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Introduction

Brain injury resulting from traumatic, ischemic and/or chemical etiology is a significant
international health concern, representing a potentially catastrophic debilitating medical
emergency with poor prognosis for long-term disability. It represents a major problem to military
care, accounting for 25% of all combat casualties and is the leading cause of death (approaching
50% incidence) among wounded soldiers reaching Echelon I medical treatment [8]. In civilian
life, the incidence of brain injury and resultant long-term disabilities caused by traumatic insults
(automobile accidents, gunshots, sports, etc.) and ischemic events (strokes, cerebral hemorrhage,
cardiac arrest, etc.) are several orders of magnitude greater. There are more than 1 million
traumatic brain injury (TBI) cases that are treated and released from an emergency department
annually in the United States resulting in more than 230,000 hospitalizations, 50,000 deaths and
80,000 disabilities. Among all age groups, the top three causes of TBI are motor vehicle
accidents, falls and violence [1] . Despite modern automobile design and injury prevention
campaigns, important causes of TBI in children such as ejections from cars during traffic
accidents, have increased in recent years [111]. The current estimation is 5.3 million Americans
live with TBI-related disability. TBI is the greatest cause of death and disability in young people
less than 24 years old [12].

With the exception of supportive measures, there are currently no approved drug
treatments for TBI [77]. There have been a large number of clinical trials studying potential
therapies for traumatic brain injury (TBI) that have resulted in negative findings with a cost of
over $200 million [15, 30]. Many investigators have pointed out that the absence of biochemical
markers of injury could have contributed to these failures [77, 104]. Unlike other organ-based
diseases where rapid diagnosis employing biomarkers (usually involving blood tests) prove

invaluable to guide treatment of the disease, no such rapid, definitive diagnostic tests exist for
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TBI to provide physicians with quantifiable neurochemical markers to help determine the

seriousness of the injury, the anatomical and cellular pathology of the injury, and to guide

implementation of appropriate triage and medical management.

Criteria For Biochemical/Surrogate Markers

In the course of research on biomarkers, our laboratories have developed criteria for
biomarker development. Useful biomarkers should employ readily accessible biological material
such as CSF or blood (CSF is routinely accessible in severely injured TBI patients), predict the
magnitude of injury and resulting functional deficits and possess high sensitivity and specificity,
have a rapid appearance in blood and be released in a time-locked sequence after injury. Ideally,
biomarkers should employ biological substrates unique to the CNS and provide information on
injury mechanisms, a criterion often used to distinguish biochemical markers from surrogate
markers of injury, which usually do not provide information on injury mechanisms. Potential
gender and age related differences on biomarker profiles are also important and should be taken

into account when developing useful biochemical markers [43].

Uses Of Biomarkers

Biomarkers would have important applications in diagnosis, prognosis and clinical
research of brain injuries. Simple, rapid diagnostic tools will immensely facilitate allocation of
the major medical resources required to treat TBI and other brain injuries. Accurate diagnosis in
acute care environments can significantly enhance decisions about patient management including
decisions whether to admit or discharge or administer other time consuming and expensive tests

including computer tomography (CT) and magnetic resonance imaging (MRI) scans. Biomarkers
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could have important prognostic functions especially in patients suffering mild TBI, which make

up an estimated 80% of the 2.5 to 6.5 million individuals who suffer from lifelong impairment as
a result of TBI [2, 83]. Accurate identification of these patients could facilitate development of
guidelines for return to duty, work or sports activities and also provide opportunities for
counseling of patients suffering from these deficits. Biomarkers could provide major
opportunities for the conduct of clinical research including confirmation of injury mechanism(s)
and drug target identification. The temporal profile of changes in biomarkers could guide timing
of treatment and assist in monitoring the response to therapy and intervention. Finally,
biomarkers could provide a clinical trial outcome measure obtainable much more cheaply and
readily than conventional neurological assessments, thereby significantly reducing the risks and
costs of human clinical trials. Relevant, easily available biomarkers are needed in order to

maximize chances of success in developing long awaited effective drugs for traumatic brain

injury [77].

Current Status of Research on Markers of Traumatic Brain Injury

Analysis of specific biochemical markers has provided useful information on the
mechanism and diagnosis specific organ dysfunction in humans [112]. However, although
analysis of cerebrospinal fluid, cerebral microdialysis samples, and brain tissue specimens has
provided insight into the mechanisms of brain injury [61, 63], there are no biomarkers of proven
clinical utility for TBI.

TBI is difficult to assess and clinical examinations are of restricted value during the first
hours and days after injury. Conventional diagnoses of TBI are based on neuroimaging
techniques such as CT scanning, MRI and single-photon emission CT scanning [46, 58, 72]. CT

scanning has low sensitivity to diffuse brain damage, and the availability of MRI is limited [60,
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64]. Single-photon emission CT scanning detects regional blood-flow abnormalities not

necessarily related to structural damage.

A recent review of biomarkers of TBI highlighted the need for biomarker development
[43]. The most studied potential biochemical markers for TBI include creatine kinase (CK), glial
fibrillary acidic protein (GFAP), lactate dehydrogenase (LDH), myelin basic protein (MBP),
neuron-specific enolase (NSE) and S-100 proteins. The bulk of research in TBI has focused on
NSE and S-100p. The specificity of NSE for brain is high [49] , sex- and age-related variability
is low [28, 51, 74, 86, 98, 120, 121, 133], and NSE is rapidly detectible in serum after TBI [129].
However, studies relating NSE serum levels to admission GCS in patients with severe TBI show
conflicting results. Similar data have been reported concerning relationships with CT scan
findings, ICP and long-term outcomes. In mild TBI, NSE failed to separate patients from
controls [43, 44, 108, 131]. Thus, NSE is predominantly used as a marker for tumors [22]. NSE
is also released in the blood by hemolysis, which could be a major source of error [22].

The S-100 protein family now consists of 19 members, of which S-100B is the one
viewed as a marker of brain damage [49, 65], although it is present in other tissues such as
adipocytes and chondrocytes [40]. Investigators have reported S-1003 serum levels correlate to
both GCS scores, neuroradiologic findings at admission and long-term outcomes [100, 99, 128].
However, investigators have recently raised questions about the utility of S-100B reporting that
high serum levels of S-100p are detectible in trauma patients not having head injuries, a factor
not adequately controlled for in earlier studies [3]. In addition, serum levels of S-100p following
mild TBI do not show strong correlations with neuropsychological outcome [107]. Research in
this area continues and recent reports have indicated the potential utility of measures of blood
GFAP [71], spinal fluid Interleukin-6 [115] and cleaved tau protein in serum [45, 114] and spinal

fluid [135] following brain injury.
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Investigators have also generally recognized the need for more objective assessments of

outcome following stroke, including biochemical markers [27, 68]. The approval of tPA as a
treatment for acute stroke has additionally highlighted the potential utility of biochemical
markers. Use of tPA may be hindered by diagnostic concerns because neurological deficits
accompanying stroke can mimic those seen during transient ischemic attacks, complex migraine,
space-occupying lesions and post-ictal paralysis. A reliable biochemical marker might give
assurance to physicians considering administering thrombolitic agents for acute stroke [41, 50].
Previously reported biomarkers of cerebral ischemia include NSE, brain specific creatine
kinase enzyme (CPK-BB), S-1008 and inflammatory cytokines such as IL-6 [76, 89]. NSE and
S-100B have been the most studied. After cardiac arrest, NSE elevations in serum and CSF have
been correlated with neurological recovery [26, 67, 106]. Serum and CSF NSE values were
reported to be elevated in rodent models of focal ischemia in proportion to the eventual infarct
volume [24, 25, 42]. In clinical trials, peak serum NSE values also predicted infarct volumes as
shown by CT. Correlating serum NSE values with functional outcome was less successful [24,
25, 70], possibly because functional neurological deficit is influenced as much by location of
brain injury as by infarct size [70]. S-1008 protein has been studied most extensively for
characterization of ischemic injuries after cardiac surgery, and several reports have documented
post-operative serum elevations [29, 113, 127]. However, many of these reports do not include
careful studies of neurological outcome, and several investigators have recently criticized the

diagnostic utility of S-100f during cardiac surgery. [3].

Proteolytic Damage and the Pathobiology of Traumatic Brain Injury

After TBI, brain cells can deteriorate following more than one pathway, and many genes

and proteins may be involved. Programmed cell death is an evolutionarily conserved form of cell
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suicide that occurs widely throughout development [13]. This type of cell death often has the

morphological appearance of apoptosis [119]. Apoptosis occurs following TBI in animals [20,
59, 130] and humans [16, 17]. Studies of apoptosis pose special challenges since there are
multiple apoptotic pathways, and apoptosis is extremely sensitive to a number of variables
including injury type and magnitude [10, 14, 101], cell type [38, 57] and stimulation/antagonism
of specific receptors [14, 19, 23, 38, 39, 48].

The molecular events occurring after TBI are just beginning to be understood. Elevated
neuronal calcium levels activate a number of calcium-dependent enzymes such as
phospholipases [84], kinases [132], phosphatases [75], and proteases [5, 81], all of which can
modulate post-TBI cytoskeletal protein loss. Caspase-3 is a member of the caspase family of
cysteine proteases. Activated caspase-3 has many cellular targets that, when severed and/or
activated, produce the morphologic features of apoptosis [18]. Calpains are calcium-activated,
neutral cysteine proteases with relative selectivity for proteolysis of a subset of cellular proteins.
Calpain activation has been implicated in different models of apoptosis and in different cell
types, including neurons [93]. Understanding of the contributions of calpains and caspases to cell

injury/death following TBI may have important diagnostic and therapeutic implications.

Contributions of Caspase-3 and Calpain to Cell Death Following Traumatic Brain Injury

Numerous studies from our own [6, 91, 93] and other laboratories [31, 35, 73] have
provided evidence that the caspase family of cysteine proteases is an important intracellular
effector of apoptosis in various cell lines and apoptotic models. Caspase 3-like proteases have
been shown to cleave a variety of cytoplasmic, nuclear and cytoskeletal proteins during apoptosis
including all-spectrin [69, 78, 79, 122], poly(ADP-ribose) polymerase (PARP: 51) and others

(52-57). In vitro studies in our laboratories using a model of stretch injury have demonstrated
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caspase-3 processing of a-spectrin to the apoptotic-linked 120-kDa fragment 24 hours after

moderate, but not mild or severe injury [6]. In vivo studies have provided evidence of caspase-3
activation following TBI. First, Clark et al. demonstrated cleavage of capsase-3 to its p18 and
pl12 subunits in humans [17]. Yakovlev et al. reported that TBI increased caspase-3, but not
caspase-1, activity [130]. Caspase-3 inhibition reduced DNA fragmentation and TUNEL staining
and improved behavioral outcome. We have also concurrently examined caspase-3 and calpain
activation after TBI. Distinct regional and temporal patterns of calpain/caspase-3 processing of
all-spectrin in brain regions ipsilateral to the site of injury after TBI have been observed.
Caspase-3-mediated break down products (BDP’s) to all-spectrin were absent in the cortex but
showed significant increases in hippocampus and striatum early (hours) after TBI [92].
Immunohistological examinations revealed increased expression of the proteolitically active
subunit of caspase-3, pl8, in neurons, astrocytes, and oligodendrocytes from 6 to 72 hours
following controlled cortical impact injury. Moreover, concurrent assessment of nuclear
histopathology using hematoxylin identified p18-immunopositive cells exhibiting apoptotic-like
morphological profiles in the cortex ipsilateral to the injury site [6].

Calpains are Ca’" activated cysteine proteases that have been implicated in a variety of
neuropathological conditions [55, 126]. Intracellular substrates of activated calpain include
cytoskeletal proteins, calmodulin-binding proteins, enzymes involved in signal transduction,
membrane proteins and transcription factors [110, 118, 125]. While calpain activation has
historically been associated with necrotic cell death [82], calpain activation has also been
implicated in different models of apoptosis and in different cell types, including neurons [7, 52,
78, 117, 123]. Research in our own and other laboratories have documented calpain activation
following TBI in vivo [55]. TBI results in altered Ca’" homeostasis [134] and activates several
Ca®" -dependent enzymes including the calpains. Overactivation of calpains occurs in many

neurodegenerative diseases and injuries to the CNS [4, 55, 126]. Increased calpain activity
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following TBI has been inferred by a variety of techniques [54, 81, 94, 97], including protection

by calpain inhibitors [95, 109].

Pathological calpain activation is believed to occur when intracellular free calcium levels
surpass a certain threshold. Importantly, increases in free calcium via voltage and receptor gated
calcium channels have been reported in CNS trauma in vivo [19, 48, 56]. Calpains are located
throughout the neuron, in somatodendritic regions and in axons [57]. Calpain may also be a
constituent of myelin [116]. Therefore, pathological calpain activity and subsequent substrate
proteolysis can have profound effects on neuronal structure and function.

Cytoskeletal alterations after experimental brain injury have pointed to the likelihood of
calpain mediated proteolysis. Preferred substrates for calpains include the cytoskeletal protein
spectrin [47, 66], microtubule associated protein-2 (MAP-2)[33], and neurofilament proteins [20,
21, 85, 105]. Increased degradation of MAP2 [32, 130], the neurofilament triplet proteins [53,
87] and spectrin [80] have been reported in cerebral ischemia. In addition, loss of MAP-2 [62],
neurofilament 68 (NF 68) and neurofilament 200 (NF 200)[94-96] have been reported following
traumatic brain injury (TBI) in vivo. Additional evidence that calpain is activated in neurons
following experimental brain injury has been provided by the use of antibodies which bind

specifically to calpain mediated BDP’s of cytoskeletal proteins in models of TBI [81].

all-Spectrin Degradation-A Prototype Biomarker

Our research program to develop biomarkers for TBI has focused on a-spectrin
degradation as a prototypical biochemical marker [34, 103]. all-spectrin (280 kDa) is the major
structural component of the cortical membrane cytoskeleton and is particularly abundant in
axons and presynaptic terminals [36, 37]. Importantly, all-spectrin is a major substrate for both

calpain and caspase-3 cysteine proteases [124]. Our laboratory has provided considerable



Brain Pathology (2003) in press
evidence that all-spectrin is processed by calpains and/or caspase-3 to signature cleavage

products in vivo after TBI [6, 11, 81, 92] and in vitro models of mechanical stretch injury [91].
Calpain produces two major all-spectrin breakdown products of 150 kDa and 145 kDa
(SBDP150 and SBDP145) in a sequential manner (Wang TINS 2002). On the other hand,
caspase-3 initially produces a 150 kDa SBDP that is further cleaved into a 120 kDa fragment
(SBDP120) (Wang TINS 2000). Immunoblots of all-spectrin degradation thus provide
concurrent information on the activation of calpain and caspase-3, potentially important
regulators of cell death following TBI. The calcium sensitivity and low basal levels of calpain
optimize its utility as a marker of cell injury. Although not found in erythrocytes and thus robust
to confounding by blood contamination, all-spectrin is not specific to the CNS [37]. Following
injury, native all-spectrin protein was decreased in brain tissue and increased in CSF from 24
hrs to 72 hrs after injury. Calpain-specific breakdown products increased in both brain and CSF
after injury. Caspase-3-specific breakdown products increased in some animals, but to a lesser
degree [90]. Considerable laboratory data exists on the potential utility of all-spectrin
degradation as a biomarker for TBI, including our ability to detect differences in severity of
injury based on all-spectrin detection in spinal fluid of rodents after TBI (Figure 1). Preliminary
human data are also promising (Figure 2). However, what is not known is whether BDP’s and
other biomarkers that discriminate injury magnitudes at the biochemical level (i.e., magnitude
differences in CSF/serum levels of a biomarker) will be useful as predictors of clinically relevant
measures of outcome. That is, two different injury magnitudes may produce significantly
different biochemical responses in the brain that are discernable in CSF or serum, but these same
injury magnitudes may not result in functionally different behavioral, pathological, or other
clinical outcome measures. Thus, biomarkers that do not correlate with clinically relevant
outcome measures will not be useful for assessment of functional ability, functional recovery, or

for gauging effects of therapy on outcome. In addition, preliminary results from our laboratories
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suggest that there is a spontaneous susceptibility of cytoskeletal protein degradation by calpain in

aging rats [9]. These findings emphasize the importance of accounting for multiple clinical
variables including but not limited to age when evaluating the clinical utility of biomarkers of

brain injury.

Additional Cytoskeletal Proteins with Potential Utility as Biomarkers

Initial research focused on proteolytic processing of cytoskeletal proteins such as lower
molecular weight neurofilament 68 protein (NF-68) highlights their potential to provide useful
information on activity of specific proteases such as p-calpain and m-calpain. Importantly, 2-D
gel electrophoresis studies suggested dephosphorylation of NF-68 may be associated with NF
protein loss following TBI, a post translational modification that could have significance for
biomarker development [81, 97]. This important biomarker could provide important information
on the pathophysiology of both dendritic and axonal damage after TBI [96]. Importantly, NF-68
has been used to quantify axonal injury in closed head injury models [102]. Since diffuse axonal
injury (DAI) is presently considered one of the most common types of primary lesions in patients
with severe closed head injury [88], a biomarker that provides information on axonal injury

could potentially have clinical utility.

Future Directions

The pathology of TBI is extremely complex. As our understanding of the numerous
biochemical cascades involved continues to evolve, sophisticated diagnostic tools such as
biomarkers will be developed (Figure 3). Ideal biomarkers will provide information on the

pathobiology of TBI and facilitate better stratification of patients by their severity of injury,
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better monitoring of the progression of secondary damage, response to treatment/intervention,

and prediction of outcome. Although the initial characterization of biomarkers will be mainly

based on spinal fluid analysis (Figure 3), methods for measurement of such biomarkers in blood

(plasma or serum) will be developed. The development of accessible and reliable biomarkers is

likely to change the way clinical studies of head injury are conducted, resulting in more

mechanism driven, optimally timed therapies.
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Figure 1. Accumulation of calpain-specific SBDPs is sensitive to injury magnitude
after controlled cortical impact. Animals were injured using a model of controlled
cortical impact at two magnitudes of injury. Accumulation of brain cortex and spinal fluid
levels of all-SBDP were measured by densitometric analysis at 2 hours post-injury. The
1.6 mm injury magnitude produced the highest levels of all-SBDP accumulation in
cortex and CSF compared to 1.0 mm injury and to sham-injured controls. However,
statistical significance (p<0.05) between 1.6 mm and 1.0 mm injuries was only achieved
at 2 hours but not at 6 or 24 hours post-injury (data not shown). This finding could
indicate a critical window for discriminating injury magnitude using all-SBDP as a
biomarker. CSF levels of all-SBDP were greater in CSF than in cortex, particularly for
the 1.6 mm injury. This most likely reflects a greater ratio of SBDP to total protein in
CSF relative to cortex and indicates that low abundance proteins may be more easily
detected in CSF after brain injury. (n=6 per group).
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Figure 2. Western blot analysis of cerebrospinal fluid (CSF) samples from a 9 year old
patient diagnosed with severe head injury. all-spectrin breakdown products reflecting
caspase-3 (150kDa and 120kDa bands) and calpain (150kDa and 145kDa bands)
activity were identified as early as 12 hours after injury and persisted for at least 3 days
after injury. Increased protein expression 1 day after injury may reflect clinical evidence
of increased brain swelling and intracranial hypertension. CSF from a child with chronic
hydrocephalus and no acute brain injury was used as control. TO= admission to the
intensive care unit; T0.5= 12 hours after injury; T1= 24 hours after injury; T2: 2 days
after injury; T3: 3 days after injury; T7= 7 days after injury; MWM= molecular weight
marker.
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Figure 3. Development of biomarkers of protease activity. Brain injury leads to
activation of proteases after traumatic brain injury. Proteolytic processing of cytoskeletal
proteins (i.e. all-spectrin) leads to accumulation of both the parent protein as well as
signature break down products (BDP’s). Initial characterization will most likely require
analysis of cerebrospinal fluid (CSF). Antibodies will then be developed so that an easily
accessible biomarker of protease activity is available for sampling from peripheral blood.



	Biomarkers Of Proteolytic Damage Following Traumatic Brain Injury
	Introduction

	Current Status of Research on Markers of Traumatic Brain Injury
	Additional Cytoskeletal Proteins with Potential Utility as Biomarkers

