8/10 that results in caspase-3 activation of apoptotic cell death. Caspase-8/10 proteolytic activation 
requires receptor mediated coupling of TNF-α, and the magnitude and duration of this cascade may vary 
depending on the initiating signal and neuronal cell type. Early in this funding period, Dr. Pike 
collaborated in studies showing that caspase-8 expression occurred in conjunction with caspase-3 
activation and apoptosis in an in vivo model of TBI (Beer, et al., 2001). This research also examined 
caspase-8 expression in different cell types. These data also provided an important confirmation of SOW 
4 of the original proposal which proposed to examine the effects of TBI in vivo on caspase-3 activation 
mediated by two apoptotic cell death pathways including the TNF-α/caspase-8 pathway. In addition, 
SOW 3 of the original proposal sought to examine the effects of exogenous TNF-α on primary cell 
cultures for evidence of activation of caspase-8/10, activation of caspase-3 and their contribution to 
apoptotic cell death (SOW 3A, p 4). The data reviewed below directly addressed the role of the effects of 
exogenous TNF-α on caspase-3 activation.  
 
SOW 2-Plan 
To examine the effects of exogenous TNF-α on primary cultures for evidence of activation of calpain and 
caspase-3 and their contribution to apoptotic cell death.  
 
Tumor necrosis factor-α (TNF-α) is a pleotrophic cytokine with both secreted and transmembrane forms 
which is known to mediate immune and inflammatory responses. A substantial body of evidence indicates 
that TNF-α has a pro-inflammatory role that is acutely upregulated in ischemic and traumatic brain injury. 
In order to examine the role of TNF-α on cell viability, this SOW investigated the effects of TNF-α 
stimulation on calpain and caspase-3 protease activation and on necrotic and apoptotic cell death 
phenotypes in primary septo-hippocampal cultures. This research provided the first systematic 
examination of the effects of TNF-α on activation of these two important proteases.  



U:\corres\DODcommonmechfinalreportJuly2006.doc 9

 In this study (Zhao et al., JNR, 2001) primary septo-hippocampal cell cultures were incubated in 
varying concentrations of TNF-α to examine proteolysis of α-spectrin to a signature 145 kDa fragment by 
calpain and to the apoptotic-linked 120 kDa fragment by caspase-3. The effect of TNF-α incubation on 
morphology and cell viability were assayed by fluoroscene diacitate-propidium iodide (FDA-PI) staining, 
assays of lactate dehydrogenase (LDH) release, nuclear chromatin alterations (Hoechst 33258), and 
internucleosomal DNA fragmentation. Incubation with varying concentrations of TNF-α produced rapid 
increases in LDH release and nuclear PI uptake that were sustained over 48 hrs. As shown in Figure 5 
from the original manuscript, incubation with 30ng/ml TNF-α, a does that yielded maximal, 3-fold, 
increase in LDH release, was associated with caspase-3 120 kDa fragments, but not calpain-specific 145 
kDa fragments as early as 3.5 hrs after injury. [See Fig 5 in Zhao et al., JNR, 2001, included with 
report]. Exposure to 30ng/ml of TNF-α caused a time dependent proteolysis of α-spectrin by caspase-3 
but not calpain. There was a significant increase in caspase activation as early as 3.5 hrs following TNF-α 
administration that was sustained over 72 hrs. In contrast, there was no evidence of accumulation of 
calpain activation at any time point after TNF-α treatment. As shown in Figure 6 from the original 
manuscript, incubation with the pan-caspase inhibitor, Z-D-DCB significantly reduced LDH release 
produced by TNF-α as well as evidence of caspase-3 activation. [See Fig 6 in Zhao et al., JNR, 2001, 
included with report]. An LDH assay was used to assess cell viability following TNF-α and/or 
administration of a calpain inhibitor, a caspase-3 inhibitor or cycloheximide (Fig 6B). Administration of 
the caspase-3 inhibitor (Z-D-DCB) significantly reduced LDH release. Calpain inhibition had no 
protection against LDH release. Cycloheximide had the greatest effect against LDH release, consistent 
with an apoptotic profile following TNF-α treatment. Administration of a caspase-3 inhibitor or 
cycloheximide significantly decreased the accumulation of the 120 kDa caspase specific breakdown 
product of α-spectrin (Fig 6A). In contrast, calpain inhibition did not provide any protection against 
proteolysis of α-spectrin. These data confirm that caspase-3 but not calpain was activated after TNF-α 
stimulation in this primary culture system. As shown in Figure 4 of the original manuscript, apoptotic-
associated oligonucleosomal-size DNA fragmentation on agorose gels was detected from 6-72 hrs after 
exposure to TNF-α. [See Fig 4 in Zhao et al., JNR, 2001, included with report]. TNF-α  induced 
detectible DNA laddering on agerose gels that was most apparent 24 hrs following treatment. However, 
gels showed substantial smearing even at 24 hrs, indicating random DNA fragmentation characteristic of 
some necrosis. Histochemical changes included chromatin condensation, nuclear fragmentation and 
formation of apoptotic bodies.  
 In summary, although previous research had studied TNF-α activation of caspases in non-neuronal 
cells (e.g. neutrophils), this research provided the first demonstration that TNF-α induces activation of 
caspase-3 in neuronal cell systems. Importantly, these results indicate that TNF-α may play an important 
role as an effector of receptor mediated apoptotic cell death in the CNS and may have relevance to both 
acute CNS injury as well as neurodegeneration.  
 
SOW 3 
Hypothesis: Rat hippocampal slices can provide a useful ex vivo model for studying calcium 
mediated neurotoxicity potentially linked to excitotoxic and proteolytic mechanisms of cell death.  
 
Our laboratory has recognized, as reflected in Dr. Pike’s original proposal that the exclusive use of culture 
systems in in vitro models is limiting. Thus, we felt it important to develop intermediate ex vivo models to 
bridge data collected from in vitro and in vivo models. We focused on the effect of calcium-related 
changes since calcium dysregulation is a major component of CNS injury and is an important mediator of 
calpain activation. Since diffusion-weighted magnetic resonance imaging (MRI) is often an important 
component of diagnosing CNS injury and has been used as a surrogate marker of acute brain pathology, 



we sought to clarify the utility of this approach as well as to characterize the use of rat hippocampal slices 
to study acute CNS injury.  
 
SOW 3-Plan 
To conduct diffusion magnetic resonance imaging studies of the effects of a calcium ionophore (A23187) 
on rat hippocampal slices and relate to histopathological evidence of cell death.  
 
This SOW sought to characterize MRI-detected changes in water diffusion during the acute phase of 
injury using a 17.6-T wide-bore magnet to measure multi-component water diffusion at high b-values (7-
8, 080 s/mm2) for rat hippocampal slices at baseline and serially for 8 hrs after treatment with the calcium 
ionophore A23187 (Shepherd et al., JCBFM, 2003). Hippocampal slices were removed and placed into 
ice-cold artificial cerebrospinal fluid and continuously perfused in a perfusion chamber that was lowered 
into the magnet. High-resolution diffusion-weighted images were obtained of rat hippocampal slices to 
determine achievable signal-to-noise ratio and spatial resolution per time unit.  

 
As shown in Fig 1 of the original manuscript, these images exhibited the detailed laminar anatomy of the 
hippocampus, but required long acquisition times (4.5 hrs per b-value measurement). For this study, high 
spatial resolution was sacrificed for better temporal resolution of the water-diffusion changes that 
accompany slice perturbation with A23187 (4.2 min per b-value measurement).   
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Figure 2 from the original manuscript shows lower resolution images illustrating signal intensity changes 
that occur after treatment with A23187. The mean fast diffusion water fraction (Ffast) progressively 
decreased for slices treated with varying doses of A23187. Slices treated with a higher dose had 
significantly reduced Ffast 80 min earlier than slices treated with the lower dose, but otherwise, the two 
doses had equivalent effects on the diffusion properties of tissue water. As shown in Figure 5 from the 
original manuscript, correlative histologic analyses showed a dose-related selective vulnerability of 
hippocampal pyramidal neurons (CA1 > CA3) to pathological swelling induced by A23187, confirming 
that particular introvoxal cell populations may contribute disproportionately to water diffusion changes 
observed by MRI after acute brain injury.  
 

T
his study confirmed that brain slices provide a stable and highly controllable nervous tissue model. This 

U:\corres\DODcommonmechfinalreportJuly2006.doc 11



U:\corres\DODcommonmechfinalreportJuly2006.doc 12

research successfully used diffusion-weighted MRI of rat hippocampal slices to study the acute temporal 
evolution of multi component water-diffusion changes after treatment with the calcium ionophore 
A23187. Data obtained from this ex-vivo model of acute brain injury suggest that the biexpenential 
diffusion parameter Ffast may be a sensitive correlate of cellular swelling in nervous tissue in that diffusion 
changes after acute brain injury may be introvoxal volume-average summation of responses from 
anatomically or temporally distinct healthy and pathologically injured cell populations. This platform 
could be an important intermediate ex vivo model to link in vitro and in vivo studies of calpain and 
caspase mechanisms of necrotic and apoptotic cell death. These studies could also lead to refinement of 
non-invasive surrogate markers of brain injury. 
 
SOW 4 
Hypothesis: Cell-specific upregulation of a developmentally significant protein, survivin, occurs 
after TBI and attenuate caspase-3 mediated apoptosis.  
This research was initiated following the unexpected and novel observation that survivin, a unique 
member of the inhibitor of apoptosis protein (IAP) family is upregulated after TBI. Survivin is also an 
evolutionarily conserved chromosomal passenger protein that is required for proper completion of 
mitosis. Survivin is present during normal tissue development but is absent in most adult tissues including 
the brain. Many cancer cell lines and cancer tumors which proliferate at high rates exhibit survivin 
overexpression. In addition, blocking survivin expression in these cell lines leads to cell death. 
Importantly, prior to our research, no investigations had studied changes in survivin following acute CNS 
injury. However, we noted that this protein could serve important anti-apoptotic and cell proliferation 
properties that could have important implications for both acute CNS injury and neurodegeneration. Thus, 
we felt it was extremely important to pursue this novel finding and explore the potential role of survivin 
in caspase-3 mediated apoptosis. 
 
SOW 4-Plan 
To examine the protein expression and cellular localization of survivin and proliferating cell nuclear 
antigen (PCNA) after controlled cortical impact injury in rats and characterize the relationship between 
co-expression of survivin and activated caspase-3 and DNA fragmentation in astrocytes and neurons.  
 
In our first study (Johnson et al., J Neurotrauma, 2004), we examined the expression and cellular 
localization of survivin and proliferating cell nuclear antigen (PCNA) after controlled cortical impact TBI 
in rats. PCNA is a cell cycle protein which we studied in order to look at potential relationships with 
mitosis. There was a remarkable and sustained induction of survivin mRNA and protein in the ipsilateral 
cortex in hippocampus of rats after TBI, peaking at 5 days post injury. In contrast, both survivin mRNA 
and protein were virtually undetectable in craniotomy control animals. Figure 2 from the original 
manuscript shows a representative Western blot of survivin in various brain regions from injured and 
control rats.   



 
Western blot analyses provided unequivocal evidence of increased levels of survivin protein after injury 
in the ipsilateral cortex and hippocampus. Densitometric analyses (Fig 2B) confirmed statistically 4-8 fold 
increases in survivin protein especially in the 3rd and 5th day after injury. Concurrently, expression of 
PCNA was also significantly enhanced in the ipsilateral cortex and hippocampus of these rats with similar 
temporal and spatial patterns. Immunohistochemistry revealed that survivin and PCNA were co-expressed 
in the same cells and had a focal distribution within the inured brain.   
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Figure 4 from the original manuscript shows the immunohistochemistry of survivin in PCNA in the cortex 
and hippocampus at 5 days post injury. Survivin was primarily expressed in the cytoplasm while PCNA 
was expressed in the nucleus. Further analyses revealed a frequent co-localization of survivin in GFAP, 
an astrocytic marker, in both the ipsilateral cortex and hippocampus, while a much smaller subset of cells 
showed co-localization of survivin and NeuN, a mature neuronal marker. Neuronal localization of 
survivin was observed predominantly in the ipsilateral cortex in contralateral hippocampus after TBI.  
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As shown in Figure 7 from the original manuscript, a subset of NeuN-positive neurons expressed survivin 
in PCNA after TBI. These cells were usually located in the ipsilateral cortex and CA1 in the pyramidal 
layer of some hippocampal neurons. Survivin was expressed in a cytoplasm and, to a limited extent, in the 
processes of new NeuN positive neurons. PCNA was usually expressed in the nucleus of NeuN-positive 
neurons. Other analyses showed PCNA protein expression was detected in both astrocytes and neurons of 
the ipsilateral cortex and hippocampus after TBI.  
 In summary, our data demonstrated for the first time the induction of survivin in the rat brain 
following TBI. Expression of survivin occurred predominantly in astrocytes but also in a smaller subset of 
neurons and was accompanied by the expression of PCNA. The appearance of survivin and PCNA 
separately in neurons and astrocytes along with co-localization of survivin with PCNA in the same cells 
provide correlative data to suggest an activation of a cell cycle-like program in astrocytes and a smaller 
subset of neurons after TBI. In addition, these studies lay the foundation for the next series of studies 
more directly examining the potential anti-apoptotic role of survivin.   
 
Since the previous paper provided the first evidence of survivin upregulation following TBI, we 
conducted subsequent research to look at the effect of survivin upregulation on phenotypic expression of 
apoptotic cell death associated with caspase-3 activation (Johnson et al., Exp. Br. Res., 2005). Although 
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survivin does not prevent the activation of caspases from their inactive proforms, evidence has shown that 
survivin can bind and inhibit the activity of caspase-3. Thus, we sought to examine the relationships 
between survivin and apoptosis, specifically the accumulation of active-caspase-3 and downstream DNA 
fragmentation (TUNEL). As shown in Fig 1 of the original manuscript, Western blot analyses revealed 
significant increases in active caspase-3 in a time dependent manner between 5 and 14 days after injury 
[see FIG 1 in Johnson paper, included in this report]. Active caspase-3 was readily detectible in the 
ipsilateral cortex and hippocampus of rats subjected to TBI (Fig 1A). In the ipsilateral cortex, significant 
increases in caspase-3 levels were most prominent at 5 & 7 days after injury, but were still significantly 
increased 14 days after injury. Increased caspase-3 activation was significant in the ipsilateral 
hippocampus at 14 days post injury (Fig 1B). No difference was observed between the percentage of 
survivin-positive and survivin-negative cells labeled with active caspase-3 at 5 or 7 days post-injury, as 
indicated by dual fluorescent immunostaining. However, as shown in Fig 3 of the original manuscript, 
survivin-negative cells exhibited significantly greater labeling with TUNEL compared with survivin-
positive cells, suggesting that suppression of survivin may attenuate DNA cleavage and progression of 
apoptosis. [see FIG 3 in Johnson paper, included in this report] Thus, quantitative analysis of 
immunohistochemical data shown in Figure 3 revealed no significant difference in the accumulation of 
active caspase-3 in survivin-positive cells compared with survivin-negative cells at 5 days post-injury in 
either the cortex or hippocampus. However, a significantly higher percentage of TUNEL labeling was 
observed in survivin-negative cells, as compared with survivin-positive cells in both regions. A higher 
percentage of astrocytes accumulated active caspase-3 compared with neurons in contrast, neurons 
showed a higher co-localization with TUNEL than did with astrocytes. These data suggest that survivin 
expression may attenuate DNA cleavage and cell death and that this mechanism operates in a cell type-
specific manner after TBI. Figure 7 of the original manuscript shows a putative mechanism for apoptosis 
inhibition by survivin. Following upstream caspase activation in cleavage of pro-caspase-3 to active 
caspase-3, survivin acts to attenuate the apoptotic cascade in DNA cleavage by inhibiting caspase-3 
activity. [See FIG 7 in Johnson paper, included in this report].  
 In conclusion, our data provide the previously unreported demonstration that caspase-3 is 
activated in the rat brain after TBI in the same course region and cell type expression pattern as survivin 
(see summary of preceding manuscript). These data suggest that DNA cleavage may be attenuated by the 
expression of survivin protein following TBI in a cell specific fashion. Namely, astrocytes have 
significantly lower TUNEL and more frequent survivin labeling than neurons, suggesting a more robust 
anti-apoptotic role for survivin in astrocytes. Taken together, these results suggest that survivin may be 
part of counter-acting mechanisms to diminish expression of the apoptotic cell death phenotype following 
TBI in rats.  
 
SOW 5 
Hypothesis: Activation of calpain and/or caspase-3 is associated with generation of specific proteins 
or peptide fragments detectible in cerebrospinal fluid (CSF) that are biochemical markers of 
necrosis and/or apoptosis. In addition, proteomics-based platforms can provide powerful 
technologies to detect biomarkers ultimately providing capabilities for non-invasive assessments of 
pathological mechanisms of CNS injury and neurodegeneration in CSF and/or blood samples.  
 
This grant originally proposed that biochemical markers could more reliably characterize necrosis and 
apoptosis than standard phenotypic approaches (SOW 1, p4). This insight, originally proposed by Dr. 
Pike, provided a theoretical framework for biomarker studies that led to exciting novel applications 
unanticipated in the original proposal. While SOW 1 had firmly established that biomarkers could provide 
accurate information on necrosis and apoptosis, additional in vitro data suggested the unprecedented 
hypothesis that biochemical events occurring within cells may ultimately be accessible non-invasively. 



These in vitro studies examined the effects of a neurotoxin (NMDA) on the breakdown products (BDPs) 
of α-spectrin produced by calpain and caspase-3 activation, the same biochemical markers of necrosis and 
apoptosis employed in SOW 1.  
      FIGURE A 
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As shown in Figure A, cell lysates from rat cerebrocortical cultures treated by varying concentrations of 
NMDA showed characteristic profiles of calpain (SBDP 150, SBDP 145) and caspase-3 (SBDP 120) 
activation. Importantly, these SBDPs were also detected in the medium of rat cerebrocortical cultures 
treated by the same dose of NMDA. Time course analyses indicated that these BDPs were rapidly 
released from cells into the culture medium. This observation suggested the exciting possibility that 
injured cells in the intact brain could ultimately release biochemical markers of injury into the 
extracellular space and ultimately into the CSF. These observations provided the impetus for the research 
reviewed in SOW 4. This research includes the first systematic studies to provide initial assessments of 
the relevance of biochemical markers of necrosis and apoptosis to pathology expressed following acute 
CNS injury produced by trauma or ischemia. In addition, we initiated the first systematic studies, 
including proteomics-based approaches, to identify new biochemical markers of cell injury and death, 
including novel markers of necrosis and apoptosis.    
 
SOW 5A-Plan 
To examine the accumulation of biochemical markers of calpain and caspase-3 activation in CSF of rats 
following cerebral ischemia produced by middle cerebral artery occlusion (MCAO).  
 
Prior to his departure, and during the funding period of the original proposal, Dr. Pike had recognized the 
important implications of the potential of developing capabilities of assessing non-invasively biochemical 
markers of CNS injury, including markers of necrosis and apoptosis. Thus, we initiated a study of the 
accumulation of α-spectrin and its associated BDPs in CSF after TBI in rats (Pike et al., J Neurochem., 
2001). This paper represented the first study of the accumulation of cellular BDPs of α-spectrin in CSF 
after TBI. This study demonstrated robust increases in calpain mediated BDPs in CSF following injury. 
Caspase-3 specific BDPs were observed to increase in CSF in some animals but generally to a lesser 
degree. These results indicated that αII-spectrin and its BDPs could be a powerful discriminator of 
outcome in protease activation after TBI.  
 Thus, we sought to expand these observations to the study of ischemia produced by MCAO in rats 
(Pike et al., JCBFM, 2003). This investigation examined accumulation of calpain- and caspase-3-cleaved 
α-spectrin BDPs in CSF of rodents subjected to 2 hrs of transient MCAO followed by reperfusion. As 
shown in Figure 2 of the original manuscript, following MCAO injury, full length α-spectrin protein was 



decreased in brain tissue and increased in CSF from 24 hrs to 72 hrs after injury. Calpain- and caspase-3-
specific BDPs were also increased in brain CSF after injury. Levels of calpain-specific BDPs were greater 
at each post-injury time point than levels of caspase-3 specific BDPs. Levels of these proteins were 
undetectable in CSF of uninjured control rats . 

sham 24 h 48 h 72 h
- αII-spectrin

-150/145 kDa SBDPs
-120 kDa

MCAO

Ipsi
Cortex

- αII-spectrin

-150/145 kDa SBDPs
-120 kDa

Contra
Cortex

CSF
- αII-spectrin

-150/145 kDa SBDPs
-120 kDa

 
 

 
 
We also examined the relationship between expression of BDPs in brain tissue and CSF. Densitometric 
analyses were conducted on Western blots and least squares regression lines of levels of brain and CSF 
spectrin and its BDPs were plotted on the same graph.  
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As shown in Fig 4 from the original manuscript, parenchymal decreases in levels of intact α-spectrin are 
associated with increases in CSF accumulation while increased parenchymal levels of calpain-mediated 
BDPs (150 and 145 kDa) are associated with increased levels of these markers of calpain activation. On 
average, there were no changes in pyrinchamal or CSF levels of caspase-3-mediated BDPs across days. 
However, individual rats at different time points (especially at later time points) showed some increases in 
CSF levels of the 120 kDa product related to caspase-3 activation.  
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 In combination with our previously published data on TBI, this study provided a powerful proof of 
principle of the general utility of assessment of biochemical markers of necrosis and apoptosis in CSF. 
Since CSF is routinely accessible in many medical emergencies, including severe TBI, these data suggest 
the potential of minimally invasive assessments of these important biochemical markers. In addition, 
these data suggested the even more exciting possibility that these markers could ultimately be detected in 
blood. We further explored the general utility of biomarkers of proteolytic damage following TBI in a 
review paper (Pineda, et al., Brain Path., 2004). This paper reviewed the current state of knowledge 
concerning caspase and calpain as specific markers of TBI, and discussed α-spectrin as a potential marker 
useful for such assessments.  
 
SOW 5B-Plan 
To examine the potential clinical utility of biochemical markers of calpain and caspase-3 activation in 
CSF of rats following TBI produced by closed cortical impact (CCI). Assessments of validity would 
include studies of relationship between injury magnitude, lesion size and outcome.  
 
An optimal biomarker of acute brain injury should minimally provide information about the magnitude of 
injury, the extent of tissue damage and predict outcome. Thus, we examined the levels of α-spectrin 
breakdown products (SBDPs) in the ipsilateral cortex and CSF of rats at varying times after two levels of 
controlled CCI (Ringger et al., J Neurotrauma, 2004). Densitometric analyses SBDPs incorporated a 
combined examination of the 145/150 kDa doublet detected on Western blots. SBDPs were measured by 
Western blot from the CSF and ipsilateral cortex at 2, 6, and 24 hrs after two magnitudes of TBI. Western 
blots were also subjected to densitometric analyses.  



As 
shown in Figure 1 of the original manuscript, statistical analyses indicated that injury magnitude 
significantly increased the level of cortical SBDPs (Fig 1B). Mean levels of cortical SBDPs after severe 
(1.6mm) injury were significantly higher than mean levels of SBDPs after mild (1.0mm) injury. Mean 
levels of SBDPs after both severe and mild injury were significantly greater than mean levels of SBDPs 
after craniotomy or naïve controls. Representative gels showed that levels of SBDPs increased with injury 
magnitude in the ipsilateral cortex in CSF (Fig 1A). Statistical analyses also indicated that injury 
magnitude significantly increased the level of CSF SBDPs (Fig 1B). Mean levels of CSF SBDPs after 
severe injury were significantly higher than mean levels of CSF SBDPs after mild injury. Mean levels of 
CSF SBDPs after both severe and mild injury were significantly greater than mean levels of CSF SBDPs 
after craniotomy (naïve controls). Lesion size on T2 weighted images increased with injury magnitude 24 
hrs after TBI. Importantly, as shown in Figure 3 from the original manuscript, there was a significant 
relationship between the levels of CSF SBDPs with lesion size detected on MRI 24 hrs after injury. 
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Thus, CSF SBDP significantly contributed to the prediction of lesion size. This predictive value was 
greater than that for CSF tau or for S100β, other putative biomarkers of brain injury. Although the 
predictive value of the tau biomarker was statistically significant, levels of CSF S100β did not correlate 
with lesion size. Because CSF SBDP correlated with lesion size at 24 hrs, we looked at the relationship 
between lesion size and motor performance. Motor performance was assessed in the same rats that lesion 
size was measured. Importantly, larger lesion sizes were associated with decreased assessment of motor 
performance on the rotorrod.  
 In summary, this work provided the first systematic preclinical assessment of the potential clinical 
utility of SBDPs in CSF. These studies provided a critical confirmation that the magnitude of changes in 
SBDPs was reliably associated with the magnitude of injury and lesion size. In addition, the study 
provided data suggesting that biomarker analyses could ultimately be used to predict behavioral outcome. 
 
SOW 5C-Plan 
Proteomics-based technologies including SDS-PAGE-capillary liquid chromatography-tandem mass 
spectrometry and high throughput immunoblotting can provide powerful tools for discovery of novel 
biochemical markers of TBI, some of which could reflect calpain and/or caspase-3 activation. 
 
Rapid advances in mass spectrometry methods capable of identifying thousands of proteins in a single 
sample by protease-specific peptide sequences provides the exciting possibility of rapid discovery of 
protein biomarkers in complex samples. However, this technique is challenged by several limitations. 
Poorly resolved proteins elude identification, while well resolved, multiply labeled, proteins produce 
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abundant identifications with mass spectrometry. Given our emphasis on rapid analysis, rather than more 
comprehensive initial characterization, we selected the limited resolving power of SDS-PAGE as an 
effective means to reduce redundant identifications and accelerate the discovery of putative protein 
biomarkers. Importantly, this initiative represented the first systematic approach to apply contemporary 
proteomics technologies to the discovery of novel biomarkers following acute CNS injury.  
 We employed SDS-PAGE-capillary liquid chromatography-tandem mass spectrometry (SDS-
PAGE-capillary LC-MS2) (Haskins et al., 2005).  Ipsilateral hippocampal samples were collected from 
naïve rats and rats subjected to control cortical impact in rats. Protein database searching with 15,558 
uninterpreted MS2 spectra, collected in 3 days via data-dependent capillary LC- MS2 of pooled cyanine 
dye-labeled samples separated by SDS-PAGE, identified more than 305 unique proteins. Differential 
proteomic analysis revealed differences in protein sequence coverage for 170 mammalian proteins (57 in 
naïve only; 74 in injured only; and 39 of 64 in both), suggesting these are putative biomarkers of TBI (See 
Table 1 in original manuscript). Inspection of the proteins falling into each of these 3 categories of protein 
markers showed that several well studied proteins involved in TBI were observed in both naïve and 
injured samples, including brain creatine kinase (CKB), α-spectrin, neuron-specific enolase (NSE), α-
synuclein (α-Syn), microtubule associated protein 2a and 2b (MAP2), neurofilament (NF), proteolipid 
protein (PLP), and myelin basic protein (MBP). The injured-to-naïve ratio of protein sequence coverage 
suggested putative biomarkers that may exhibit significant differences in protein concentration between 
naïve and injured samples. However, protein sequence coverage is only a semi-quantitative measure of 
protein concentration. This is particularly true for protein identifications based on single tryptic peptide 
sequences, and is even more pronounced for degraded proteins. However, proteins observed only in naïve 
samples, or proteins observed with greater sequence coverage in naïve samples than in injured samples, 
suggests a subset of putative biomarkers that are down-regulated, released, or degraded during TBI-for 
example αII-spectrin (Pike et al., 2001, 2003). Likewise, proteins observed in only injured samples, or 
proteins observed with greater sequence coverage in injured samples than in naïve samples, suggests a 
subset of putative biomarkers that are upregulated or aggregated during TBI-for example, NSE. The 
presence of known biomarkers of TBI such as α-spectrin and NSE in our data set increased confidence in 
our results. As shown in Figure 3 of the original manuscript, approximately 10% of our putative 
biomarkers were neuronal, suggesting a number of potentially useful markers of neuronal damage 



following TBI. 

  
 In summary, this study was the first of its kind to employ advanced MS proteomic techniques to 
biomarkers discovery following acute CNS injury. These data provide important proof-of-principle for 
more rapid and comprehensive sequence-specific biomarker discovery strategies incorporating protein 
separation prior to capillary LC- MS2.  Thus, this work established a critical platform for productive future 
biomarker discovery.  
 Prior to the completion of the funding period for this proposal, we also initiated the first studies 
using a novel high throughput immunoblotting (HTPI) approach employing 1,000 monoclonal antibodies 
(PowerBlot) to more specifically compare calpain and caspase-3 degradation of a large number of 
substrates following experimental TBI in rats. This research was published subsequent to the end of the 
funding period and is included in this report (Liu et al., 2006). HTPI is a proteomic method targeting 
human or rat/mouse proteins. A total of 5 large SDS-PAGE gel/blots were done. Then each of these blots 
was separated into 40 lanes and each lane was than subjected to multiple monoclonal antibodies that 
target protein antigens with good data separation. Since HTPI is still essentially a Western blot, it is 
excellent for separating intact proteins and their potential BDPs. We further hypothesized that HTPI could 
assist us in identifying the complete set of brain protein substrates (degradome) that undergo proteolic 
degradation during and after brain injury. We termed this “the TBI degradome” in light of the widely 
recognized effort to patrician the proteome into subsets of post-translational modification events including 
proteolytic degradation. To further identify the degradome, we in parallel contrasted the TBI differential 
proteome with caspase-2 and caspase-3 degradomes, as generated by in vitro digestion of naïve 
hippocampal lysate with these two proteases, respectively. In addition, this was the first effort to use the 
HTPI approach to explore proteolytic systems in both in vitro and in vivo systems. We compared pooled 
rat hippocampal lysate samples from 4 treatment groups: 1) naïve, 2) TBI (48 hrs after controlled cortical 
impact), 3) in vitro calpain II digestion and 4) in vitro caspase-3 digestion. As shown in Table 1 of the 
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original manuscript, we identified 54 and 38 proteins vulnerable to calpain II and caspase-3 proteolysis, 
respectively. In addition, 48 proteins were down-regulated following TBI while only 9 were upregulated.  

 
Figure 7 from the original manuscript summarizes characterization of the 3 degradomes studied: caspase-
2 degradome, caspase-3 degradome and TBI degradome. Figure 7B employs a VIN diagram to show 
overlap of protein targets in the 3 degradomes. Thus, among proteins down regulated in TBI, 42 of them 
overlapped with calpain-2 and/or caspase-3 degradomes, suggesting that these also might be proteolytic 
targets in TBI. We further confirmed several novel TBI-linked proteolytic substrates by traditional 
immunoblotting, including βII-spectrin, striatin, synaptotagmen-1, synaptojanin-1 and NSF. 
 In summary, these studies represent the first effort to apply HTPI to biomarker identification 
following acute CNS injury. Importantly, we have begun critical studies subdividing the CNS injury 
proteome into meaningful degradome subcomponents.  
 
KEY RESEARCH ACCOMPLISHMENTS 

• Provided the first systematic evidence that distinct cell death modalities are better defined by 
biochemical markers of proteolysis (e.g. calpain, caspase-3 activation) than by previously 
employed approaches of phenotypic descriptions of apoptosis and necrosis.  
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• Provided systematic confirmation that TNF-α is a potent mediator of caspase-3 activation. 
Associated in vivo studies, provided the first evidence that caspase-8 mediated pathways (activated 
by TNF-α receptor coupled mechanisms) could be the predominant pathway regulating caspase-3 
activation and apoptotic cell death following TBI. 

• Characterized a rat hippocampal slice model as a useful ex vivo model for studying calcium 
mediated neurotoxicity potentially linked to excitotoxic and proteolytic mechanisms of cell death, 
especially calpain proteolysis. 

• Provided the first observation that apoptosis produced by caspase-3 activation may be regulated by 
a novel anti-apoptotic protein, survivin.  

• Developed the first biochemical markers useful to assess necrotic and apoptotic cell death 
following acute CNS injury in vivo and conducted preclinical studies rigorously examining their 
potential clinical utility.  

• Pioneered the application of proteomics including MS and high throughput protein immunoblots, 
to the study of the pathobiology of TBI. Studies laid foundation for development of novel 
biochemical markers of calpain and caspase proteolysis. 

 
REPORTABLE OUTCOMES 
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Invited Speaker, NIH/NINDS (Apr, 2003)                                                                                                     
 
Invited Speaker, Uniformed Services University of the Health Sciences                                          
     And NBIRTT sponsored conference, Bethesda, MD (June, 2003) 
 
Invited Speaker, Post Traumatic Brain Contusions and Lacerations International meeting, Rimini, Italy 
 (Sept, 2003) 
    
Invited Speaker, 3rd International Conference on Biochemical Markers for Brain Damage               
     Lund, Sweden (Sept, 2003) 
 
Invited Participant, NIH Bullock DSMB, Richmond, VA (Nov, 2003)  
 
Invited Speaker, Grand Rounds, Univ of Mississippi Dept Neurosurgery, Jackson  
     MS (Apr, 2004) 
 
Invited Speaker & Poster Presentation, DoD Peer Review Medical Research Program Meeting, San Juan, 
 Puerto Rico (Apr, 2004) 
 
Invited Speaker, Combine ATACCC & NATO Meetings, St. Petersburg, FL (Aug, 2004)  
 
Invited Speaker, ACRM-ASNR Joint Conference, Ponte Vedra, FL (Sept, 2004)  
 
Invited Speaker, CHI’s 2nd Annual Biomarker Validation conference, San Francisco                      
     CA (Feb, 2005) 
 
Invited Speaker, VA Sponsored TBI Workshop, WRAMC, Silver Spring, MD (Apr, 2005)  
 
Invited Speaker, 3rd Pannonian Symposium on CNS Injury, Pecs, Hungary (Apr, 2005) 
 
Invited Lecturer, Fondazione Santa Lucia, Rome, Italy (May, 2005) 
 
Invited Speaker, National Chinese Academy Workshop on Cranial Cerebral Trauma              
    Shanghai, China (May, 2005) 
 
Invited Speaker, Beijing Neurosurgical Practice Group, Beijing, China (May, 2005) 
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Invited Speaker, Shanghai Neurosurgical Practice Group, Shanghai, China (May, 2005)  
 
Invited Speaker, Xian Neurosurgical Practice Group, Xian, China (May, 2005)     
 
Invited Attendee, ATACCC, St. Petersburg, FL (Aug, 2005)       
 
 
CONCLUSIONS 
Our laboratory made significant contributions to testing the general hypotheses outlined in Dr. Pike’s 
original proposal. Consistent with SOW 1 of the original proposal, we examined the contribution of 
calpain and caspase-3 activation to expression of necrotic and apoptotic phenotypes following the 
clinically relevant manipulation of oxygen glucose deprivation. This work extended the systematic 
examination of the role of these proteases in phenotypic expression of necrosis and apoptosis conducted 
by Dr. Pike and other in our laboratory and outlined in SOW 1. Consistent with SOW 3 and 4, we 
confirmed the role of receptor coupled, TNF-α mediated activation of caspase-3 and resulting apoptosis in 
vitro (SOW 3). We also provided the first demonstration that caspase-8 (activated by TNF-α coupled 
receptors) results in caspase-3 activation in apoptosis following TBI in vivo (SOW 4).  
 This research has also led to important novel and unanticipated findings. These findings included 
the development of a ex vivo model (rat hippocampal slice) useful for studying calcium mediated 
neurotoxicity typically closely linked to proteolytic mechanisms of cell death, especially calpain 
proteolysis. We have also provided exciting and entirely unique observations that apoptosis following 
TBI produced by caspase-3 activation may be reduced by the anti-apoptotic protein, survivin. Finally, we 
have built on Dr. Pike’s original assertion that biochemical markers could be accurate and reliable indices 
of cell death mechanisms. Thus, we have focused on developing the first program to systematically 
identify and preclinically validate biochemical markers of acute CNS injury. We have provided strong 
evidence that breakdown products of α-spectrin identical to those used by Dr. Pike in his in vitro studies 
will be useful biomarkers of acute CNS injury produced by a variety of insults including neurotoxins. In 
addition, we have developed the first proteomics-based platform to discover novel biochemical markers of 
acute insults, including novel markers of calpain and caspase-3 proteolysis.  
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