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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 a-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
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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 a-spectrin showed
greater accumulation of calpain-mediated breakdown products (BDPs) compared with caspase-3 BDPs.
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As shown in Fig 4 from the original manuscript, robust accumulation of calpain mediated proteolysis was
detected using a-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.
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120 kDa BOP.

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 SA & 5C). Virtually all immunoreactive
cells in control and OGD cultures showed concurrent calpain and caspase proteolysis of varying
magnitudes (Fig SA & 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-a) is a receptor coupled cell death mediator that
primarily involves apoptotic rather than necrotic cell death pathways. Thus, TNF-a-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-a) 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-a, 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-o/caspase-8 pathway. In addition,
SOW 3 of the original proposal sought to examine the effects of exogenous TNF-a 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-a on caspase-3 activation.

SOW 2-Plan
To examine the effects of exogenous TNF-o on primary cultures for evidence of activation of calpain and
caspase-3 and their contribution to apoptotic cell death.

Tumor necrosis factor-a (TNF-a) 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-a has a pro-inflammatory role that is acutely upregulated in ischemic and traumatic brain injury.
In order to examine the role of TNF-a on cell viability, this SOW investigated the effects of TNF-a
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-a on activation of these two important proteases.
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In this study (Zhao et al., JNR, 2001) primary septo-hippocampal cell cultures were incubated in
varying concentrations of TNF-a to examine proteolysis of a-spectrin to a signature 145 kDa fragment by
calpain and to the apoptotic-linked 120 kDa fragment by caspase-3. The effect of TNF-a 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-a 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-a, 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-a caused a time dependent proteolysis of a-spectrin by caspase-3
but not calpain. There was a significant increase in caspase activation as early as 3.5 hrs following TNF-a
administration that was sustained over 72 hrs. In contrast, there was no evidence of accumulation of
calpain activation at any time point after TNF-a 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-a 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-a 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-a treatment. Administration of a caspase-3 inhibitor or
cycloheximide significantly decreased the accumulation of the 120 kDa caspase specific breakdown
product of a-spectrin (Fig 6A). In contrast, calpain inhibition did not provide any protection against
proteolysis of a-spectrin. These data confirm that caspase-3 but not calpain was activated after TNF-a
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-a. [See Fig 4 in Zhao et al., JNR, 2001, included with report]. TNF-o 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-a activation of caspases in non-neuronal
cells (e.g. neutrophils), this research provided the first demonstration that TNF-a induces activation of
caspase-3 in neuronal cell systems. Importantly, these results indicate that TNF-a 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,
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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 (423187)
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/mmy,) 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.
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FIG. 1. A diffusion-weighted rmagretic resonance image with 59-
pm in-plans resclution (&) reveals the detailed lamallar anatamy
of a S00-pm-thick mt hippocampal slics cut perpendicular 1o the
ssptoternporal sods (MAI scan parameters: repetition time'scho
time = 2,000/34 milliseconds, b = 3,830 2imr®, matrix = 256 x
258, field of view = 15 = 15 mm, slics thickness = 300 pm,
averages = 32, time = 4.5 hours). Az illustrated in parsl B, many
anatornical regions of the hippocampus ard dentate gyrus can be
distinguished in this sample bassed on differences in diffusion-
weighited signal imensity (s, stratum).

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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1 mm

FIG. 2. Typical diffusion-weighted images (b = 7,977 s'mm®) of
rat hippocampal slices. Panels A and B show a contral rat hip-
pocampal slice befora and aftar & hours of treatmeant with 0.1%
DMSO vehicle, respectively. Panels © and D show a different
slice before and 2 hours after treatment with 10-pmolL A23187,
respectively (the latex spacer of the perfusion chamber is visible
in these two images). At this bvalue, signal intensity in the
A23187 treated slice increased 42% whereas the vehicle-treated
slice signal intensity increasad 6% over 8 hours.

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 (Fr.s) progressively
decreased for slices treated with varying doses of A23187. Slices treated with a higher dose had
significantly reduced Fy,s 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.
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FIG. 5. Correlative histology of rat hippo-  comrmel £ | T
campal slices 8 hours after treatmeant with
DMSO wehicle (A-D), 10-pmol’ll A23187
{E~ H). and S0-pmoll A23187 (1-L) 423187
had dosa-related effects on the CA1 sub-
field, CA3 subfield, stratum radiaturn, and in-

ternal blade of the dentate gymus. Arrows - 10pM

lustrate cells ruptured from pathologic  A23I87 00
swelling and arowheads denote artifact
from paraffin wax embedding. Sections (8-
prm thick) were stained with hematoxylin and
aosin and are shown at 630= magnification

with oil immersion. S0

his study confirmed that brain slices provide a stable and highly controllable nervous tissue model. This
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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 Fg, 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.
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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 3 and 5™ 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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FIG. 4. I[ommmmohistochemistry of survivin and PCHNA . Double fluorescent immminostamnimg for survivin (red) and PCHNA (zreen)
was performed m the ipsilateral cortex (A) and hippocampus (B) at 5 day post-mwy. Sureivin 15 expressed in the cytoplazm (C,
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and PCMA az shewn in merged survivin and PCNA mages (E). PCNA expression was co-inetdent with DAPT staming (F, blus,
white amrow). Ongmal magmfication, *200; bar = 30 pm (A B); onginal magmfcation 400, bar = 20 pm (C-F).

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.
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These in vitro studies examined the effects of a neurotoxin (NMDA) on the breakdown products (BDPs)
of a-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 a-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 a-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 all-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
a-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 a-spectrin protein was
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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 .
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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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Figure 4. Mean (£ s.d.) cortical vs. C5F levels of all-spectrin {280 kDa) and @ll-SEDPs
{150, 145, and 120 kDa) over days post-injury. Least squares regression lines of brain and
CSF specirin and SBDF levels were plotted on the zame graph. Pearson correlation
coefficients for each regresszion line are indicated. Resulis indicate that parenchymal decreases
in levels of native all-spectrin (280 kDa) are associated with increases in CSF accumulation
while increased parenchymal levels of calpain-mediated wll-SBDPs (150 & 145 kDa) are
associated with increased CSF accumulafion.  On average, there were no chamges in
parenchymal or CSF levels of the caspase-3-mediated 120 kDa «ll-SBDP across days.
However, individual rats at different time points (particularly £8 hours post-injury) showed some

increase in CSF levels of the 120 kDa product.
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As shown in Fig 4 from the original manuscript, parenchymal decreases in levels of intact a-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 a-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 a-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.
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FIG. 1. Imjury magnitude increases levels of SBDF in the ipsilateral cortex (IC) and CSF. (A) A representative Westarn blot
of all-spectrin and SBDF in the IC (left) and CSF {right) at 24 and 2 h, respectively, after TBL Samples were collectad after se-
verz (L6 mm) injury, mild (1.0 mm) injury, sham-craniotomy or from naive rats. Higher kevels of SBDP ar ssen after ssver
(1.6 mrm) anjury than after mdld (1.0 injury. Minimal SBEDP is ssen in the IC or CSF of naive rats or after sham-craniotormy in
rats. (B) SBDP levels (145-150-kDa frapments) in the IC (left panel) and CSF (right panal) after sham-craniotomy, mild (1.0
mm) injury and severz (1.6 mm) injury at 2. 6, and 24 h were quantifizd using computer-assisted densitome tric analysis (Imageal.
version 1.20:0, NIH, USA). Values from naive animals were averapad as a separate time point. At each time point of 2, 6, and
24 h, 9rats received savere (1.6 mm) injury, 9 rats recgived mild (1.0 mm) injury, 2 rats received a sham-cra-niotomy and 4 rats
Emained naive. An ANOVA was performed followed by contrast with pair-wise comparisons. Data is presented as the mean
plus standard error. Standard error bars on the shams are present but not easily visable, Injury magnitude significantly increassd
mean levels of IC and CSF SEDP over time (p = 0.0001). Mean levels of SEDP after severs (L6 mm) injury were significantly
higher from the mean levels of SEDP after mild (1.0 mm) injury (tfp = 0.0001 and fp = 0,05, respectively, for CSF and IC lev-
els of SBDF). Mean kevels of IC and CSF SEDF after both severe (1.6 mm) and mild (1.0 mm} injury were significantly preater
than mean kevels of SEDP after sham-cramiotomy of in naive controls (**p << 0.0001). Mean levels of CSF and IC SBDP did not
differ between naive and sham.

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

As

levels of SBDPs after both severe and mild injury were significantly greater than mean levels of SBDPs
after craniotomy or naive 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 (naive 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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FIG. 3. The relationship of levels of CSF SBDF and tan with lesion sie 24 h after TEL. Regression analysis was performed
with lesion size as the out-come variable and kevels of CSF markers (SBDF, tan, S1002% 24 h after TEI as the predictor vari-
ahle. (A) Levels of CSF SEDP corrzlate with lesion sie after TBI (r = 0.83, p = 0.0001). A lingar regression equation showead
that CSF SBDP significantly contributed to prediction of lesion size (p = 0.0001) (B) Levels of CSF tau corelate with lesion
size after TEI ir = 0.690, p <2 0.001). A linear r2gression equation showed that C5F tan significantly contributed to prediction
of lesion size (p = 0.0001). The comelation with C5F SBDP and tau was not significant if craniotomy and sham rats were not
considerzd in the analysis. (C) Levels of CSF 51008 did not correlate with lesion size (v = 0.188). W, rats afier 1.6 mm injury;
#_ rals after 1.0 mm injury, #. rats after sham-craniotomy; &, naive rats.

Thus, CSF SBDP significantly contributed to the prediction of lesion size. This predictive value was
greater than that for CSF tau or for S100, other putative biomarkers of brain injury. Although the
predictive value of the tau biomarker was statistically significant, levels of CSF S100p 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-MS?) (Haskins et al., 2005). Ipsilateral hippocampal samples were collected from
naive rats and rats subjected to control cortical impact in rats. Protein database searching with 15,558
uninterpreted MS? spectra, collected in 3 days via data-dependent capillary LC- MS? 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
naive 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 naive and
injured samples, including brain creatine kinase (CKB), a-spectrin, neuron-specific enolase (NSE), a-
synuclein (a-Syn), microtubule associated protein 2a and 2b (MAP2), neurofilament (NF), proteolipid
protein (PLP), and myelin basic protein (MBP). The injured-to-naive ratio of protein sequence coverage
suggested putative biomarkers that may exhibit significant differences in protein concentration between
naive 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 naive
samples, or proteins observed with greater sequence coverage in naive samples than in injured samples,
suggests a subset of putative biomarkers that are down-regulated, released, or degraded during TBI-for
example all-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 naive 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 a-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
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following TBI.
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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- MS* 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 naive
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) naive, 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.

A

Degradome Template | Tampiate Template Template Template TOTAL
A B c o E Hits
Calpain-2 2 13 8 3 7 54
Caspase-3 1 12 [ 2 7 a8
TBI 18 14 10 7 8 57
B Calpain-2/Caspase-3
Owverfap = 34

Calpain-2 | Caspase-3
Degradome | Degradome
NN (38)
Calpain-2/TBI Caspase-3/TBI
Overlap = 40 Overlap = 31
TBI
differential
proteome
(57)

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 BII-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
e 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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e Provided systematic confirmation that TNF-a is a potent mediator of caspase-3 activation.
Associated in vivo studies, provided the first evidence that caspase-8 mediated pathways (activated
by TNF-a receptor coupled mechanisms) could be the predominant pathway regulating caspase-3
activation and apoptotic cell death following TBI.

e 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.

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

e 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.

e 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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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-a mediated activation of caspase-3 and resulting apoptosis in
vitro (SOW 3). We also provided the first demonstration that caspase-8 (activated by TNF-a 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 a-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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Synopsis

A major theme of traumatic brain injury (TBI) pathology is the over-activation of
multiple proteases. For example, we have previously shown that calpain-1 and 2
and caspase-3 simultaneously produced all-spectrin breakdown products
following TBI. In this study, we attempted to further identify a comprehensive set
of protease substrates (degradomes) for calpains and caspase-3. We further
hypothesize that the TBI differential proteome is likely to overlap significantly with
calpain- and caspase-3-degradomes. Using a novel high throughput
immunoblotting (HTPI) approach with 1,000 monoclonal antibodies (PowerBlot),
we compared pooled rat hippocampal lysate samples from four treatment groups:
(i) naive, (ii) TBI (48 h after controlled cortical impact), (iii) in vitro calpain-2
digestion and (iv) caspase-3 digestion. In total, we identified 54 and 38 proteins
were respectively vulnerable to calpain-2 and caspase-3 proteolysis. In addition,
48 proteins were down-regulated following TBI, while only 9 were upregulated.
Among those down-regulated in TBI, 42 of them overlapped with calpain-2 and/or
caspase-3 degradomes, suggesting that these might also be proteolytic targets in
TBI. We further confirmed several novel TBI-linked proteolytic substrates by
traditional immunoblotting, including Bll-spectrin, striatin, synaptotagmin-1,
synaptojanin-1 and NSF (N-ethylmaleimide sensitive fusion protein). In summary,
we demonstrated that HTPI is a novel and powerful method for studying

proteolytic pathways in vivo and in vitro.
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Introduction

Traumatic brain injury (TBI) represents a major CNS disorder without any
clinically proven therapy. However, significant progress has been made in
understanding the biochemical mechanism of injury. Indeed, protease over-
activation is a major theme in traumatic and ischemic brain injury. These include
cysteine proteases (calpain-1 and -2 and caspase-3, cathepsin-B and —L [1],
metalloproteases (e.g., MMP-2 and -9) [2-3] and threonine protease proteasome
[4]. Of particular interest are calpains and caspase-3 [5]. Calpain is activated
during both oncotic (necrotic) and apoptotic cell death in neurons, while caspase-
3 is strictly activated in neuronal apoptosis. Evidence demonstrates that both
necrotic and apoptotic cell death are present in traumatic and ischemic brain
injury. Our laboratory has shown that calpain-produced and caspase-3-produced
all-spectrin breakdown products (SBDPs) are present following both traumatic
and ischemic brain injury. We further showed that the same SBDPs could be
found in the cerebrospinal fluid following TBI in rats [6]. In fact, many other brain
proteins have previously and independently been identified as vulnerable to
proteolytic attack after neural toxic insults or by calpain and/or caspase-3 action.
These include Bll-spectrin, CaMPK-IV and CaMPK-II [5, 7-8].

Novel high throughput immunoblotting (HTPI) technology (BD PowerBlot™) [9-
16] has recently been developed. This proteomic method employs a panel of
1,000 monoclonal antibodies 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 using a manifold system. Each lane was then subjected to multiple
monoclonal antibodies that target protein antigens with good data separation
(molecular mass difference), thus achieving a high throughput status. Since HTPI
is still Western blot in principle, it is excellent for separating intact proteins and
their potential breakdown products. We argue that it is an excellent system to
study proteolysis. We further hypothesize that HTPI can assist us identifying the
complete set of brain protein substrates (degradome) that undergo proteolytic
degradation during and after traumatic brain injury. We termed this the “TBI

degradome,” fashioned after the term “degradomes” coined by Lopez-Otin and
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Overall ([17]. It is likely that following TBI, some proteins will be up- or down-
regulated, rather than just being proteolytically modified. Thus, to further identify
those that are degradomic, we in parallel contrasted the TBI differential proteome
with calpain-2- and caspase-3- degradomes, as generated by in vitro digestion of
naive hippocampal lysate with these two proteases, respectively. To our
knowledge, this is the first report of using HTPI approach to explore proteolytic
systems in both in vitro and in vivo systems. Our method might also find utilities

in identifying protein substrates for novel proteases with unknown functions.
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Experimental

In vivo model of traumatic brain injury model

A controlled cortical impact (CCl) device was used to model TBI in rats as
previously described (Pike 1998). Briefly, adult male (280-300 g) Sprague-
Dawley rats (Harlan: Indianapolis, IN) were anesthetized with 4% isoflurane in a
carrier gas of 1:1 O,/N2O (4 min) followed by maintenance anesthesia of 2.5%
isoflurane in the same carrier gas. Core body temperature was monitored
continuously by a rectal thermistor probe and maintained at 37+1°C by placing an
adjustable temperature controlled heating pad beneath the rats. Animals were
mounted in a stereotactic frame in a prone position and secured by ear and
incisor bars. A midline cranial incision was made, the soft tissues reflected, and a
unilateral (ipsilateral to site of impact) craniotomy (7 mm diameter) was
performed adjacent to the central suture, midway between bregma and lambda.
The dura mater was kept intact over the cortex. Brain trauma was produced by
impacting the right cortex (ipsilateral cortex) with a 5 mm diameter aluminum
impactor tip (housed in a pneumatic cylinder) at a velocity of 3.5 m/s with a 1.6
mm (severe) compression and 150 ms dwell time (compression duration). These
injuries were associated with local cortical contusion and more diffuse axonal
damage. Velocity was controlled by adjusting the pressure (compressed N,)
supplied to the pneumatic cylinder. Velocity and dwell time were measured by a
linear velocity displacement transducer (Lucas Shaevitz™ model 500 HR,
Detroit, MI) that produced an analogue signal that was recorded by a storage-
trace oscilloscope (BK Precision, model 2522B, Placentia, CA). Sham-injured
control animals underwent identical surgical procedures but did not receive an
impact injury. Pre- and post-injury management were in compliance with
guidelines set forth by the University of Florida Institutional Animal Care and Use
Committee and the National Institutes of Health guidelines detailed in the Guide

for the Care and Use of Laboratory Animals.



Liu et al. (2005) Biochem. J. (revised ) # BJ2005/0905

Hippocampus tissue collection and protein extraction

Forty-eight hours after CCI, animals were anesthetized and immediately
sacrificed by decapitation. Brains were immediately removed, rinsed with ice-cold
PBS and halved. For the left injured hemispheres, hippocampus was rapidly
dissected, rinsed in ice cold PBS, snap-frozen in liquid nitrogen, and frozen at —
800C until used. For Western blot analysis, the brain samples were pulverized
with a small mortar-pestle set over dry ice to a fine powder. The pulverized
hippocampal tissue powder was then lysed for 90 min at 40C with 50 mM Tris
(pH 7.4), 5 mM EDTA, 1% (v/v) Triton X-100, 1 mM DTT. Due to the need for in
vitro protease digestion, protease inhibitor cocktail was not used. Instead,
extreme care was taken to keep samples as cold as possible and to work rapidly
to reduce post-mortem artefact. The brain lysate was then centrifuged at 8000 g
for 5 min at 4°C to clear and remove insoluble debris, snap-frozen and stored at -
85°C until used.

Calpain-2 and caspase-3 digestion of naive brain lysate and purified proteins

Hippocampus tissue lysate was prepared as above. For purified protein
digestion, Bll-spectrin and synaptotagmin were used. Bll-spectrin (as a subunit of
all- and Bll-spectrin heterotetramer) was purified from rat brain as described
previously [27]. Recombinant synaptotagmin (as a GST fusion protein) was

obtained from Abnova Corp (Taiwan).

In vitro protease digestion of naive rat hippocampus lysate (5 mg) or purified
protein with purified proteases, human calpain-2 (Calbiochem, Cat# 208715
calpain-2, 1pg/ul) and recombinant human caspase-3 (Chemicon Cat# cc119,
caspase-3, 1 Unit/pl) (at a protein/protease ratio of 1/200 and 1/50, respectively)
was performed in a buffer containing 100 mM Tris-HCI (pH 7.4) and 20 mM
dithiothreitol. For calpain-2, 10 mM CaCl, was also added, and then incubated at
room temperature for 30 minutes. For caspase-3, 2 mM EDTA was added in
stead of CaCl, and was incubated at 37°C for 4 hours. The protease reaction was
stopped by the addition of SDS-PAGE sample buffer containing 1% (w/v) SDS.
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High throughput Immunoblotting

Four sets of pooled samples (n=6; naive rat hippocampus, TBI, calpain-digestion,
and caspase-3 digestion) were prepared and subjected to sets of 5 gel/blots
(templates A-E). The electrophoresis and blots were performed at BD Bioscience
facility (Bringamham, KY). Briefly, the gels were 13 X 10 cm, 4-15% gradient
SDS-polyacrylamide, 0.5 mm thick (Bio-Rad Criterion IPG well comb). A gradient
system was used so a wide size range of proteins can be detected on one gel.
Protein extract (200 ug) was loaded in one big well across the entire width of the
gel. This translates into ~10 ug per lane on a standard 10 well mini-gel. The gel
was run for 1.5 hours at 150 volts. Proteins in the gel were transferred to
Immobilon-P membrane (0.2 um, Millipore) for 2 hours at 200 mAmp. We used a
wet electrophoretic transfer apparatus TE Series from Hoefer. After transfer, the
membrane is dried and re-wet in methanol. The membrane was blocked for one
hour with blocking buffer (LI-COR). Next, the membrane was clamped with a
Western blotting manifold that isolates 40 channels across the membrane. In
each channel, a complex antibody cocktail (4-6 antibodies) was added and
allowed to hybridize for one hour at 37°C. Each blot has 39 usable lanes and one
lane probed with antibodies against molecular weight markers (MW) on the far
right lane: MW Standards — Lane 40 of Templates A, B, C, and D blots were
loaded with a cocktail composed of MW standards: p190 (190 kDa), Adaptin beta
(106 kDa), STAT-3 (92 kDa), PTP1D (72 kDa), Mek-2 (46 kDa), RACK-1 (36
kDa), GRB-2 (24 kDa) and Rap2 (21 kDa). Lanes 20 and 40 of Template E blots
wereloaded with two standardization cocktails (#1, 112 kDa, 83 kDa, 62 kDa, 55
kDa, 42 kDa, 28 kDa and 15 kDa; #2, 190 kDa, 120 kDa, 101 kDa, 60 kDa, 50
kDa, 27 kDa and 21 kDa). The blot was removed from the manifold, washed and
hybridized for 30 minutes at 37°C with secondary goat anti-mouse conjugated to
Alexa680 fluorescent dye (Molecular Probes). The membrane was washed, dried
and scanned at 700 nm for monoclonal antibody target detection using the
Odyssey Infrared Imaging System (LI-COR). Samples were run in triplicate and
analyzed using a 3X3 matrix comparison method.
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Traditional immunoblotting

Tissue samples (20 ug) were subjected to electrophoresis, equal volume of
samples for SDS-PAGE was prepared within a two-fold loading buffer (0.25 M
Tris (pH 6.8), 0.2 M DTT, 8% SDS, 0.02% Bromophenol Blue, and 20% glycerol
in distilled H20), gels were run at 120 V for 2 hours in a mini-gel unit (Invitrogen).
Protein bands were transferred to PDVF membrane on a semi-dry Transblot unit
(BioRad) at 20V for 2 h. After electrotransfer, blotting membranes were blocked
for 1 h at ambient temperature in 5% non-fat milk in TBST (20 mM Tris-HCI, pH
7.4, 150 mM NaCl and 0.05% (w/v) Tween-20), then incubated in primary
monoclonal antibody in TBST with 5% milk. Primary antibodies used were Anti-
all-spectrin  from Affiniti (FG6090), Anti-Bll-spectrin, CaMPK-Il (C89220),
CaMPK-IV (C28420), striatin (S66020), synaptojanin-1 (S12520), synaptotagmin
(839520), and NSF (N14920) from BD Bioscience. The blot was then washed
three times for 15 minutes with TBST and exposed to biotinylated secondary
antibody (Amersham) followed by a 30 min incubation with strepavidin-
conjugated alkaline phosphatase (colorimetric method). Colorimetric
development was performed with a one-step BCIP-reagent (Sigma). Molecular
weight of intact proteins and their potential breakdown products (BDPs) were
assessed by running along side rainbow colored molecular weight standards
(Amersham). Semi-quantitative evaluations of protein and BDP levels were
performed via computer-assisted densitometric scanning (Epson XL3500 high
resolution flatbed scanner) and image analysis with Image-J software (NIH).

Results
all-spectrin immunoblot as positive control before HTPI.

Our experimental design calls for four groups: Naive hippocampal lysate (naive),
TBI (traumatic brain injury in the form of controlled cortical impact with 1.6 mm
deformation distance), in vitro calpain-2 and caspase-3 digestion of naive

hippocampal lysate. We initially considered using unpooled individual samples
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for the HTPI analysis, but by running n=6 for the four conditions (naive, calpain,
caspase and TBI), it would mean a total of 24 samples. The cost for running such
expansive analyses would be formidable and extremely time consuming. We
have, therefore, decided on an alternative strategy of pooling 6 samples from
each group to enhance signal-to-noise ratio and to identify “putative” hits.
Subsequent to that, our strategy was to rely on follow-up “hit” confirmation with
individual brain lysate samples and purified protein digestion analysis with
traditional immunoblots. Naive hippocampus lysate was separately prepared
from 6 individual rats and 1 mg protein was pooled from each sample. Similarly,
TBI samples were prepared from 6 injured individual rats and 1 mg samples were
pooled. As for calpain-2 and caspase-3 digestion, 3 mg pooled naive samples
were separately digested with calpain-2 or caspase-3 at protease:substrate
protein ratio (1/200 and 1/50, respectively). This process was repeated twice to

build up to 6 mg of protein digest.

To ensure the quality of the pooled samples was sound before subjecting them to
the rigorous high throughput immunoblotting (HTPI) process, we subjected these
pooled samples to traditional immunoblotting against all-spectrin, a well
established target for both calpains and caspases [5]. Naive brains present only
intact all-spectrin of molecular weight 280 kDa. Calpain-2 digestion reduced the
levels of intact all-spectrin and produced breakdown products of 150 kDa and
145 kDa (SBDP150 and SBDP145) while caspase-3 digestion also reduced the
levels of intact all-spectrin and yielded breakdown products of 149 kDa
(SBDP149; also known as SBDP150i) and 120 kDa (SBDP120), as expected,
based on our previous experience [5, 18] (Fig. 1). In the pooled TBI hippocampal
samples, the reduction of all-spectrin was not as notable, but a mixture of
SBDP150/149, SBDP145 and SBDP120 were observed (Fig. 1), as previously
identified [19]. This confirmed that the four samples we prepared for this

proteomic study have preserved the expected characteristic features.

HTPI has high run-to-run reproducibility

10
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Each pooled sample was run in triplicate on each of the five HTPI templates (A-
E). Of the 1,000 antibodies probed, 550 of them gave a recognized and
quantifiable signal after development. Figure 2 illustrated triplicate naive samples
developed as template A blots, showing relatively high-reproducibility in overall
banding profile (Fig. 2). However, some variations in protein bands intensity of
selected protein bands were observed, as expected from this type of analysis.
Thus, it is important that samples are always run and compared in ftriplicate.
Other templates (B-D) also showed similar levels of same-sample-consistency
(results not shown).

Calpain-2, caspase-3 degradomes and TBI differential proteome identified
by HTPI

Since samples were run in triplicate, for each pair-wise comparison (e.g., calpain-
2 vs naive), a 3 X 3 matrix of comparison was made to cover all 9 combinations.
Based on vigorous densitometer-computer-assisted and manual comparisons,
we focused on parent protein bands with significantly reduced intensity while also
looking for appearance of potential breakdown product (BDP) bands after
calpain-2/caspase-3 digestion (Fig. 3 & 4) or after TBI (Fig. 5). For example,
Figure 3 contrasts representative template A blots for naive and that for calpain-2
digestion. We noted that 23 parent proteins had average intensity reduced more
than two-fold after calpain digestion while 9 potential BDP bands (lanes 2, 10,
11, 13, and 36) were observed after calpain-2 digestion (Fig. 3, lower panel).
Similarly, 12 parent proteins in template A were significantly reduced after
caspase-3 as a result of proteolysis, with at least three identifiable BDPs
observed in lanes 8 and 13 (Fig. 4). Again, when template A for naive
hippocampus was compared to that of the TBI counterpart, 16 parent proteins
were reduced in intensity, and therefore were either expression-down-regulated
proteins or were potential proteolytic substrates (Fig. 5). In addition, two potential
BDPs can be readily observed (lane 13, 18 and 29). In parallel, two proteins were
found regulated in levels after TBI (CASK; A3 and Psme3; A29) (Fig. 5).

11
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Template B comparisons also identified 13, 12 potential proteolysis targets for
calpain-2, caspase-3, respectively and 14 differentially regulated proteins in TBI,
(Fig. 6). In addition, templates C-E showed very similar proteomic patterns
(results not shown). Table 1 summarized the number of hits from each template
when naive was compared to calpain-2, caspase-3, and TBI, respectively. In all,
54 and 38 proteins were putatively sensitive to calpain-2 and caspase-3
proteolysis, respectively, while 48 proteins appeared down regulated or degraded
following TBI, while only 9 proteins were up-regulated (CASK, Psme3, a-actinin,
ceruloplasmin, cdk2, NES1, TBP, GS27 and Smg) (Fig. 7A). Parent protein
signal reduction was from 2-fold to more than 10-fold. Based on 1,000 antibodies
used, the “hit” rate for calpain vs. naive, and caspase-3 digestion vs. naive, and
TBI vs. naive were 5.4%, 3.8%, and 5.7%, respectively. Furthermore, 40 of these
proteins were common between calpain-2 degradome and TBI differential
proteome, while 31 proteins were common between caspase-3 degradome and
TBI differential proteome, as illustrated by the Venn diagram (Fig. 7B). There
were also significant overlaps (34 proteins) between the calpain-2 and caspase-3
degradomes. Lastly, there were 29 proteins identified to be putative degradomic
targets under all three treatment conditions. However, it is important to note that
the TBI differential proteome is not necessarily all degradative, but, in part, a
result of changes in protein expression. Besides the 42 proteins in TBI that
overlapped with calpain/caspase-3 degradomes, we also found 6 additional
proteins with decreased signal but with no calpain/caspase degradation
counterparts (RIP2/RICK; C26, syntaxin-6; C7, Rona; D27, PEX19; D29,
SCAMP1; D38, and SLK; E13).( Fig. 7A,Table 1)

Table 1 further details the identity of putative calpain-2, caspase-3 substrates,
and TBI differential target proteins. As expected, some previously known calpain
substrates were identified by HTPI, including calcium/calmodulin-dependent
protein kinase I| (CaMPK-II; A36) [7], dynamin (B26) [19] protein kinase C (PKC)-
alpha (B25), -beta (A18) and -gamma isoforms (A30) [5, 18]; SNAP-25 (A7) was
described as a calpain substrate, although it was not well studied [20]. Previously
reported dual calpain/caspase-3 substrates identified by HTPI included the

12
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plasma membrane calcium pump isoform 2 (PMCAZ2; A17) ([20-21], Bll-spectrin
(E8) [18] and calcium/calmodulin dependent protein kinase IV (CaMPK-IV; C12)
[8] (Table 1). Of 48 TBI-down-regulated proteins, (Table 1), nine proteins are
associated with synaptic vesicle formation of their docking and trafficking:
Synaptojanin-1 (synaptic IP3-kinase), synaptotagmin-1 (synaptic vesicle—
exocytosis calcium sensor) and NSF (N-ethylmaleimide sensitive fusion protein)
and synapsin-la and -ll, SNAP-25, Munc-18, a/b-SNAP, amphiphysin and
rabphilin 3A. These data suggest that proteolysis might play a significant role in
the synaptic dysfunctions following TBI.

Cytoskeleton-associated protein dynamin and dynactin, as well as actin-binding
protein profiling, were also identified as TBI-proteolytic substrates. Adhesion
molecules (M-calherin and integrin-alpha3) and adaptor proteins beta-catenin
and adaptin were also identified. Again, proteolysis of these proteins can lead to
cytoskeletal degradation and cell shape compromise. Two neurotransmitter
receptor, metabotropic glutamate receptor 1 (mGluR1) and GABE-B receptor 2

(GABA-B-R2), also appeared to be sensitive to proteolysis (Table 1).

Two cell cycle proteins (Ki67 and p55 Cdc) were also identified in TBI differential
proteome. The TBI differential proteome also includes two apoptosis proteins,
previously not identified to be sensitive to proteases-Bad protein (B36) that
translocates to mitochondria as well as the mitochondria-released Smac/Daiblo
(B6) that binds apoptosis inhibitor proteins IAP1/2, thus facilitating the induction
of apoptosis. How proteolysis influences the functions of some of these proteins
remains to be elucidated.

Degradomic and TBI differential proteomic target validation

In order to assess the confidence of the degradomic target assignment based on
HTPI, we first asked how the HTPI results compared to traditional
immunoblotting for a specific protein. From Template E (lane E8), we observed
that out of all triplicate runs, Bll-spectrin (240 kDa) consistently diminished upon

protease freatments, while putative breakdown products (BDPs) of 110 KDa was
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identified upon calpain digestion, while BDP of 108 kDa and 85 kDa were
observed upon caspase-3 digestion. TBI also produced loss of intact pll-spectrin
and fainter BDP bands of 110/108 kDa and 85 kDa (Fig. 8A). In parallel to HTPI,
we applied pooled naive hippocampal lysate and those subjected to calpain-2
and capase-3 digestion to traditional SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by immunoblotting with a monoclonal anti-pll-spectrin
antibody (BD Bioscience) that was identical to that used in the HTPIl. As
illustrated by Figure 6B, while naive brains contained no BDPs, calpain-2 and
capase-3 digestions produced BDPs of 110 kDa and BDP-108kDa and 85kDa,
respectively, virtually identical to the patterns generated by HTPI (Fig. 8A). In
addition, we also assessed the integrity of Bll-spectrin in four individual naive and
four individual TBI hippocampal samples. Consistent with the HTPI data shown in
figure 7A, we again observed, in traditional immunoblots, the presence of BDP of
110 kDa, 108 kDa and 85 kDa in all three TBI samples, but not in the naive
samples (Fig. 8B).

In this study, we identified over 30 novel protease substrates (see Table 1). To
ascertain that these are truly proteolytic substrates, traditional immunoblots were
again performed to four selected “novel” degradomic targets: striatin (C22) and
NSF (E13) as calpain-2/caspase-3/TBI friple target; synaptojanin-1 (A23) and
synaptotagmin-1 (A11) as calpain/TBI double targets (see Table 1). Traditional
immunoblotting results showed that striatin (110 kDa) was indeed sensitive to
calpain-2 digestion, producing BDPs of 40K and 35K as predicted from HTPI.
Caspase-3 digestion also produced a high MW fragment of 100K (Fig 9A), which
was not readily observed in HTPI. TBI samples also showed both caspase-
produced BDP of 100K and calpain-produced BDPs of 40K and 35K. Next, we
confirmed that synaptojanin-1 (140 kDa) was highly sensitive to calpain,
producing BDP of 70K. Caspase-3 digestion, also partially degraded
synaptojanin-1 to a faint 70K fragment, which was not observed in HTPI,
probably due to sensitivity differences. Importantly, following TBI intact
synaptojanin-1 protein was almost completely degraded to the 70K BDP (Fig
9B). Synaptotagmin-1 (65 kDa; A11) was degraded by calpain-2 to BDP of 33K

14
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but not by caspase-3 (Fig 9C). The BDP-33K was also readily observed in all
four TBI hippocampal samples (Fig 9C). Lastly, NSF was degraded by calpain
and caspase-3 (to a lesser extent) to BDPs of 30K and 25K (Fig 9D). We also
established that both of these BDPs were readily observed in TBI samples but

not in naive samples (Fig 9D).

Finally, to directly prove that purified HTPI-identified target proteins are indeed
vulnerable to calpain and/or caspase-3, we tested two proteins. We obtained
purified Bll-spectrin (as a subunit of rat brain all/Bll-spectrin hetero-tetramer) and
recombinant synaptotagmin-1 (as a GST-fusion protein) and subjected them to
calpain/caspase-3 digestion. Coomassie blue staining of PAGE gel revealed that
both all- and Bll-spectrin subunits (280 kDa and 260 kDa, respectively) were
degraded by calpain and caspase-3, producing multiple fragments (Figure 10A).
To ascertain that Bll-spectrin was indeed a substrate for calpain and caspase-3,
immunoblotting of the same samples probed with anti- Bll-spectrin antibody was
performed. We observed Bll-spectrin breakdown patterns (BDP-110K for calpain,
BDP-108K and -85K for caspase-3) (Figure 10A), virtually identical to those
observed in HTPI of hippocampal lysate digest (Figure 8). Similarly, recombinant
synaptotagmin-1 (as N-terminal GST fusion protein, about 90 kDa) was
vulnerable to calpain-2 proteolysis, producing three major fragments (65K, 33K
and 21K) (Figure 10B). Again, to ensure that the fragments were derived from
the intact synaptotagmin portion of the fusion protein, we performed
immunoblotting  with  anti-synaptotagmin  antibody and identified two
immunoreactive polypeptides (65K and 33K) (Figure 10B). While the 65K
represents the full length synaptotagmin truncated from the GST portion
(appeared as a 21K fragment) at the artificial linker region, the 33 kDa
synaptotagmin BDP was identical in size to that produced when hippocampal

lysate was digested with calpain (Figure 9).

Discussion
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In this study, we combined two powerful and emerging areas in proteomics:
degradomics [22] and high throughput monoclonal antibody panel-based
immunoblotting (HTPI) for protein identification [9, 11]. Based on others’ and our
previous evidence showing dual attacks of neural proteins by calpains and
caspase-3 under neural injury situations [5], we hypothesize that there will be
significant overlap between the neuronal proteins vulnerable to proteolysis by
direct calpain and caspase-3 digestion and following traumatic brain injury (i.e.,
calpain, caspase-3, and TBI-degradomes).

For our specific study, we compared and contrasted naive versus traumatically
injured hippocampal lysate. Craniotomy (sham) controls were performed, but not
included in this study as this procedure also produced a mild form of brain
trauma. As for the classical and ubiquitously distributed calpain-1 and -2, our
evidence and others have concluded that they share identical substrate sets [23].
Thus for simplicity, only calpain-2 was used in the in vitro digestion of
hippocampal lysate. Similarly, various caspases are activated in brain-injury
induced neuronal apoptosis (caspase-3, -8, -9 and —-12) [23-26]. Among the
execution caspases, the most relevant and well studied is caspase-3. Therefore,
it was selected for this comparative degradomic study. The calpain-2 and
caspase-3 degradomic data generated were then compared to TBI degradomic
data (Table 1, Fig. 6).

Using HTPI, we identified 43 proteins in the rat hippocampal proteome that were
putatively degraded following TBI, while 54 and 38 proteins were respectively
vulnerable to calpain-2 and cspase-3 proteolysis (Table 1). We further found that
there were significant overlaps among the calpain-2, caspase-3 degradomes,
and TBI differential proteome, with 29 of these proteins common among the three
degradomes (Fig. 6). Within the calpain-2 and caspase-3 degradomes are
previously identified calpain and capsase-3 substrates such as Bll-spectrin,
CaMPK-Il and -1V (Fig. 7-8). We identified and confirmed a number of previously
unknown protease-sensitive target proteins in TBI, such as striatin,
synaptotagmin-1, synaptojanin-1 and NSF using traditional immunoblotting

analysis of treated and untreated hippocampal lysate (Fig. 9). We further
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confirmed that purified Bll-spectrin and synaptotagmin-1 were in vitro substrates

of calpain and/or caspase-3 (Figure 10).

Based on the significant overlaps among the calpain degradome, caspase-3
degradome and TBI differential proteome, it appears that these two proteases
are operating in concert in TBI attacking a subset of cellular proteins that are
important to neural functions. For example, many novel TBI proteolysis targets
are synaptic vesicle proteins (Table 1; Figure 9). It is tempting to suggest that
proteolysis play a significant role in the synaptic dysfunction following TBI. Many
cytoskeleton proteins (dynamin, dynactin, and profilin and Bll-spectrin) and cell
adhesion proteins (adaptin and B-catenin) also appear to be at risk for proteolysis
following TBI (Table 1). It should be noted that there are difference between TBI
differential proteome versus the combined calpain/caspase-2 degradomes: while
42 TBI-down regulated proteins overlapped with calpain/caspase-3 degradomes,
6 other TBI-down-regulated-proteins have no calpain/caspase counterparts. In
addition, there are also 9 prominently up-regulated proteins in TBI that could not

be accounted for with calpain/capase-3 degradomes (Table 1, Figure 7).

To date, there are only a handful of published studies using HTPI/PowerBlot to
address a biological problem [9-14]. Interestingly, only one previous paper used
HTPI to study posttranslational modification—protein conjugation to 1SG15, a
ubiquitin-like protein [12]. Thus, to our knowledge, the current work is the first
report to use HTPI to study protein proteolysis. While there are now several
emerging proteomic technologies including tryptic peptide analysis by tandem
mass spectrometry, antibody microarray) [27], the HTPI is the most ideally suited
proteomic method to rapidly identify potential targets for a protease system. Most
proteomic methods (MS/MS, antibody array) cannot readily distinguish intact
proteins from their fragmented forms. However, HTPI, in contrast, is built on
traditional immunoblotting technology. In this case, intact proteins and their
potential fragments were first resolved by 1D-SDS-PAGE before progression to
electrotransfer and antibody probing. This method has been proven to be
extremely powerful in identifying the occurrence of proteolysis, as well as distinct
protein fragments (Fig. 7B). We determined that to be the case for HTPI as well
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(Fig. 7A). Another powerful aspect of HTPI is the relative ease for protein
identification and “hits” confirmation. Since all the protein bands in the 5
templates were also identified and annotated based on the applied monoclonal
antibodies, putative protein identification is very rapid. Furthermore, since the
exact antibodies used in the HTPI analysis are individually available, hit
confirmation is very rapid and robust (Fig. 7-9). One potential drawback of using
antibody array approach is that antibody recognition of antigen might be species-
specific. However, the 1,000 antibody sets (from BD Bioscience) we employed
were tested for species cross-reactivity (human/rat/mouse) and over 90% cross-
react with protein antigen in human rat and mouse. Of the 74 total hits we have in
Table 1, all but 3 have confirmed rat-reactivity (thus 95%). The three exceptions
are DRBP76, cathepsin L and p55-Cdc.

One of the potential limitations of the HTPI method is that it is not exhaustive.
Currently the expansion of HTPI is limited by the availability of antibody to
specific protein antigens. However, in only a few years, the HTPI panel had
already grown from 700 [9] to over 1,000 monoclonal antibodies (present study).
Another caution of using HTPI to identify proteolytic substrates in vivo is that this
method will also detect protein with significantly reduced expression levels rather
than degraded. However, we contrast in vivo TBI differential proteome to in vitro
protease degradomes (Fig. 3-5), followed by ftraditional immunoblots
confirmation and detection of BDPs (Fig. 9). Therefore, our approach adds
another level of confidence in our degradomic data interpretation. Finally, any
degradomic targets identified by HTPI (Fig. 3-5) should be confirmed
independently with follow-up studies, including cell-based studies where
proteases of interest can be activated.

In summary, we demonstrated that HTPI is a powerful and novel method for
studying proteolytic pathways. In this case, we have used hippocampal proteome
as an example to demonstrate the feasibility of using HTPI to study proteolysis
targets in vivo and in vitro. This platform technology is applicable in identifying
potential targets for novel proteases with unknown functions. It is also possible to
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identify specific protein hydrolysis/processing in a unique organ or cell system

under physiologic or pathologic conditions.
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Legends to figures

Figure 1. all-spectrin immunoblot as positive control before HTPI. Pooled

naive rat hippocampus lysate, lysate digested in calpain-2 or caspase-3 in vitro
and traumatically injured rat hippocampus (TBI). Naive and TBI were pooled from
6 individual animals, respectively. To confirm the extent of proteolysis of the last
three samples are comparable, we analyzed 20 pg of these samples by
traditional SDS-PAGE (6% polyacrylamide) and immunoblotting, probed with
monoclonal anti-all-spectrin antibody (Affiniti anti-fodrin #FG6090). Intact protein
(280 kDa) was observed in all conditions. Calpain-2 digestion produced major
fragments SBDP150 (150 kDa) and SBDP145 (145 kDa) (solid arrows) while
caspase-3 digestion produced SBP149 (SBDP150i, 149 kDa) and SBDP120
(120 kDa) (open arrow heads) [5]. In TBI, a mixture of SBDP150, 149, 145 and
SBDP120 were observed.

Figure 2. HTPI has low run-to-run variability. Pooled naive hippocampus

samples were run in ftriplicate (1 mg protein loaded per blot). Images of
developed blots (Template A) were shown from top to bottom. Each template has
39 usable lanes for antibody probing and the last lane (40) was probed with
“‘molecular weight markers-antibodies” (their MW is illustrated on the right
margins). Lane numbers were indicated over the top margin. Each lane is
separated and probed with 4-7 monoclonal antibodies. With the use of the
manifold partition system, there is no lane-to lane primary antibody cross-
contamination. The results confirm the low variability in banding patent with same
sample analysis.

Figure 3. Example of Calpain-2 Degradome (Template A). Template A’s from
naive hippocampus (upper panel) and calpain-2 digested hippocampal lysate

(lower panel) were compared in triplicate (9 comparisons in total). One set of
representative blots was shown. Molecular weight markers (lane 40) are as

indicated on the right. Protein bands with sufficient intensity were subsequently
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decoded and quantified by computer software (BD-Bioscience). We noted that in
a number of proteins (indicated in solid box; upper panel), their average intensity
reduced more than 2-fold after calpain digestion and several BDPs were also

observed (BDP; in dotted box; lower panel).

Figure 4. Example of Caspase-3 Degradome (Template A). Template A’s from

naive hippocampus (upper panel) and caspase-3 digested hippocampal lysate
(lower panel) were compared in triplicate. One set of representative blots was
shown. Molecular weight markers (lane 40) are as indicated on the right. Similar
to figure 3, 9 parent proteins in template A (in solid box, upper panel) were
significantly reduced after caspase-3 digestion as a result of proteolysis, and
several BDPs were observed (in dotted box; lower panel).

Figure 5. Example of TBI differential proteome (Template A). Template A for

naive hippocampus (upper panel) was compared to that of a TBI (1.6 mm
deformation distance, 48 h) counterpart (lower panel). Comparisons were made
in triplicate. One set of representative blots was shown. Molecular weight
markers (lane 40) are indicated on the right. Thirteen proteins in template A had
reduced in average intensity (down-regulated) after TBI, (in solid box; upper
panel). In addition, several BDPs can be readily observed (in dotted box; lower
panel). Two proteins found to be up-regulated in TBI were CASK (A3) and
Psme3 (A29) (in dotted box).

Figure 6. Comparison of Template B from Naive, TBI, calpain-2 and

caspase-3_ digestion. Template B for naive hippocampus (upper left) was

compared to that of calpain-2 (upper right) and caspase-3 digestion (lower left)
and TBI (lower right). Molecular weight markers (lane 40) are as indicated on the
right. Proteins reduced in average intensity are potentially proteolytic targets for
calpain and caspase-3 or down-regulated in the case of TBI (in solid box).Two
proteins found to be up-regulated in TBI were cerulplasmin (B37) and alpha-
actinin (B9) (in dotted box). In addition, several BDPs produced by calpain-2 or
caspase-3 can be readily observed (in dotted box).
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Figure 7. Summary of Calpain-2, caspase-3 and TBI differential proteome

results from HTPI. (A) The number of putative degradomic hits for each

template based on calpain-2 vs. naive, caspase-3 vs. naive and TBI vs. naive
comparisons were tabulated. The total number of degradome hits was listed on
the far right. (B) Venn Diagram shows overlap of protein targets in the three
degradomes (calpain: dashed line; caspase-3: dotted line; TBI: solid line). Total
number of protein targets is in brackets. Overlaps and triple overlap numbers are

as indicated.

Figure 8. HTPI approach allows rapid target confirmation. (A) Extracted

lanes (E7) from template E of the HTPI analysis were shown: intact Bll-spectrin
(240 kDa) was identified to be significantly reduced in level by calpain-2
digestion, caspase-3 digestion and in TBl. One calpain-mediated breakdown
product (BDP) of 110 kDa (black label) and two caspase-mediated BDPs of 108
kDa and 85 kDa, respectively (grey labels) were tentatively identified. These
three BDP’s were also tentatively identified in the TBI. (B) Traditional SDS-PAGE
and Western blot were also performed with identical monoclonal Anti-Bll-spectrin
antibody (BD Bioscience product # S31120). Samples analyzed were naive
(pooled) vs. calpain-2 and capase-3 digestion (left three lanes) as well as four
separate naive and TBl samples, respectively. Again, BDPs of 110 kDa (solid
arrow) and of 108 kDa and 85 kDa (open arrow heads) were observed. The
asterisks indicate rat IgG heavy chain and fragments from contaminating blood
that cross-react with the secondary anti-mouse IgG detection system used.

Figure 9. Examples of four proteins identified by HTPI as novel proteolytic

targets. Four proteins were identified as proteolytic targets for either calpain-2,
capase-3 and/or in TBI: striatin (A), synaptojanin-1 (B), synaptotagmin-1 (C) and
NSF (D). Traditional SDS-PAGE and Western blot were also performed with
monoclonal antibodies against striatin, synaptojanin-1, synaptotagmin (isoform I[)
and NSF. Samples analyzed were calpain-2 and capase-3 digestions (left two
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lanes) as well as four separate naive and TBI samples, respectively. In (A)-(D),
intact proteins are shown with bold arrows (with M.W. in brackets). Calpain-2-
mediated BDPs are shown with solid arrows. Caspase-3 mediated BDPs are
shown with open arrow head. Molecular weights are as indicated. The asterisk in
(A) indicates rat IgG light chain from contaminating blood that cross-react with

the secondary anti--mouse IgG detection system used.

Figure 10. Examples of two purified proteins confirmed to be protelytic

targets for calpain /caspase-3: bll-spectrin and synaptotagmin-1. Purified Bl

-spectrin (as subunit of rat brain spectrin) (A) and recombinant GST-fused
synaptotagmin-1 (B) were subjected to calpain-2 /caspase-3 digestion and
calpain-2 only digestion, respectively. Both Coomassie blue stained blotting
membrane (left panels) and immunoblotting analysis with Bll-spectrin and
synaptotagmin-1 antibodies (right panels) were performed. Intact proteins and
major BDPs were labeled with arrows. Several major all-spectrin BDPs were also

identified (open triangles).
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Table 1. Identity of degradomic protein targets for calpain-2 and capase-3,
and differentially regulated proteins after TBI. Protein names or abbreviations
are listed on the far left column. Their template and lane location are listed on the
second column. Swiss Pro ID and predicted molecular weight are also listed.
Whenever a protein is altered in levels in one of the three conditions (Calpain-2,
Capase-3, or TBI), the fold-change of the parent protein is indicated in the three
columns on the far right. Since the majority of proteins showed decreased levels
in the treatment group vs. control (naive), the fold change always indicates
decrease as the default. When protein level is increased (for some proteins in
TBI), the fold increase is indicated with a (+) sign and the fold change is in
brackets. Also, we used high stringency inclusion criteria. Only proteins with
band decrease or increase with at least 1.5-fold in all 9 possible comparisons
between 3 treatment replica vs. 3 control replica are shown.
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Protein name | Template | Swiss Pro| M.W.

Calpain-2 |Caspase-3 vs.| TBI vs. Naive

+ Lane ID (kDa) | vs. Naive | Naive [fold- [fold-
[fold- decrease] decrease
decrease] (increase)]

AKAP220 A1 Q62924 220 =10 =10 =10
Amphiphysin A1l 095163 125 >10
ASAP1 A39 QIQWY8 130 =10
BRMP2 A15 008539 96/89 >10 7.31
CaMPK-II A3 P11275 52 523 5.67
CASK A3 Q62915 120 (+5.8)
Dynactin A19 Q13561 50 >10 >10 >10
Endopeptidase A29 P42676 80 >10
GABA-B-R2 A 36 0088871 130 =10 =10 =10
GSPT2 A33 088180 88 4.77
Integrin-a3 A22 Q62470 135 >10 >10 >10
M-Calherin A4 P10287 130 =10
mGIuR1 A19 P23385 133 >10 3.20
Munc-18 A3 QegPv2 68 >10 =10
MYPT1 A29 QYDBRT 130 3.38 393 5.00
nNOS AT P29475 155 =10
PkC-b A18 POS7TT1 80 =10 7.31
PKC-e A10 Q02156 90 6.50
PKC-g A30 P05129 80 =10 3.30 =10
PMCAZ A7 P11506 133 >10 =10 =10
Psme3 AZ29 Q12820 38 (+4.7)
Rabphilin-3A A23 P47709 75 =10 =10
SNAP-25 AT P13795 25 =10 =10 =10
Synapsin-lia A13 Q63537 74 =10 1.70 10.10
Synaptojanin-1 A23 Q62910 140 >10 >10
Synaptotagmin A11  P21579 85 2.91 _ 1.50
a-actinin B9 AAA51582 104 (+8.41)
Adaptin B29 P17426 112 >10 6.12
Bad B30 Q61337 23 10.80 3.23 3.00
b-Catenin BS Qoz248 92 =10 =10 =10
Cathepsin L B22 PO7711 43 7.18 =10 7.
Ceruloplasmin B37 Q61147 150 (= +10)
Dynamin B26 P21575 =100 10.69 =10 4.41
Ki=67 B& P46013 385 =10 =10
MEF2D B3 Q63943 70 =10 =10
NCK B2 P16333 47 >10
NSP1 B24 Qayax4 72 =10 =10 >10
P150Glued B26 P28023 150 >10 =10 =10
P190 B3 Q13037 190 =10 =10 =10
PKC-a B25 P17252 a2 367 =10
SITFIIS B32 P23193 38 =10 =10 >10
Smac/Diablo B6 QYNR28 22 =10 >10 =10
DRBP76 B7 Q12008 80 >10 )
Arp-3 c18 P32391 50 >10 >10
CaMPK-IV c12 Q16566 60 an 2.63 426
c-Cbl [o}:] P22681 120 =100
cdk2 c9 P24941 (>+10)
hPrp-17 C15 Q80508 66 =10 3.33 2.36
Nek2 [oX] P51955 46 >10
NES1 c3s 043240 30 (>+10)
P55 Cde ca QSBW56 55 >10
Praofilin cz2s PO7737 15 >10 =10
RIP2/RICK c26 AAH04553 61 2,59
a-/b-SNAP c21 P54920 35/36 >10 13.79
Syntaxin 6 c7 Q63635 31 3.81
Striatin cz2 P70483 110 9.31 3.01 6.51
TBP c26 P20226 7 (+7.31)
TNIK C38 QIUKES 150 2,59
| R @ e el e R e A e -
Catenin/pp120 D32 P30999 120 >10 >10 >10
Gs27 D10 014653 27 (>+10)
P190-8 D28 Q13017 195 >10 >10 =10
PEX19 D29 P40855 38 6.31
RONa D27 Q04912 40 >10
SCAMP1 D38 015126 36 7.40
Synapsin-la D38 P093851 80 =10 9.90
ATP Synthase a E21 P15999 55 >10 5.84 =10
Bll-Spectrin EB Qo1082 240 =10 =10 6.30
B-Raf E25 P15056 9572 =10 =10 2M
Clathrin Heavy Chain E39 P11442 120 >10 >10 7.43
CtBP1 E26 Q91W16 48 =10 =10
NSF E13 P46459 82 >10 3.30 259
SCAR-1 E4 Q92588 80 =10 7.50 323
SLK E13 NP_055535 125 4.00
Smg/GDS E13 CAA45067 57 (=+10)
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Liu et al. Figure 4
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cue  ° 0 ' 2apf = ® ‘D » gkl 7 ] e
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Liu et al. Figure7

A

Degradome Template Template Template Template Template TOTAL
A B c D E Hits
Calpain-2 23 13 8 3 7 54
Caspase-3 1 12 6 2 7 38
TBI 18 14 10 7 8 57

B

Calpain-2/Caspase-3
Overlap = 34

Calpain-2 | Caspase-3
Degradome | Degradome
G\ (38)

Calpain-2/TBI Caspase-3/TBI

Overlap = 31

Overlap = 40

TBI
differential
proteome

(57)
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Liu et al. Figure 8

A HTP! (Template E, lane 7)

Naive Calp-2 Casp-3 TBI _
= «— BlI-Spectrin

- - (260 kDa)
P J_— BDP-110K

e il - < S BDP-108K

—_ <—BDP-85K

B Traditional immunoblot (anti-Bll-spectrin)

e & 2P
S R & Naive TBI-48 h
T 0 &
| — — — e = R LT " ¢ BlI-Spectrin
——— -1* (260 kDa)
— e wr. -+ * BDP-110K
= < - wmm wox w4 T _BDP-108K
— VR WS &S 5 < BDP-85K
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Liu et al. Figure 9
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<« Striatin (110 kDa)
~-BDP-100K (casp-3)

BDP-40K (calp-2)
& "~ T BDP-35K (calp-2)

Q‘l‘f ?
o Naive TBI
0% (_,'g,
e iy b ;_.ab Ef F\) _‘ :~ ‘:1._ Synaptojanin-1
(140 kDa)
o g, <] -~ <«— BDP-70K
v
3 &K
(_;"9 (_,'b? Naive TBI

e Y ap—— <« Synaptotagmin-1

(65 kDa)

g . —

= BDP-33K
Q‘.’V Q‘?’

0%\ 0"\? Naive TBI
ad...l ---. <« NSF (85 kDa)
_m Y
ke e . BDP-30K
.ﬁt g = == = Spppask
omee
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Liu et al., Figure 10

=
= =
g . g A
a o a & o~ 4
- o n 1 Q
= & 8 s = 8
g 11+BlI tri @ ¥+
— 'F Bl g Bll-spectrin
[ . — —
(280/260 kDa) — (260 kDa)
: ¥ A ) d
L 4 <]
v+ & BDP-110K == ey $— BDP-110K
BDP-108K BDP-108K
<— BDP-85K = <«— BDP-85K
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. (90 kDa) \ (90 kDa)
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Maitntoxi_n_ Induces 'Calpain But Not Caspase~3 Activation
and Necrotic Cell Death in Primary Septo-Hippocampal

Cultures

.

X. Zhao,' B.R, Pike,! LK. Newcomb,! K.K.W, Wang,? R.M. Posmantur,? and R.L. Hayes'*

Aceapied August 11, 1998)

Maitotoxin is a polens toxin that

voltzge and 5 digred Ca* ch 1 It

in Ca' overioad and rapid cell death. We report that maiitoxin-induced cell death is assocjated

with activation of calpain but

not

3 in sepio-hi

pal cell cultures, Calpain

oy <P P ¥
and caspase-3 alion were ined by lation af p pecific breakdown products
1o a-spectrin, Cell death ifested exclusively ic-like ch istics including round,
shrunken nuclei, even distribution of ch in, 2k of DNA fra and failure of
. protein synthesis inhibition 10 reduce cell desth. Necrotic celf death was observed in newons and

glia. Calpain inhibi

Il inhib

d calpain-specific processing of a-spectrin and significantly

reduced celt death. The pan-caspase inhibitor, Z-D-DCE, nominally attenuated cell death. Resulis

suggest that: (1) calpain, but
infux; {(2) necrotic cell

not

caspase-3, is activated a5 8 result of maitaxin-induced Ca™
death caused by maitotoxin exposure is pardally mediated by calpain

achivation; (3) maitotoxin is 2 us¢ful too! 1o investigate pathological mechanisms of pecrosis.

KEY WORDS! Calpain; caspases; maitotoxm; NEETOSIS, apoplosis.

INTRODUCTION

. Calpains are calcium activated, neutral, cytosolic
cysieine proteases. Currently, two major i ymes of

ons and glia (6, 7). m-Calpain has millimalar sensitiviry
1o calcium acrivation and is primarily glial, with low
levels also found in axans (6) as well as being 3 possible

calpain arc known to exist in the central nervous system,
H~calpain and m-calpain (1-5). p-Calpain has microm-
olar sensitivity to ‘calcium and is located primarily in
nieuronal soma 2nd dendrites and less ab Iy in ax-
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of myelin (8). Calpain has relative selectivity
for proteolysis of a subset of cellular proteins including
cytoskeletal proteins, calmodulin binding proteins, en-
zymes involved in signal transduction (e.p. ki
phosphotases, phospholipases), membrane proteins (e.g.
receplors) and transeription factors (e.g. Fos, Jun), {3, 4,
9). Recent interest ini calpain s antributable 10 growing
recognitien that pathological cascades following central¥
nervous system insults including wraumatic brain injury,
cerebral jschemia and spinal cord injury are at [east par-
tally mediated by increased intracellular calcium and
activation of calf Many investig hypothesize
that activated calpain breaks down cytoskeleta] proteins
resulting in loss of cell integrity and subsequent cell
death {10-12).

AN} IWPRI001TII .00 © 1999 Piomam Publishmg Corpyon

Ronald L. Hayes, Ph.D.

/Jw,u CA#R

Fg

Ls.
2u(? |
23/-352 -

- 1979

i




T thect, - o s

P
",

E N Lfon s un Nawrars Ceor

S,

majpe subhading < fike Pl Ay T
Ll P

Froteolytic Mechanisms of Mai

4 o b phise eostrast snd Ausieicence

blocked calpain aod caspase sctivation as well 13 spoptotic ccll desls
i this symem (17). Fallowing exch eaperimest, exlls were fixed for
Haining, o7 protein or DNA estraction was performed.

Marphological A, ts of Cell Damag

1. Fluorescein Discetaty and Propidium lodide Azsoy of Cell Vi
abiiity. Fl in di (FDIA) 8ad propidium lodide (P1) dyes
were used W adsess cell visbility afier maitotoxia lcubaion. FDA
enters novmal celis and emits 8 green fluorescesce whea it 1s cleaved
by cenua. Ones cleswed, FDA can 0o loager permeate cell mem-
baanes. Pl is an imavital dye that is sormally caclided from cells.
Afler infury, Pl penetrates cells and binds o DNA is the pacleus and
enils 3 red . This wxchnigue is fy vaed 10 quan-
litate exll injury (41). As per Jones and Senft (41), a stock solution of
FDA {10 mg/mL} was disaoived in scetone. A Pl mock solution was
prepared by dissolving 5 mp/mL in PBS. The FDA and Pl working
solutions wers freshly prepanid by adding 10 ul of the FDA and 3 |3l
of Pl stoek 10 10 ml of phasphats buffered saline (PBS). Two-hundred
micTelilers per well of FDAP] working salwion were added directy
io the celiy. Cells were mained for 3 min. u room temperaiure end pa
on ice, Suined celly were ined with 2 i P
squipped wilh epi-illimination, band puss 450-4%0 nM exciter Rller,
5§10 nm chromatic beam spliner, and o long pess 520 am barier Sl
This filtet combinstion permitied both green and red Auoreiting cells
10 be scon simuitaneausly, The percent of viable cells in cootrob cul-
tur=s and following maitotazin fasult (with or withou! peotesse and
prodin synlhesis inbiblorn) At different time points was determined
from shree separale experiments wsing FDA/PS, Cell vizbility can be
determined since this procedure msulis in the muclei of dead cells
fradrescing red while the cytoplasm of living cells Suorescs green.
Cell loss was calculated in 100X fields {five sequentlal 100X Beids
v counted and averaged per well) for thres wells in each experi-
Nt 43 & peroent of wial cell mumber,

2. Hoechat Staining of Apopiosic Muclel, The A-T base-pair-spe-
<ifiz dye, Hoockat 33258 (bis-benzimide; Sigma) wis wed 10 sain cell
suciei. Following ovemight fization ln 4% pamiomalkdyhide st 4 °C,
fells gruwn on German (lasa were washed three limes with PBS and
labeled with | pghml of the DNA dys Hoechst 33258 in PBS fow &
13 min. &t room lempersture, using cnough solution w caver the cells
compleiely. Cells were rinsed twice with PBS and tnounied wath crys-
uhmmuw&ummmmam.(:dhmmmmm

: with'a UV2A flarr,

DNA Fragmentation dsrgy. DNA gel electrophoreais was done
b1 deseribed {n Gong ef ol (42), Brichy, exlls were coliected in
asme manner 18 for immuncbloaing. Cells io ach
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0.09 M Bong Acid, | mM EDTA. pH & 4) 21 40V for 2 hours. The
DNA in the gels was viswalized and phowgriphed under UV light
afler gaining with § pg/ml of cthidium bromide.

Assessment of a-Spectrin Degradation by Calpains and
Caspase-3

& 505 Polyacrylamide Gel Elecirophoresis and bl
Berause a-ipectrin coplaing sequence motify preferred by both cal-
pains and caspase-) proteasey, sctivalion of these two amities of gys-
ieine proteaxcy can be assested concurmemtly by immumoblot
idculification of calpain and/or caspase-) xignaiure cleavage products,
Calpain has 1 high affinity for (wo sites on the native 240 kDa o-
apectrin proizin, Following ezlpain activation, ntact a-spectrin (280
kDa) is proteslyzed imo distinet 150 kDa and 145 kDa fragments
detected on immunoblots. The Rt tic s mpidly sttacked follewing
calpain sctivation resulting io & 150 kDa spectria breakdown product
(BDP). Funher calpain proceusing of 150 kDa BDPs at the N-lerminal
yields & calpain-specific 145 kDa BDP (13, 14, 37). Caspase.3 pro-
teases are aspanic scid-spesifie eysieine proteases thal recognize 3
different cleavage motif in et sl One or more bers of
the caspesz 3:liks protease family cleave intact a-spectrin to praduce
150 kDa BDPz, and fisther p g of 150 kDa f results
in & nique caspase.3 specific 120 kDa BDP (25). Moreover, the 120
kDa fragment has been shown Lo be aswociated with caspase-3 actis
vallos in various in vitm syuems of apoprosis (13, 14, 17, 25).

At b ead of an experiment, cells were harvested from $ idenlical
culture wells and coll in 13 mi ifuge nibes and ifug
51 3000 g for § min. The medium was removed aod the pellet eeils
were rinsed wilh 1 X PBS. Cells were lysed in ice cold bomogenization
buller {20 mM PIPES (pH 7.6} | mM EDTA, 2 mM EGTA, ImM
DTT, 05 mM PMSF, 50 pp/m! Leupeptin, and 10 pg/ml exch of
AEBSF, apotinin, pepsating TLOK and TPCK) for 30 min., asd
sheared through 8 L0 ml syringe with 2 25 gaupe seedic 15 times.
Proten content in the samphes waa muayed by the Micro BCA methed
(Preres, Rockford, I, USA). For protein clectrophorssia equal

umounts of Wl protsin (30 pg) were preparcd in (wo fold loading |

bulfer containing 0.25 M Tris (pi.8), 02 M DTT, E% SDS, 0.02%
Bromophenal Blue, and 30% glycetol, and beated at 95 °C for 10 min.
Samplcs were resolved in a venical clectrophoresis chamber using
4% slacking gel over 8 7% acrylamide resclving ged for | howr at
200V. For immunobloning, separsied proteing were laterally trans-
lerred to nivrocellulose membrancs (0.45 M) using a transfer bulTer
cansistiog of 0.192 M glycine and 0.025 M Tria (pH 8.3) with 10%

hazal st o comsian! voltage (100 V) for | heur at 4 "C. Blots were

were enliected by fugation wad fised in in 70% cold
ehasal and siored in fistive st =20 *C for 24~72 hours. Cells were
then emirifuged nt 300y for'$ min. and ethanc! was thomughly re-

blocked overmight in 3% non-ful milk in 20 mM Tris, 0.15 M NsCl,
ind 0.005% Tween-20 &1 4 *C. Coomasie blue and Punceay red
{Sigma, 5. Louis, MO) wor wsed 10 stain gels and pivroceliuloss

k {respestively) to confirm that egual amounts of proicin

woved Cell pellets were pended In 40 i of phosphaiectiral

(PCY bulfer consisting of 192 pans of 01 M N HPO, and 8 pans of
0.5 M citrie scid (pH 7.8) &t room tempersiure for | bour, Afiar cen-
irifugation o 1000g for § min., the supermaiast was tranaferved (o pew
tmibes and concentrated by vacuwm in 2 SpeedVac eoncentrator for 15—
30 min g Thee pl of 0.25% Nonidet NP-40 in distilled watcr was Lhen
sdded, loflowed by 3 ) of s salution of DNase-free RNase (| mg/mL).
Afer 30 min, incubation at 37 *C, 3 il of & solution of proteicase K
{t ma/mb) was added and the extract was incubated for sdditional 30
. a1 37 °C. Afler the incubalion, | pl of X toading buller (0.25%
bromoghesol blue, 0.25% xylene cyanol FF, 30% glycerol in water)
was added and the enire content &7 the fube was tansfered 10 2 1.5%
agaresc gel and clecunphonssia was performed In 1X TBE (0.1 M Tris,

were Joaded in cach lane.

Imumunobiots were probed with an snti-a-specirin manoclonal an-
libody (Afaiti Rescarch Produsts, UK catslogue ¥ FG 6090, clone
AAS) that deseony intact a-specurin (280 kDa) and 130, 145, and 120
Da JADP: The (50 kDa BBDP has been reported 1o be & specisin
clavage product produced by either Galpain or caspase protesses (13,
24), However, the 145 kDs $BOP it 2 specific proteotytic Fagment
of calpain (14, 25). In addilion, the 120 kDa BBDP is reponicd o be
1 specific prolcolytic {rag of caspase-3 activation (25-27). Fol-
lowing incubalion with the primary aniibody (1:4000) fer 2 hours at
Toom iemperanire, the blols were incubsted in perosid: jugeied
sheep anti-mouse [gG far § bour (1:10,000), Enhanced chemilumines-

~ ol a‘a-ﬁ-j» ”
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CON
30 min
2 hr
Fig 2. Fl d (FDA) and propidium leide (P1) staining
af pal cultures FOINg mecrons

[A) Canrol cultiures: Note normal somal siructure @ the eells thal ke
up FOA (green fuorsscsnce) and the lack of Pl upake. Within 10
min. afer incubation with 0.1 oM of mailowgin, Pl was tiken up by
cells (B). Fl uptakie was cven mare apparent 2 hows sl injury. ln
additian, nucle wained with P} appeared smalier and more uniformly
round (C). Cells stained with FOA were swollen by 3 min. afier
MALMOED Lreatment, and fewer living cells wers observed 2 hour
alfler restment (Seale Har = L0um)

or formation of apoplotic bodies characteristic of apop-
totie nuclear phenntypss.

3. DNA Fre ian, Cond ion and aggre-
gation of chromatin at the nuclear membrane may occur
independently of endonuclease activation (44), Thus, a
DNA fragmentation assay was used to assess whether
the. absence of an apoptotic response to maitotoxin in
seplo-hippocampal cultures. indicated by Hoechst 33258
maining, could have still been associated with endonu-
clease activily, Fig. 4 shows the characteristic panem of

nucleosomal sized (~180 bp) DNA laddering following
exp of septo-hipp pal cells ta 0.5 uM stauros-
porine, a classic index of apoptosis (17). In contrast,
there was no evidence of DNA ladders from 15 min. to
5 hours following maitotaxin treatment (Fig. 4).

4. Maitotozin Induces Necresis in Both Neurons
and Astroglic. To dissociale the type of cell (i.e., as-
troglial vs, neuronal) commitied 1o death, cultures were
stained with Hoechst 33258 and GFAP (for astrocytes)
or MAP-2 and NeuN (for neurcns). One hour following
mailoioin reaiment, there was a substantial reduction
in ncurons identified by MAP-2 snd NeuN immuno-
reactivity (Fig. SA vs. C). In contrast to normal appear-
ing Hoechs! staining in contrs] newrons (Fig. SB),
neurons with residual MAP-2 and NeuN immunoreac-
uviry showed Hoechst staining profiles characteristic of
necronic eell death (Fig. SD). Maitotoxin treatment aiso
produced astraglial cell death in injury (Fig. 6A vs, C).
Compared to normal Hoechst staining in untreated cul-
wres (Fig. 6B), astrogliz treated with maitotoxin also
showed Hoechst staining profiles characteristic of necro-
sis (Fig. 6D).

I Calpain But Not Caspase-3 Proteolysis of o~
Spectrin

In addition to causing necrosis, exposure to 0.1 nM
mzitotoxin caused a time dependent proteolysis of neu-
ronal a-spectrin by calpain but not caspase-3 proieases
(Fig. 7). By 30 mun. foliowing maitotoxin administra-
tion, there was an increase in both 150 kDa and calpain
specific 145 kDa breakdown products 10 a-spectrin. By
! hour afier maitotoxin treatment, there was 2 further
increase in the accumulation of calpain specific 145 kDa
breakdown products to a-spectrin. In contrast, thers was
no evidence of accumulation of caspase-3-specific 120
kDa breakdown product at 30 min. or i hour afier mai-
loroxin treatment.

{il. Effects of Caiplnh-Ii, Z-D-DCB or Cweloheximide
on Cell Death and a-Spectrin Proteolysis

Ta investigate the relative contributary effects of
calpain and/or caspase-like pr 10 mai in-in-
duced cell death and a-spectrin proteolysis, the effect of
a calpain inhibitor (Calpink-Il} or a pan caspase inhibitor
(Z-D-DCB) was examined. The co-administration of
Calpinh-If and Z-D-DCB was also investigated, Since
de novo protein synthesis is required for a1 least some
forms of apoptosis and specifically for stauresporine-in-
duced apoptosis in septo-hippocampal cultures, the ef-
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Fig. 4. O | size frag ion of DNA produced by

panine bul pot in in sepio-hipp pal cell cultures,
0.} nM maiwteain did nol produce DNA laddering on agarose gels at
15 mmin. | haur, 2 hours or § hours following ‘resiment, Hawever,
DNA laddering is reliably produced by 0.5 uM slawrosparine from &
' 72 hours following treatmenl.

staurosporine-induced apoptosis in septo-hippocampal
cell culrures (17) and other cultures systems, cyclohex-
imide had no effect on Pl uptake 30 min. following mai-

" toloxin treamment (Fig. §),
One hour following maitotoxin administration, the
percentage of cells stained for Pl increased to 60.7%.
Administration of Calplah-1l, Z-D-DCB or Calpinh-

treated with Z-D-DCB, to show increased accumulation
of breakdown products compared with maitotoxin cul-
tures treated with na inhibitor. Similarly, | hour follow-
ing maitotoxin tr , Calplnh-I! completely blocked
the formation of 150 kDa and caipain-specific 145 kDa
breakdown products to o-spectrin (Fig. 7). Z-D-DCB
and cycloheximide had no effect on accumulation of
these breakdown products, suggesting that the 150 kDa
fragment was indeed derived from calpain. The results
of these experiments confirm that the administration of
Calplnh-11 employed in these studies blocked calpain but
not caspase proteolysis following maitotoxin treatment
in primary seplo-hippocampal cullures, further confirm-
ing that maitotoxin-induced necrotic celf death is related
to calpain but not caspase activation

DISCUSSION

This study is the first demonstration that maitotexin
induces activation of calpain but nat caspase-3 proteases
associated exclusively with necrolic cell death in peu-
rons and astroglia. The absence of any evidence of apap-
totic cell death is notable since maitotoxin can evoke &

ber of calcium-dependent cellular p such as
phospholipase C activation (31, 46, 47) and arachidonic
acid relesse (47) which could contribule to membrane
lipid peroxidation (48} and polentially promate 2 cas-
¢ade of events that culminates an apoploric cell death,
Morcover, our failure 1o detect caspase-3 activation fof-
lowing maitotoxin treatment is in accord with studies
suggesting that caspases are activated only in apoptosis
but not in necrosis (25, 29).

II+2Z-D-DCB significantly reduced the perc ge of
cel] staining for Pl to 23.0%, 49.3% and 20.0%, respec-
tively (Fig, 8). Again, Z-D-DCB produced significantly
iess protection against Pl uptake than Calplnh-I1 (ps
0.001, and Calplnh-11+Z-D-DCB produced ‘protection
of a magnitude similar to that observed with administra-
tien of Colplnh-11 alone, Cycloheximide had no effect
on Pl uptake | hour following maitotoxin treatment,

2. a-Specirin Proieolysis. Administration of
Calplah-11 during 30 min, of maitotoxin treatment com-
pletely abolished the accumulation of 150 kDa and
calpain-specific 145 kDa breakdown products to a-spec-
trin (Fig. 7). In contrast, neither Z-D-DCB nor ¢yclo-
haximide provided any protection against proteolysis of
a-spectrin 30 min. following maitoloxin treatment, In
fact, there'was a tendency, most pronounced in cultures

s o - “-.
e SARI

Wai in Induces Calpain but not Caspase-3
Proteolysis of a-Specirin During Necrotic Cell Death

Recent rescarch on proteolytic mechanisms of ne-
crotic and apoptotic cell death has focused en identifi-
cation of key substrates cleaved during different cell
death programs. Although calpain mediated cleavage of

a-spectrin has been well documented in previous studies o
of pecrotic cell death (36, 49, 50), it has only recently :

been recognized that cleavage of a-spectrin occurs dur-
ing apoptosis induced by numerous stumuli (1317, 25,
51). Cleavage of cytoskeletal proteins such s a-spectrin
raay contribute 1o non-specific cellular disintegration char-
acteristic of necrosis. During apoptosis, cleavage of cyte-
skeletal prowein, such as a-spectrin may conmibute 1o
characteristic changes including cell shrinkage, membrane
biebbing and could alter cell signaling systems, (24),




Protealytic Mechanisms of Mai in lnd Necrofie Cell Death in CNS 379

Flg. & Necrosia in astroglial eell types in mixed scpto-hippecampal culnares,
Phase contrast light microscopy of double labeicd mtroglia tsined with GFAP (A, ©) and Hoochm 13258

I. 4 (B, D). Control cultures {A, B) were compared to culnures | hour following mailctoxin challenge (C, D).
Vi o WES: Sxmpd

P

produced s
patches (C, open curved arrow), In sddition, sxtroglia
GFAP immunoreactivity and swelling af gha! sppends

of asiroglia that often occurred in discrest, neprotic
thowed typical injury profiles including increased
o3 {C, choned furved arrow). Injured GFAP positive

celis frequently showed maining ch istic of necrosis, inchuding evenly distributed DNA and thrunk

rounded muclei (D, clowed curved amow) is contrast 1o Ronmal |pp:-:i'ns Hoechst staining in comurol
)

uitues (straighl wrrow; A, B). (Scale Bar = 10 wm.

medGiana; 10 minutes  malstexin: 1 hour

Fig, 7. Calpam but not caspase-3 prolease ecrivation folipwing mas-
fuioRin Iveatmeni,

Wesiem blots were emplaved fo cxamine proleolysis of a-specirh inio
150 ¥Da, calpan-specific 145 kDa and easpase J-specific 120 kDa
breakd progucts. | d Latioa of [ 50 kDs and 145 Da
breakdownn products 1o a-spectnin was s 30 minuies following msi-
otexin L us d 1o controls. By | hour fol-
iowing mai freal : g of the 150 ¥Ds
band 10 calpain-wpecific 145 kD3 breskdown prodocts was observed,
Administration of calplnb-1] (37.5 WM) but net Z-D-DCB {30 uM) or
cyclohezimide (1 pg/mi), 1 blocked calpai ¢! pro-
tealysis of a-apecirin, There wat no evidenes of caspase } medured
profeolysis of a-apestrin 1o 120 kDa breskdewn products

Hoechst 33258, absence of DNA fragmeniation pro-
duced by endonuciease activation and the failure of in-
hibition of protein synthesis to reduce cell death

e st i

Fig. B Inhibiton of propidium jodide upiske by Calplah-]] and Z.0-

DCB bt rot by oycloheximide

Mai me-induced uplake of propidium jodide was anenuated by

Calpinh-1{ snd Z-D-DCB, but not cycloheximide, at 30 min. and |

how following i Calplah-}1 admininretion did nol

provide complete protectien againg uptake of propidiom iodide, end
Bcantly jess p wis provided by sdministation of 2-D-
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Summary: Diffusion magnetic resonance imaging (MRI) pro-
vides a surrogate marker of acute brain pathology, vet few
studies have resolved the evolution of water diffusion changes
during the first 8 hours after acute injury, a critical period for
therapeutic intervention. To characterize this carly period, this
study used a 17.6-T wide-bore magnet to measure multicom-
ponent water diffusion at high h-values (7 to 8,080 s/mm”) for
rat hippocampal slices at baseline and serially for 8 hours after
treatment with the calcium ionophore A23187. The mean fast
diffusing water fraction (F,,) progressively decreased for
slices treated with 10-pwmol/l. A23187 (=209 + 6.3% at 8
hours). Slices treated with 50-pmol/L. A23187 had significantly
reduced Fg . 80 minutes earlier than slices treated with 10-

pmol/L A23187 (P < 0.05), but otherwise, the two doses had
equivalent effects on the diffusion properties of tissue water.
Correlative histologic analysis showed dose-related selective
vulnerability of hippocampal pyramidal neurons (CA1 > CA3)
to pathologic swelling induced by A23187, confirming that
particular intravoxel cell populations may contribute dispropor-
tionately to water diffusion changes observed by MRI after
acute brain injury. These data suggest diffusion-weighted im-
ages at high b-values and the diffusion parameter F,,,, may be
highly sensitive correlates of cell swelling in nervous issue
after acute injury. Key Words: Calcium—Neurotoxicity—Cell
death—A23187—Multicomponent diffusion.

Many neuroprotective strategies have proven success-
ful for treating animal models of ischemic stroke and
traumatic brain injury, yet have failed to improve clinical
outcome in human patients during clinical trials (Faden,
2001). The frequent disappointments in these studies
have often been attributed, in part, to defects in clinical
trial design wherein studies fail to rapidly assess and
stratify potential subjects based on the severity, location,
and complexity of their acute brain injuries (Faden,
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2001). Appropriate subject selection is particularly im-
portant because brain injury patients represent a far more
heterogeneous population compared to their correspond-
ing animal models of disease (Statler et al., 2001). To
address this problem, it has recently proven beneficial to
incorporate diffusion-weighted magnetic resonance im-
aging (MRI) into clinical trials (Warach, 2001) because
of its sensitivity to changes in nervous-tissue water dif-
fusion that occur immediately after injury (Moseley et
al.,, 1990). Diffusion-weighted MRI of stroke patients,
for example, aids recognition of the “perfusion-diffusion
mismatch,” which identifies penumbral volumes of ner-
vous tissue that may be rescued from subsequent injury
by prompt infusion of tissue plasminogen activator
(Warach, 2002).

An improved understanding of water diffusion in ner-
vous tissue and the acute water-diffusion changes that
follow injury may further increase the sensitivity and
specificity of diffusion-weighted MRI as a surrogate
marker of acute brain injury. Unfortunately, previous
clinical diffusion MRI studies have provided limited data
from the first 24 hours after ischemic or traumatic brain
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injury (for example, Beaulieu et al., 1999). Although this
information has proven useful for understanding the
chronic progression of diffusion changes after brain in-
jury, it is well beyond the optimal therapeutic windows
when experimental interventions are most likely to suc-
ceed (Marler et al., 2000). Thus. studies that better re-
solve the acute temporal progression of diffusion
changes after brain injury are needed to provide im-
proved patient stratification based on injury severity and
to monitor the effects of therapeutic interventions early
after brain injury.

Unlike previous clinical studies of acute brain injury,
recent studies have demonstrated that diffusion-weighted
signal attenuation is nonmonoexponential in rat (Nien-
dorf et al., 1996) and human brains (Mulkern et al.,
1999) when measured with very strong diffusion-
sensitizing gradients (high b-values). As a first approxi-
mation, a biexponential function may be used to describe
water diffusion in nervous tissue by separating the MRI
signal into contributions from fast and slow diffusing
components. Shifts between these two components may
correlate with changes in the relative size of the intra-
cellular compartment (Niendorf et al., 1996; Thelwall et
al., 2002). Although the biexponential model is an in-
complete description of tissue water diffusion, it is more
appropriate than the monoexponential fits currently em-
ployed clinically.

Continuous acquisition of water diffusion data for
multicomponent analysis throughout the first 8 hours af-
ter an acute brain injury would prove extremely difficult
in human or animal subjects because of their limited
tolerance for long imaging times, and because high b-
value diffusion weighting is difficult to obtain on rela-
tively large subjects owing to current hardware limita-
tions. Thus, to further investigate the value of diffusion
MRI as a surrogate marker of acute brain injury, we
measured water diffusion in perfused rat hippocampal
slices using a 17.6-T magnet with strong diffusion-
sensitizing gradients (1,000 mT/m). Unlike human and
animal subjects, rat hippocampal slices tolerate long pe-
riods of investigation yet maintain the heterogeneous
neuronal and glial cell populations (Aitken et al., 1995)
that determine in vivo MRI contrast. Furthermore, stud-
ies of hippocampal slices are not confounded by anes-
thesia or movement and perfusion artifacts (Aitken et al.,
1995). Previous studies have used diffusion-weighted
MRI of rat hippocampal slices (Blackband et al., 1997)
and have shown that slices perturbed by ouabain and
N-methyl-p-aspartate respond similarly (Buckley et al.,
1999; Bui et al., 1999) to the same perturbations of in
vivo tat brain (Benveniste et al., 1992). Also, human
brain slices have water diffusion properties compar-
able to those reported for human patients and rat brain
slices, improving the confidence that the rat hippocampal

J Cereb Blood Flow Metab, Vol. 23, No. 12, 2003

slices are a valid model of human brain tissue (Shepherd
et al., 2003).

In the present study, water diffusion was monitored in
rat hippocampal slices before and after treatment with
different doses of the neurotoxin A23187. This carbox-
ylic acid calcium ionophore rapidly diminishes calcium
gradients across cell membranes (Pressman, 1976) as is
known to occur in vive after ischemic or traumatic injury
(Choi 1988). Previous studies have shown that neuronal
cultures treated with high doses of calcium ionophores,
such as A23187, experienced rapid loss of calcium ho-
meostasis and pathologic cell swelling (Chan et al.,
1998; Gwag et al., 1999; Takadera and Ohyashiki, 1997).
We hypothesized that this cellular response would be
detectable in rat hippocampal slices using diffusion-
weighted MRI and correlative histology. Unlike previous
diffusion studies of nervous tissue injury, using A23187
allows this study to uniquely evaluate water-diffusion
changes after calcium overload (Petersen et al., 2000), a
downstream integrating event in many forms of acute
brain injury (e.g., ischemic stroke or traumatic brain in-
jury) (Choi, 1988; McIntosh et al., 1998). Results of this
investigation indicated that the biexponential diffusion
parameter Fy ., and diffusion-weighted MRI at high b-
values provide rapid and sensitive measures of A23187-
induced tissue injury that are correlated with neuronal
cell swelling and overt histopathology in selectively vul-
nerable regions of the rat hippocampal slice.

MATERIALS AND METHODS

Brain slice procurement

The University of Florida Institutional Animal Care and Use
Committee approved the use of laboratory animals for this
study. Rat hippocampal slice procurement has been described
previously (Aitken et al., 1995). Briefly, male Long-Evans rats
(250 to 350 g) were anesthetized with isoflurane and decapi-
tated. The brain was removed and placed into ice-cold artificial
cerebrospinal fluid (aCSF) (120-mmol/L NaCl, 3-mmol/L KCI,
10-mmol/L glucose, 26-mmol/L NaHCO,, 2-mmol/L. CaCl,,
I.5-mmol/L. KH,PO,, and 1.4-mmol/L. MgSO,) gassed with
05% 0O, and 5% CO, to maintain a pH of 7.4. The aCSF
osmolality was 300 £ | mOsm/kg as determined by Osmette A
freezing point depression osmometer (Precision System,
Natick. MA,, U.S.A.). Both hippocampi were dissected and cut
orthogonal to the septohippocampal axis into 500-pm-thick
sections with a Mcllwain tissue chopper within 10 minutes of
decapitation. Hippocampal slices remained immersed in ice-
cold aCSF for 1 hour after decapitation to minimize procure-
ment-induced ischemic damage (Newman et al., 1992). Slices
then were warmed gradually to room temperature (20°C) for
the MRI experiment and placed into a multislice perfusion
chamber (Shepherd et al., 2002).

Slices were perfused continuously with aCSF (2 mL/min}
while the perfusion chamber was lowered into the magnet and
during pilot image acquisition. Although perfusion was discon-
tinued during all diffusion measurements (described below),
calculations based on the published metabolic rates of nervous
tissue (Magistretti, 1999) indicate that the typical 6-mg hippo-
campal slice consumes less than 0.2% of the glucose available
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in the perfusion chamber (containing 3.0 mL aCSF) during a
35-minute MRI acquisition. Further, it has been shown previ-
ously that intermittent cessation of aCSF flow does not affect
slice viability for at least 8 hours after slice procurement (Shep-
herd et al., 2002).

Diffusion MRI of rat hippocampal slices

All MRI data were obtained at room temperature using a
15-mm birdcage coil interfaced to a Bruker 17.6-T vertical
wide-bore magnet and console. Pilot multislice axial, sagittal,
and coronal T, and diffusion-weighted imaging sequences were
used to locate the perfusion chamber, then to optimize the
positions of axial magnetic resonance-defined slices through
the center of the 500-pm-thick rat hippocampal slices. Diffu-
sion-weighted images were acquired using a pulsed gradient
spin-echo multislice sequence with a diffusion time of 14 mil-
liseconds and an echo time of 30 milliseconds. This diffusion
measurement consisted of a series of 8 diffusion-weighted im-
ages (128 x 64 matrix, 1.5-cm field of view, 2-second repeti-
tion, 30-millisecond echo time, 2 averages, & = 3 milliseconds,
A = 15 milliseconds) using diffusion gradients aligned per-
pendicular to the plane of the MRI images in linear strength
increments from 0 to 940 mT/m. This resulted in 8 diffusion-
weighted images with b-values between 7 and 8080 s/mm”
(including imaging terms). Image slice thickness was 300 pm
with 117 x 234-pm in-plane resolution and the protocol re-
quired 34 minutes for completion. Additional pilot images were
acquired between diffusion measurements to monitor for slice
movement due to aCSF perfusion; data from hippocampal
slices that moved during the experiment were rejected (n = 1).

Slice perturbation with A23187

Before slice procurement, rat hippocampal slices were ran-
domly assigned to treatment by control aCSF, or aCSF con-
taining 10—pmol/L A23187 or 50-pmol/L A23187. Hippocam-
pal slices were exposed to higher doses of A23187 than
previous studies in neuronal cultures (Mattson et al., 1991;
Petersen et al., 2000) because the slice model was composed of
high-density, heterogeneous cell populations studied at lower
temperatures. Dimethyl sulfoxide (DMSO) was required to
solubilize A23187 in aCSF, so control aCSF contained 0.1%
DMSO. The additions of 0.1% DMSO with or without A23187
did not affect the pH or osmolality of the aCSF solution. Pre-
vious studies in our laboratories suggest that 0.1% DMSO does
not affect calcium movement in slices as indicated by the ab-
sence of calcium-mediated calpain activation (Zhao et al.,
1999). Each of the aCSF treatment solutions were gassed with
95% O, and 5% CO, throughout the experiment. All slices
were perfused with standard aCSF during pilot scans and be-
fore initial baseline diffusion measurements were acquired.
Slices then were perfused with the assigned treatment aCSF for
20 minutes, then perfusion was stopped and a post-treatment
diffusion protocol obtained. Preliminary studies demonstrated
that an initial perfusion duration of 20 minutes with treatment
aCSF was sufficient for perfusate exchange. A cycele consisting
of 6 minutes of perfusion with the assigned treatment aCSF
followed by an additional diffusion measurement (34 minutes)
was repeated serially until 12 hours after initial brain slice
procurement (each complete cycle required 40 minutes).

The initial treatment period for slices occurred at slightly
different times after brain slice procurement because of varia-
tions in the time required for hippocampal slice placement and
pilot MRI scans (mean time delay from procurement to base-
line diffusion measurement was 3.1 = (0.4 hours). Therefore
diffusion data from rat brain slices required assignment to time-
bins for statistical comparisons. The baseline diffusion mea-

surement for each slice was assigned to (0 minutes and subse-
quent data were assigned to time points increasing in 40-minute
increments. Although data were reassigned to time points rela-
tive to the initial MRI measurement, diffusion data acquired
more than 12 hours after slice procurement were excluded from
the analysis.

Analysis of diffusion data

To analyze changes in the diffusion-weighted signal inten-
sity in rat hippocampal slices after treatment with the various
aCSF solutions, a region of interest (ROI) was drawn on the
images to enclose the entire hippocampal slice. Previous stud-
ies demonstrated that diffusion-weighted water signal attenua-
tion in rat hippocampal slices is nonmonoexponential at high
b-values (Buckley et al., 1999). A biexponential equation (Eq.
1) was fitted to the diffusion-weighted signal attenuation in the
rat hippocampal slice ROIs using the Levenberg-Marquandt
nonlinear least-squares fitting routine:

S(b] = SI)‘lFl-an-CXp{—banl) + (I g F!'u:ﬂ}‘exp(_hD:duw”

where S, is signal intensity without diffusion weighting, F, is
the fraction of water with fast apparent diffusion coefficient
(ADC), and Dy, and D, represent the ADCs of the fast and
slow diffusing water components, respectively., Observed
changes over time from baseline in the biexponential param-
eters of the three treatment groups (control, 10-pmol/L
A23187, and 50-pmol/L. A23187) were compared statistically
using a two-way repeated-measures analysis of variance
(ANOVA) with one factor repeated (Sigma Stat 2.03). If the
ANOVA test detected a statistically significant difference
among treatment groups at a particular time point, a Tukey
multiple comparisons test was used to isolate treatments that
differed significantly from one another. Statistical significance
for all tests was defined as P < 0.05.

Histology of rat hippocampal slices

Because it proved difficult to consistently recover rat hippo-
campal slices used in the diffusion MRI experiments for sub-
sequent study, three additional rats were required to provide
slices for histologic correlation. These slices experienced the
same experimental procedure as slices used in the diffusion
MRI measurements and at 12 hours alter procurement, the
slices were gently removed from the perfusion chambers and
immersion-fixed with 4% paraformaldehyde in phosphate-
buffered saline. Some slices were fixed either immediately after
procurement or before perfusion with treatment aCSF (4 hours
after procurement) to serve as additional controls. In addition,
a few slices that were recovered after the MRI experiments
were fixed for histologic analyses to assess whether differences
existed for slices treated in the magnet versus slices treated in
the correlative protocol.

The fixed slices were embedded in paraffin wax, cut into
8-pm-thick sections, mounted onto slides and stained with he-
matoxylin and eosin (H&E). Most slices were sectioned paral-
lel to the plane of the slice (orthogonal to the septotemporal
axis of the rat hippocampus), but in some slices, sections were
cut perpendicular to the plane of the tissue (cross section).
These sections were used to determine whether cells at differ-
ent depths from the tissue surface were affected differently by
the various aCSF treatment solutions. Superficial and central
planar sections, stained with H&E, also were compared to as-
sess the potential variable effects of tissue depth on tissue re-
sponse to A23187 treatment.

In all H&E-stained sections, morphologic characteristics of
granule and pyramidal neurons from the dentate gyrus, CAl,
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CAZ, and CA3 fields were noted. Nuclear changes such as
pyknotic and eosinophilic nuclei, karyorrhexis, or karyolysis
were noted. The cytoplasm of cells was observed for evidence
of eosinophilia, microvacuolation, and loss of structure or frag-
mentation. The surrounding neuropil, in such regions as the
stratum radiatum, were also inspected for vacuolization and
other pathologic changes. These features were compared be-
tween the slices treated with control, 10-pmol/l. A23187, or
50-pmol/L. A23187 aCSF solutions for differences in injury-
induced cellular morphology and pathology.

RESULTS

Diffusion-weighted MRI of rat hippocampal slices

Twenty-nine of the 35 rat hippocampal slices procured
from 17 rats were included for the diffusion MRI aspects
of this investigation. The other six slices were rejected
because of perfusion chamber flooding (n = 3), suscep-
tibility artifacts due to air bubbles in the perfusion cham-
ber (n = 2), and slice movement (n = 1). In comparing
the three treatment groups, there were no significant dif-
ferences for the post-procurement time when the first
baseline diffusion measurements were obtained
(ANOVA, P = 0.265) or for the time when slices were
subsequently treated (ANOVA, P = 0.393). Mean time
to treatment for all slices (3.8 + 0.5 hours) closely
matched the time when correlative rat hippocampal
slices were treated outside the magnet for histology stud-
ics (4 hours). Diffusion measurements were obtained on
all 29 slices up to 6 hours after treatment, on 28 of 29
slices up to 7.3 hours after treatment, and on 20 of 29
slices 8 hours after treatment.

Preliminary high-resolution diffusion-weighted im-
ages were obtained of rat hippocampal slices to deter-
mine achievable signal-to-noise ratio (SNR) and spatial
resolution per unit time. Such images (Fig. 1) exhibited
the detailed laminar anatomy of the hippocampus, but
required long acquisition times (4.5 hours per b-value
measurement) without sufficient perfusion to maintain
slice viability (Shepherd et al., 2002). For this study,
such high spatial resolution was sacrificed for better tem-
poral resolution of the water-diffusion changes that ac-
company slice perturbation with A23187 (4.2 minutes
per b-value measurement). In Fig. 2, the lower-resolution
images show the signal intensity changes that occur after
treatment with 10-wmol/L. A23187. Plotting the signal
intensity of the hippocampal slice ROI versus b-value
gave nonmonoexponential diffusion-weighted signal at-
tenuation curves. Figure 3 shows that treatment with 10-
pwmol/L. A23187 caused a progressive decrease in the
rate of diffusion-weighted signal attenuation over the 8
hours. This change was most evident at b-values above
4000 s/mm” (see box B). Similar results to those shown
in Figs. 2 and 3 were also observed for slices treated with
50-pmol/L A23187.
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FIG. 1. A diffusion-weighted magnetic resonance image with 59-
pm in-plane resolution (A) reveals the detailed lamellar anatomy
of a 500-pm-thick rat hippocampal slice cut perpendicular to the
septotemporal axis (MRl scan parameters: repetition time/echo
time = 2,000/34 milliseconds, b = 3,630 s/mm?, matrix = 256 x
256, field of view = 15 x 15 mm, slice thickness = 300 um,
averages = 32, time = 4.5 hours). As illustrated in panel B, many
anatomical regions of the hippocampus and dentate gyrus can be
distinguished in this sample based on differences in diffusion-
weighted signal intensity (s, stratum).

Biexponential analysis of diffusion in hippocampal
slices treated with A23187

The diffusion-weighted signal attenuation curves of
rat hippocampal slices (Fig. 3) were well described by
the biexponential function (Eq. 1) (R* > 0.99). The bi-
exponential-derived diffusion parameters for all 29 rat
hippocampal slices before treatment (mean + SD) were
0.601 + 0.057 for Fp,,, 1.14 +0.14 x 10~ mm?/s for Dy,
and 0.067 + 0.010 x 10~ mm?/s for D,,,. These values
were comparable to previous reports of water diffusion
in rat hippocampal slices (Buckley et al., 1999; Bui et al.,
1999; Shepherd et al., 2002) and were qualitatively simi-
lar to biexponential diffusion parameters reported for in
vivo human brain (Mulkern et al., 1999). There were
small yet statistically significant differences in the base-
line biexponential parameters Fp, and D

slow for slices
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FIG. 2. Typical diffusion-weighted images (b = 7,977 s/mm?) of
rat hippocampal slices. Panels A and B show a control rat hip-
pocampal slice before and after 8 hours of treatment with 0.1%
DMSO vehicle, respectively. Panels C and D show a different
slice before and 8 hours after treatment with 10-umol/L A23187,
respectively (the latex spacer of the perfusion chamber is visible
in these two images). At this b-value, signal intensity in the
A23187-treated slice increased 42% whereas the vehicle-treated
slice signal intensity increased 6% over 8 hours.

assigned to the three different aCSF treatment groups
(Table 1). Possible explanations for these differences are
addressed in the Discussion.

The biexponential water diffusion parameters for con-
trol slices before and immediately after treatment with
aCSF containing 0.19% DMSO were not statistically dif-

FIG. 3. Typical semilog plot showing g
temporal changes in the diffusion- f}h
weighted signal attenuation curves 0.2 - %
for a rat hippocampal slice treated %@
with 10-umol/L A23187. Each point k
represents the log signal intensity for 0.4
the slice ROl in a diffusion-weighted
image normalized to the signal inten- = g
sity of the first image (b= 7 s'mm?). &
Although diffusion data were col- .2
lected every 40 minutes, only alter- = -0.8
nating data from baseline (0 minutes), 3
80, 160, 240, 320, and 400 minutes 8 A
are shown for clarity. Comparison of
boxes labeled A and Billustrates that E
the signal intensity changes after & .1.2
A23187 treatment are batter resolved =
at higher b-values given sufficient sig-
nal-to-noise. The arrow indicates ap- ~Tidk=
proximately where data from Fig. 2 (b
= 7,977 s/mm?®) would be plotted in 15
the signal-attenuation curve.

-1.8

ferent (ANOVA, P > 0.05). The mean F,, of DMSO-
treated slices decreased stepwise by approximately 5%
only 9 hours after procurement. This change, although
not statistically significant, represented a trend present
in the data from most individual slices. For the three
treatment groups, there were statistically significant in-
teractions between time and treatment in the change
from baseline for the diffusion parameter Fp,, (ANOVA,
P <0.001), but not for Dy, (P = 0.945) or D, (P =
0.870). Figure 4 depicts the mean percentage change
from baseline in the biexponential parameters F,, ., for
slices treated with aCSF containing 0.1% DMSO, 10—
pmol/L. A23187, and 50-pumol/L A23187. Compared to
vehicle-treated slices, the percentage change in the frac-
tion of fast diffusing water (F,,) for slices treated with
50-pmol/L. A23187 was significantly different for all
time points after baseline (Tukey, P <0.05). Changes
from baseline for slices treated with [0-pmol/L A23187
were significantly different than vehicle-treated slices for
all time points after 80 minutes (Tukey, P < 0.05). Al-
though the dose of A23187 (10 or 50 wmol/L) predicted
when the Fp diffusion parameter of A23187-treated
slices would first differ statistically from vehicle-treated
slices, at no time point were data from the 10-pwmol/L or
50-pmol/L. A23187-treated slices statistically distinct
from each other.

Histology of A23187-induced pathologic cell swelling

Correlative H&E histology of the rat hippocampal
slices exhibited clear dose-related differences in particu-
lar hippocampal regions (Fig. 5). In rat hippocampal
slices treated with A23187, susceptible neurons typically
manifested pathologic change by intense microvacuola-
tion of the neuronal perikaryon and stranded, slightly

b-value (sfimm?)

2000 4000 6000 8000
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3 Z__'_-__-_,_::: 320 min
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TABLE 1. Baseline diffusion characteristics for rat hippocampal slices in each of the three treatment groups

Group 0.1% DMSO 10-pmol/L. A23187
Fru 0.560 = 0.040% 0.617 = 0.070
Dy (% 1077 mm?/s) 108 £0.11 119 +0.17
D, (¢ 107 mms) 0.060 = 0.006% 0.071 =0.012%

50-wmol/L. A23187 P {ANOVA) Total/mean
0,623 +0.037* 0.025 0.601 £ 0.057

1.16 £0.12 0.216 114 +0.14
0.067 = 0.008 0.045 0.067 £0.010

Data are mean + 5D.

* Groups that were statistically different from one another as determined post-ANOVA by a Tukey multiple comparisons test (P < 0.03).

DMSO, dimethyl sulfoxide, ANOVA, analysis of variance, Fy ., fast diffusing water fraction, Dy, fast apparent diffusion coefficient, D,

apparent diffusion coefficient.

pyknotic nuclei. These features are typical oncotic
changes that frequently lead to the appearance of ne-
crotic cells at later time points than observable for this
study (Majno and Joris, 1995). The described cellular
changes were most prominent in aspects of the CA1 cell
band (CAla), but also present in the ends of the CA3 cell
band (CA3a and CA3c) and the granule cell layer in the
internal blade of the dentate gyrus. The changes were
more severe in slices treated with aCSF containing 50-
pmol/L. A23187 than slices treated with 10-pwmol/L
A23187. Other regions of the hippocampus, such as
CA2, appeared relatively unaffected by A23187, al-
though the neuropil surrounding the affected pyramidal
and granule cells did exhibit some staining pallor and
vacuolation as well (Fig. 5).

Similar to previous studies (Newman et al., 1992),
comparison of H&E-stained cross sections and planar
sections from different depths in the hippocampal slices
did not suggest different reactions to A23187-treatment
based on tissue depth. Additional control slices taken
shortly after slice procurement (at 30 minutes after rat
decapitation) and before perfusion with aCSF treatment
solutions (at 4 hours after procurement) did not show
differences from hippocampal specimens obtained by in-
tracardiac perfusion of normal rats with 4% paraformal-
dehyde except for some minor pathology of the internal

time {min)
foe F11117 1
5 00 I I
g’”"*%%l&l; L1
%-m.m- 13!! l%g
§ 51 = E I; - 3 { % i

FIG. 4. Mean percentage change from baseline over time for the
fraction of fast diffusing water in rat hippocampal slices treated
with aCSF containing 0.1% DMSO vehicle (A; n = 9), 10-pmol/L
A23187 (0; n = 10) or 50-umol/L A23187 (@; n = 10) (mean =
SEM). At early time points, slices treated with 50-pmol/L A23187
statistically differed from vehicle-treated slices (#) whereas at
later time points slices treated with either 10-pmol/L or 50-pmol/L
A23187 differed from vehicle-treated slices (*) (P < 0.05).
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blade of the dentate gyrus (see Discussion). The histo-
logic appearance of the few slices recovered from the
diffusion MRI studies also did not differ from correlative
slices with the same aCSF treatment assignment (data
not shown),

DISCUSSION

Pyramidal neurons and granule cells in rat hippocam-
pal slices treated with A23187 showed substantial cyto-
plasmic microvacuolation indicative of pathologic cell
swelling. The neuropil apposed to such damaged neurons
also appeared vacuolated. The neuronal pathology after
A23187 treatment resembles early ischemic cell changes
(Brierley et al., 1973) and electron microscopy studies
have correlated such microvacuolation with mitochon-
drial swelling (Auer and Benveniste, 1997). Although
pathologic oncotic swelling is clearly evident, it is diffi-
cult to determine whether some neurons ruptured during
the experiment because cellular membranes rendered un-
stable by A23187 treatment might also rupture on fixa-
tion (Auer et al., 1985). These findings concur with pre-
vious descriptions of pathologic swelling in cultured
neurons treated with the calcium ionophores ionomycin
or A23187 (Takadera and Ohyashiki, 1997; Chan et al.,
1998; Gwag et al., 1999) and are appropriate to the
mechanisms of A23187 toxicity. A23187 initiates a rapid
intracellular calcium overload in the neuropil that
spreads to the neuronal perikaryon at higher doses
(Gwag et al., 1999). This calcium overload then pro-
vokes mitochondrial permeability transition pore forma-
tion and pathologic cell swelling (Petersen et al., 2000).

Unlike previous neuronal cell culture studies (Chan et
al., 1998; Petersen et al., 2000), A23187 treatment did
not affect all neurons in the hippocampal slices equally.
This anatomically selective pattern of pathology in slices
after A23187 treatment reproduces the selective vulner-
ability of the CAT and CA3 hippocampal regions to ische-
mic and traumatic injuries (Kotapka et al., 1994). Selec-
tive vulnerability of the hippocampus has been attributed
to differences in N-methyl-D-aspartate receptor distribu-
tions (Monaghan and Cotman, 1985), yet A23187 ini-
tially bypasses neurotransmitter-receptor interactions by
increasing calcium concentrations inside the cell. This
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suggests there may be differences in intracellular cal-
cium-dependent enzyme cascades that contribute to se-
lective vulnerability in the rat hippocampal slice. Pathol-
ogy in the granule cell layer differed from previous
reports of perturbation-induced granule cell injury (Auer
etal., 1985) and suggests metabolic injury occurring dur-
ing procurement may increase the vulnerability of this
particular hippocampal region to A23187 (Newman et
al., 1992).

Vulnerable regions of the rat hippocampal slices also
showed dose-related differences in the magnitude of
pathological cell swelling induced by A23187 (see Fig.
5). These dose-related histopathologic differences were
difficult to distinguish with the diffusion MRI measure-
ments using the whole-slice ROI method because regions
affected by A23187 in a dose-related fashion were vol-
ume-averaged with relatively unaffected regions. How-
ever, dose-related differences were noted after A23187
treatment when the Fp, of slices became statistically
distinct from control slices. With either A23187 dose,
the Fy,, for slices was reduced 7% to 10% from base-
line during the first 2 hours after treatment, but it then
took an additional 6 hours of A23187 treatment to double
this reduction.

The biophysical interpretation of F, reductions ob-
served in rat hippocampal slices treated with A23187 is
not trivial because the biexponential model of water dif-
fusion in nervous tissue is too simplistic. Although the
fast and slow diffusing components of water diffusion
can not be directly attributed to the extracellular and
intracellular compartments respectively, studies have
shown that changes in the Fp, do correlate with pertur-
bation-induced changes in the relative size of the intra-
cellular compartment (Niendorf et al., 1996; Thelwall et
al,, 2002). There are several additional biophysical prop-
erties of nervous tissue that affect water diffusion and are
unaccounted for by the biexponential model; for ex-
ample, transmembrane water exchange rates, intracellu-

CA3 subfield Stratum radiatun

lar restriction, and extracellular tortuosity also influence
the biexponential diffusion parameters obtained (includ-
ing Fy) (Thelwall et al., 2002). When neurons are
pathologically injured by A23187 treatment, these addi-
tional biophysical features are also likely to be altered
and influence the biexponential parameters obtained.
Given sufficient time and SNR, future studies could use
more complex analytical models, such as the one devel-
oped by Stanisz et al. (1998), to better describe the bio-
physical tissue properties of hippocampal slices altered
by A23187-induced pathologic cell swelling.

Despite these limitations, the biexponential model
does provide a more complete description of nervous-
tissue water diffusion than the monoexponential ADC
fits currently in clinical use, and it is reasonable to cau-
tiously interpret changes in F,, to correlate with changes
in the relative size of the intracellular compartment. Pre-
vious clinical studies have shown decreased ADC in
acute ischemic brain followed by an increase in ADC
beyond normal values several days later (Beaulieu et al.,
1999). These diffusion changes, noted in animal models
of both ischemic and traumatic injury, may be due to
cellular swelling followed by lysis (Assaf et al., 1997;
Knight et al., 1994; ). Because high doses of A23187
caused a similar yet accelerated pattern of cell swelling
and lysis in neuronal cultures (Chan et al., 1998; Taka-
dera and Ohyashiki, 1997), a biphasic pattern of F,,
changes was hypothesized to be observable for F,
within the time span of this experiment on rat hippocam-
pal slices treated with A23187. Thus, as cells swell, F,,
would decrease, but then as cells rupture, F,,, would be
predicted to increase.

Because potential dose-related differences in F,,
were only observable during the first 80 minutes after
A23187 treatment, the results of this study might suggest
that there were a limited number of A23187-sensitive
cell populations within the rat hippocampal slices. At
high doses of A23187, these cells swell more quickly

fast
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(reducing Fy ). but the A23187-sensitive populations
become saturated such that the high and low doses of
A23187 become indistinguishable at later time points.
However, the correlative histology suggests that more
neurons were recruited to pathologic swelling by the
higher A23187 dose. Thus, a better explanation may be
that in slices treated with 50-wmol/L A23187, 2 hours
after treatment the F,, increases due to lysis in the ini-
tially injured cell population may have been obscured by
Fr,q decreases due to neurons subsequently recruited to
pathologic cell swelling. Thus, dose-related differences
in A23187 injury may be obscured at later time points by
volume averaging of not only healthy and injured neu-
rons, but also by volume averaging of neurons at differ-
ent stages of cellular injury (swelling and lysis).

Nonetheless, this study shows that the F, diffusion
parameter may be used as a sensitive correlate of cellular
swelling after acute brain injury in future clinical evalu-
ations. However, compared to correlative histology, the
diffusion MRI measurements failed to observe the ap-
pearance of substantial dose-related. region-specific
pathologic changes in the rat hippocampal slices because
the present MRI analysis did not examine individual ana-
tomical regions. This also may explain the failure to
observe a biphasic Fy,, response in hippocampal slices
treated with the higher dose of A23187. Because the
SNR advantages of a 17.6-T magnet were used to make
water diffusion measurements suitable for the biexpo-
nential model with high temporal resolution, the ROI
volume chosen for this study (2 mm®) was comparable to
typical MRI voxel volumes in clinical diffusion studies
(Beaulieu et al., 1999). As such, this study highlights
how potential variations in regional, cell subtype, and
dose-related responses to acute injury may pass unob-
served in diffusion measurements that sacrifice spatial
resolution to obtain adequate signal-to-noise ratios in
practical scan times, particularly when correlative tech-
niques are not used. Clearly, this will continue to be a
challenging problem clinically. Previous studies in hu-
man patients also have suggested that ADC changes in
ischemic stroke may be heterogeneous and might reflect
“different temporal rates of tissue evolution toward in-
farction™ (Nagesh et al., 1998).

The time and hardware limitations in present clinical
imaging protocols make it difficult to collect data suffi-
cient even for biexponential analysis of water diffusion.
Alternatively the diffusion data can be examined without
biexponential analysis by simply comparing images of
slices at particular diffusion weightings before and after
A23187 exposure. A23187 treatment increased diffu-
sion-weighted signal intensity for all rat hippocampal
slices treated with either 10-wmol/L or 50-pmol/L
A23187, and these changes were noted at all nonzero
b-values. In Fig. 2, for example, diffusion-weighted slice
signal intensity at b = 7,977 s/mm? increased 42% after
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8 hours treatment with 10-pmol/L A23187. Although the
SNR is decreased at higher b-values, the increases in
diffusion-weighted signal intensity between slice MRI
images at baseline and at different time points after
A23187 treatment were better resolved with increasing
b-value (for example, see Fig. 3 boxes A and B). These
results support previous reports that suggested stronger
diffusion-weighting (higher b-values) may increase the
tissue characterization capabilities of diffusion-weighted
MRI in human patients when there is sufficient contrast-
to-noise (Meyer et al., 2000; Sze and Anderson, 2000).
This may be because high b-value diffusion-weighted
signal intensity emphasizes water diffusion in the intra-
cellular compartment where most of the initial patholog-
ic injury to tissue occurs. Future studies will be required
to further investigate the clinical merits of high b-value
diffusion-weighted MRI.

There are some caveats to the interpretation of the
diffusion MRI data presented. The comparison of base-
line diffusion parameters for slices based on treatment
group assignment (Table 1) revealed some significant
pretreatment differences in the diffusion parameters F,,
and Dy,,,,,. Procurement conditions were unlikely to con-
tribute significantly to these baseline differences because
slices were procured under neuroprotective hypothermic
conditions (see below). Instead, the initial diffusion dif-
ferences may be attributed to differences in positioning
the MR image location within the hippocampal tissue
(see Materials and Methods). The undesired inclusion of
aCSF within the MRI-defined slice can increase the
amount of freely ditfusing water present in the slice ROI,
which then alters the biexponential diffusion parameters
obtained. The study design controlled for such pretreat-
ment differences by examining change in water diffusion
in individual slices from baseline after treatment.

Brain slices have some limitations as models of in vivo
nervous tissue. Rat hippocampal slices were procured at
low temperatures to minimize procurement-induced in-
jury before A23187 treatment (Newman et al., 1992;
Aitken et al., 1995). In addition, water diffusion changes
were measured in rat hippocampal slices treated with
A23187 at room temperature instead of 37°C because
this simplifies slice perfusion-chamber design and per-
mits hippocampal slices sufficiently thick (500 pm) for
MRI study (Aitken et al., 1995). The neuroprotective
effects of hypothermia suggest that the measured diffu-
sion responses in this tissue injury model may underes-
timate the responses of in vivo nervous tissue. In addi-
tion, the diffusion coefficient of unrestricted water will
increase approximately 50% when heated from room
temperature to 37°C (Harris and Woolf, 1980). This may
limit direct extrapolation of the data presented; however,
the study focused on relative changes that should be
comparable between the slice model and in vivo subjects.
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Despite the neuroprotective effects of hypothermia,
some histopathology was notable in control slices 12
hours after slice procurement (e.g., CA1 and the internal
blade of the granule cell layer). Although not statistically
significant, there also was a 5% decrease in mean Fy, for
control slices at the conclusion of the experiment. Fur-
ther, the conditions under which brain slice experiments
occur (e.g., slice procurement and intermittent aCSF per-
fusion) might enhance A23187-induced tissue injury
(Newman et al., 1992). These findings indicate that brain
slices can not perfectly model healthy and pathologic in
vivo nervous tissue, yet over the duration of the present
experiment, changes to control slices were of limited
magnitude compared to the histopathology and water dif-
fusion changes due to pathologic swelling induced by
A23187 treatment. Thus, hippocampal slices provided a
workable tissue model for comparing water diffusion in
injured and viable nervous tissue. Brain slices tolerate
long imaging periods in very-high-field magnets that en-
able data collection not possible in current clinical scan-
ners. Thus, brain slice methodology will remain highly
relevant in the future to developing a better understand-
ing of the biophysical basis for water diffusion changes
after acute brain injury.

CONCLUSION

This study successfully used diffusion-weighted MRI
of rat hippocampal slices to study the acute temporal
evolution of multicomponent water-diffusion changes af-
ter A23187 treatment. Brain slices provided a stable and
highly controllable nervous tissue model. Data obtained
from this model of acute brain injury suggest that the
biexponential diffusion parameter F, may be a sensi-
tive correlate of cellular swelling in nervous tissue and
that diffusion changes after acute brain injury may be
intravoxel volume-averaged summations of responses
from anatomically or temporally distinct healthy and
pathologically injured cell populations. These results
suggest that regional analysis of A23187-treated hippo-
campal slices may improve our understanding of the
unique and heterogeneous morphologic processes that
follow acute cellular injury and contribute to improved
clinical measurements of diffusion in human stroke and
traumatic brain injury patients. In addition, data from this
study concur with findings of previous clinical studies
that diffusion-weighted images at high h-values may of-
fer improved characterization of normal and pathologic
nervous tissue. Future perturbation studies of rat hippo-
campal slices may be capable of reconciling complex,
data-intensive mathematical models of nervous-tissue
water diffusion with diffusion MRI data obtained from
human patients with acute brain injuries.
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A Novel Marker for Traumatic Brain Injury:
Breakdown Product Levels

CSF all-Spectrin
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ABSTRACT

Currently, there is no definitive diagnostic test for traumatic brain injury (TBI) to help physicians
determine the seriousness of injury or the extent of cellular pathology. Calpain cleaves alIl-spectrin
into breakdown products (SBDP) after TBI and ischemia. Mean levels of both ipsilateral cortex (IC)
and cerebral spinal fluid (CSF) SBDP at 2, 6, and 24 h after two levels of controlled cortical impact
(1.0 mm and 1.6 mm of cortical deformation) in rats were significantly elevated by injury. CSF and
IC SBDP levels were significantly higher after severe (1.6 mm) injury than mild (1.0 mm) injury
over time. The correlation between CSF SBDP levels and lesion size from T2-weighted magnetic
resonance images 24 hours after TBI as well as correlation of tau and S1008 was assessed. Mean
levels of CSF SBDP (r = 0.833) and tau (r = 0.693) significantly correlated with lesion size while
levels of CSF S1008 did not (r = 0.188). Although levels of CSF and IC SBDP and lesion size are
all significantly higher after 1.6 mm than 1.0 mm injury, the correlation between CSF SBDP and
lesion size was not significant following the removal of controls from the analysis. This indicates
CSF SBDP is a reliable marker of the presence or absence of injury. Furthermore, larger lesion
sizes 24 h after TBI were negatively correlated with motor performance on days 1-5 after TBI (r =
—0.708). Based on these data, evaluation of CSF SBDP levels as a biomarker of TBI is warranted
in clinical studies.

Key words: biomarker; CSF; injury magnitude; lesion size; spectrin; S10083; tau

< AUT

INTRODUCTION

TIIE piFFICULTY of diagnosis and prediction of out-
come after acute traumatic brain injury (TBI) is as-
sociated with the limitations of clinical assessment and
neuroimaging (Zink, 2001). Sedatives may be used to
treat patients with TBI that exhibit confusion, agitation,
or non-compliance with accompanying increased brain

metabolism (Mirski et al., 1995). Treatment with anti-
convulsant or sedative drugs may confound information
obtained from a clinical neuropsychological examination
(Mirski et al., 1995). Many mild head trauma patients with
a Glasgow Coma Scale (GCS) between 13 and 15 may
have coincidental intoxication with drugs and alcohol that
may also confound clinical neuropsychological examina-
tions (Kelly, 1995). Head injuries may also be overlooked
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in multi-trauma patients (Buduhan and McRitchie, 2000).
Clinical indicators may not predict significant intracra-
nial trauma (Harad and Kerstein, 1992). Neurologic dam-
age from TBI, stroke or perinatal asphyxia may precede
changes seen by modern neuroimagining techniques. Al-
though mild traumatic injury may cause long term dis-
abilities, mild trauma may not be seen acutely with radi-
ologic or magnetic resonance imaging (MRI). Computed
tomography (CT) scanning is the quickest and most avail-
able neuroimaging, yet has low sensitivity for diffuse
brain damage. In a critical care patient, cost, availability,
and the time to acquire images limits use of the more sen-
sitive measures of MRI and single photon emission CT
scans. Single photon emission CT scans detect regional
changes of blood flow but not necessarily structural dam-
age. Furthermore, MRI and CT often do not predict out-
come (Kido et al., 1992; Kurth et al., 1994; Wilson et al.,
1995; Hanlon et al., 1999). Thus there is a need for a bio-
chemical marker of neuronal injury to improve diagnosis
and prediction of outcome after TBI.

An ideal biomarker would incorporate several proper-
ties. A good biomarker would diagnose neurologic dam-
age before neuro-radiographic signs are evident. A bio-
marker of acute neuronal injury would provide a measure
of injury magnitude and predict neuropsychological out-
come. The biomarker would also serve as an indicator of
the pathogenesis of cell death including secondary cell
death and indicate a target for treatment. With earlier
recognition, the window for therapeutic intervention
could be extended. Furthermore, a good biomarker would
allow for longitudinal monitoring of the effectiveness of
therapy. A biomarker with these characteristics could be
used as a surrogate marker and lower the cost of clinical
trials. An ideal biomarker should also be specific to the
central nervous system and provide a sensitive and spe-
cific test of neuronal injury.

Earlier biomarkers such as neuron-specific enolase,
lactate dehydrogenase, or creatine kinase are not been
specific to the CNS and failed to reflect pathophysiol-
ogy, lesion size and outcome of the injury further rein-
forcing the need for research into better CNS trauma in-
dicators (Ingebrigtsen and Romner, 2002). S1008, a low
molecular weight calcium-binding protein released from
astrocytes, has been examined in numerous TBI studies.
Serum levels of S1008 have been correlated with contu-
sion volume (Raabe et al., 1998; Herrmann et al., 2000);
injury severity (Herrmann et al., 2000); neuropsycholog-
ical dysfunction (Herrmann et al., 2001); GCS on ad-
mission (Elting et al., 2000); and outcome measures such
as the Glasgow Outcome Score (GOS) (McKeating et al.,
1998; Elting et al., 2000; Jackson et al., 2000; Raabe and
Seifert. 2000; Rothoerl et al., 2000). S1008 appears to
be a valuable indicator of brain lesion but it is not spe-

cific to the CNS. Importantly in multitrauma patients
without head injuries, S1008 reached high serum levels
after bone fractures and thoracic contusion (Anderson et
al., 2001). Another biomarker that is being examined as
an indicator of brain injury is tau (Zemlan et al., 1999).
Tau is a microtubule associated protein that is expressed
predominantly in axon of neurons and implicated in mi-
crotubule stability, axon elongation and axon transport
(Garcia and Cleveland, 2001). In severe TBI patients, in-
creased CSF levels of cleaved tau were found to be sig-
nificant predictors of intracranial pressure and GOS at
discharge (Zemlan et al., 2002), but in recent studies, CSF
total tau levels did not correlate with GOS in patients
with severe TBI (Franz et al., 2003) nor did serum
cleaved tau levels correlate with outcome measures
(Chatfield et al., 2002).

all-spectin in the CNS is primarily localized to axons
and to the presynaptic terminal of neurons (Riederer et
al., 1986). In acute neuronal injury, all-spectin, a cy-
toskeletal protein, is a substrate for the calcium activated
cysteine proteases, calpain (calpain-1 and -2) and cas-
pase-3. After acute neuronal injury, calcium influx initi-
ates a cytotoxic cascade of proteases, phospholipases, ki-
nases and phosphatases including activation of calpain
and caspases which results in necrotic and apoptotic cell
death respectively. Calpain and caspase-3 both cleave the
280-kDa parent band of all-spectrin into a 150-kDa
breakdown product (SBDP150). Calpain and caspase-3
cleave signature breakdown products of 145 (SBDP145)
and 120 kDa (SBDP120), respectively, in vive and in
vitro (Nath et al., 1996; Wang et al., 1998; Wang, 2000).
Both the calpain-mediated SBDP 145 and SBDP 150 in-
creased acutely in the injured cortex whereas the caspase-
3 mediated SBDP 120 was absent in an unilateral con-
trolled cortical impact (CCI) model of TBI (Pike et al.,
1998). This may reflect a more prominent role of onco-
sis than apoptosis in the cortex in our CCI model.

all-spectrin breakdown products (SBDP) have been
used as an indicator of calpain activity in models of TBI
(Newcomb et al., 1997) and ischemia (Saido et al., 1993;
Roberts-Lewis et al.,, 1994; Bartus et al., 1998) In our
laboratory, levels of SBDP have recently been found to
increase in rat CSF after experimental controlled cortical
impact TBI (Pike et al., 2001) and middle cerebral artery
occlusion (Pike et al., 2004). In this study we extend this
work by systematically comparing CSF SBDP to their
counterpart in injured cortex, to injury magnitude, to CSF
tau and S1004 and to lesion volume (accessed by MRI).
This study subjects a marker of CNS injury to rigorous
preclinical examination. Based on the data we have ob-
tained, we propose that CSF SBDP levels are a promis-
ing biomarker of injury and further study is warranted in
clinical TBIL.
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MATERIALS AND METHODS

Animals

Three groups of adult male (280-300 g) Sprague-Daw-
ley rats (Harlan; Indianapolis, IN) were used. For study
1, CSF was withdrawn from one group of 90 rats that
were sacrificed 2, 6, and 24 h after TBI. At each time
point of 2, 6, and 24 h, 9 rats received mild (1.0 mm of
cortical deformation) injury, 9 rats received severe (1.6
mm of cortical deformation) injury, 8 rats received a cran-
iotomy but no cortical deformation and 4 rats remained
naive (no craniotomy or cortical deformation). For study
2, a second group of rats were sequentially scanned by
MRI, subjected to CSF withdrawal, and were sacrificed
at 24 h following TBI. Of the second group, 9 rats each
received severe (1.6 mm) injury, mild (1.0 mm) injury or
craniotomy surgery and 8 rats remained naive. One rat
with severe injury was removed from the study because
the CSF sample contained blood that could potentially
dilute out the concentration of the marker in the CSF and
introduce blood-born markers. For study 3, 35 rats were
administered a rotarod test on days 1-5 after TBI and
scanned by MRI at 24 h and 28 days after TBI. Of the
third group of rats, 10 rats each received severe (1.6 mm)
injury, mild (1.0 mm) injury or a craniotomy, and 5 rats
remained naive.

Surgical Preparation and Controlled Cortical
Impact Traumatic Brain Injury

As previously described (Dixon et al., 1991; Pike et
al., 2001), a cortical impact injury device was used to
produce TBI. Adult male rats were initially anesthetized
with 4% isoflurane in a carrier gas of 1:1 Q2/N> (4 min)
followed by maintenance anesthesia of 2.5% isoflurane
in the same carrier gas. Core body temperature was main-
tained at 37 * 1°C by placing an adjustable temperature
controlled heating pad beneath the rats. Animals were
mounted in a stereotactic frame in a prone position and
secured by ear and incisor bars. A midline cranial inci-
sion was made, the soft tissues were reflected and a uni-
lateral (ipsilateral to site of impact) craniotomy (7 mm
diameter) was performed adjacent to the central suture,
midway between bregma and lambda. The dura mater
was Kept intact over the cortex. Brain trauma in rats was
produced by impacting the right cortex (ipsilateral cor-
tex) with a 5 mm diameter aluminum impactor tip
(housed in a pneumatic cylinder) at a velocity of 3.5
m/sec with a 150-msec dwell time (compression dura-
tion). Compression depth was set at 1.0 mm (mild), or
1.6 mm (severe). Velocity was controlled by adjusting
the pressure (compressed Nj) supplied to the pneumatic
cylinder. Velocity and dwell time were measured by a

linear velocity displacement transducer (Lucas Shae-
vitz™ model 500 HR; Detroit, MI) that produces an ana-
logue signal by a storage-trace oscilloscope (BK Preci-
sion, model 2522B; Placentia, CA). Animals underwent
identical craniotomy procedures but did not receive cor-
tical compression. Naive rats did not undergo surgery or
injury. Appropriate pre- and post-injury management was
maintained to insure that all guidelines set forth by the
University of Florida Institutional Animal Care and Use
Committee and the National Institutes of Health guide-
lines detailed in the Guide for the Care and Use of Lab-
oratory Animals were complied with.

CSF Withdrawal

Under anesthesia, the rat was secured in the same
stereotactic frame as used in surgery. The neck was flexed
to optimize exposure of the atlanto-occipital space. A
mid-line incision was made over the superficial cervical
muscles. A 25-gauge needle attached to polyethylene tub-
ing was inserted into the atlanto-occipital space and CSF
was gently withdrawn. CSF was immediately spun at
9,000g for 5 min at 4°C to remove any red blood cells
from the cortical impact or from the tap. CSF was frozen
at —80°C until examined.

Tissue Lysis

Cortical tissues were collected from naive animals or
at 2, 6, and 24 h after craniotomy or TBIL. At the appro-
priate post-injury time-points, the animals were anes-
thetized with 4% isoflurane in a carrier gas of 1:1 O+/N>O
(4 min) and subsequently sacrificed by decapitation. Ip-
silateral (to the impact site) cortex samples were rapidly
dissected and snap-frozen in liquid nitrogen. Tissue sam-
ples were stored at —80°C until further processing.
Frozen samples were thawed and homogenized in a glass
tube with a Teflon dounce pestle in 15 volumes of ice-
cold detergent-free buffer (50 mM Tris-HCI, pH 7.4, 1
mM EDTA, 2 mM EGTA, 0.33 M sucrose, | mM DTT)
containing a broad-range protease inhibitor cocktail
(Roche Molecular Biochemicals, no. 1-836-145) and son-
icated. Homogenized samples were then centrifuged at
9000g for 5 min at 4°C. The supernatant was stored at
—80°C until immunoblot analysis.

Immunoblotting

Prior to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), protein content was as-
sayed by the Micro BCA method (Pierce, Rockford, IL)
using albumin standards. For each sample, 40 pg of pro-
tein from cortical tissue or 40 ug of protein from CSF
samples were added to 2 X loading buffer containing 0.2
M Tris (pH 6.8), 400 mM 2-mercapto-ethanol, 8% SDS,
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0.04% Bromophenol Blue, and 40% glycerol. The
amount of protein for CSF samples was optimized to
identify SBDP after both mild (1.0 mm) and severe (1.6
mm) injury. The optimal amount of protein to see the
145/150 band after mild injury resulted in an amount of
protein after severe (1.6 mm) injury that sometimes
would make the 145 and 150 bands indistinguishable,
Semi-quantitation by densitometry was used to evaluate
the 145-150-kDa band together thus the blurring of the
145/150 band was not a problem. The 145-150-kDa spec-
trin breakdown product represents primarily calpain ini-
tiated cleavage of spectrin in our model. Consistent with
a previous report that CCI in our laboratory does not pro-
duce prominent caspase-3 levels (Pike et al., 1998), cas-
pase-3-mediated SBDP 120 was inconsistent after severe
(1.6 mm) injury and absent after mild (1.0 mm) injury
and was not analyzed in this set of experiments. Semi-
quantitation by densitometry evaluated both the 145-150-
kDa band together thus the blurring was not a problem.
Samples were heated at 96°C for 10 min and then cen-
trifuged for 1 min at 10,000g. Samples were resolved in
a vertical electrophoresis chamber for 70 min at 150 V.
A 6.5% percent stacking acrylamide gel or a 4-20% Tris-
Glycine gel (Invitrogen Life Technologies, Carlsbad,
CA) were used. Separated proteins were either laterally
transferred as a wet transfer to a nitrocellulose membrane
(0.45 uM) using a transfer buffer consisting of glycine
(192 mM) and tris (25 mM), (pH 8.3) with 10% methanol
at a constant voltage of 100V for 70 min at 4°C or were
horizontally transferred as a semi-dry transfer to an Im-
mobilon-P polyvinylidene fluoride (PVDF) membrane
(Millipore, Bedford, MA) using 39 mM glycine, 48 mM
Tris, and 5% methanol at 20 V for 2 h at room temper-
ature. All gels were stained with coomassie blue to con-
firm equal loading of protein on the gel. Selected blots
were also stained with Panceau red (Sigma, St. Louis,
MO) to confirm transfer and that equal amounts of pro-
tein were loaded in each lane. Blots were blocked for one
hour in 5% non-fat milk in TBST (20 mM Tris, 0.15 M
NaCl, and 0.005% Tween-20). Following overnight in-
cubation with the primary antibody, anti-a-spectrin mono-
clonal antibody (1:10,000 dilution for cortex and 1:5,000
dilution for CSF; Affiniti Research Products, UK) and
1% non-fat milk/TBST at 4°C temperature, the blots were
incubated with goat anti-mouse secondary antibody
(1:1000 for cortex and 1:5000 for CSF; Biorad) and 3%
non-fat milk/TBST for 1 h. Blots were then washed for
I h in TBST. Enhanced chemiluminescence reagents
(ECL and ECL-Plus, Amersham) were used to visualize
immunolabeling of cortical tissue and CSF, respectively,
and developed on Kodak BioMax Light Film (Kodak).
Semi-quantitative evaluation of protein levels was con-
ducting using computer-assisted one-dimensional densit-

ometric scanning (Imagel, version 1.29, NIH). Data were
acquired as integrated densitometric values from simi-
larly exposed films.

ELISA

CSF S1008 levels were measured using a rat specific
ELISA kit, Nexus D™ Rat S100 Test Kit from SynX
(Toronto, Ontario, Canada) and CSF tau was measured
using a kit,Innotest™ hTau Antigen from Innogenetics,
[nc. (Alpharetta, GA). The sensitivities of the S1008 and
tau ELISA kits were 0.02 ng/mL and 75 pg/mL, respec-
tively.

T2-Weighted Magnetic Resonance Imaging

Animals were scanned in the Advanced Magnetic Res-
onance Imaging and Spectroscopy (AMRIS) facility lo-
cated in the McKnight Brain Institute of the University
of Florida. Animals undergoing these imaging sessions
were anesthetized using isoflurane (maintenance anes-
thesia of 1.5-2.5% isoflurane in 1 L/min 100% O, con-
tinuously delivered via a nose cone). Ophthalmic lubri-
cant was used to prevent drying of the eyes during
anesthesia. Anesthetized rats were placed on a custom
Plexiglas cradle constructed to support the rat comfort-
ably in the supine position. Oxygen saturation was mon-
itored using a pulse oxymeter positioned on the left hind
limb. Body temperature was monitored using a rectal
flouroptic probe and maintained using warm air. A 4.7-
Tesla magnet (Oxford Instruments) and Bruker Avance
Console (Bruker, Germany) and a custom built 3.3-cm
(inner diameter) quadrature birdcage coil were used for
all image acquisitions. T2-weighted images were ac-
quired at 24 h and 28 days after TBI. Twelve contiguous
1.25-mm coronal slices were acquired with the follow-
ing parameters: a field of view = 3.6 X 3.6 cm?, repeti-
tion time (TR) = 2.1 seconds, echo time (TE) = 81 msec,
matrix = 256 X 256 points per dimension (140 pum in
plane). Areas of hypo-intensity on MRI were associated
with hemorrhage or mechanical disruption and areas of
hyper-intensity were associated with edema (Albensi et
al., 2000). Lesion size was drawn using ParaVision Im-
age Analysis tools (Bruker, Germany) similar to the
methodology in (Neumann-Haefelin et al., 2000). The
area of each lesion in each coronal slice was multiplied
by the slice thickness and then added to calculate the to-
tal lesion size.

Neurological Functional Evaluation

Motor behavior was assessed in the sub-acute period
after TBI by a blinded observer using a Rota-rod (Ugo
Basile, Comerio, Italy; Hamm et al., 1994). Rats were
placed on a Rota-rod, a rotating rod, which was set to
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slowly accelerate from 4 to 40 rpm within 5 min. The
Rota-rod requires the rat to walk as the revolving rod ac-
celerates and maintain balance. The trial lasted until the
rat fell off and tripped a plate that recorded the time or
until the rat had stayed on the rod for 300 sec was reached.
Rats underwent conditioning of two trials a day for three
days prior to TBI1. After TBI, the rats were tested for two
trials a day on days 1-5. The average of the latency in
seconds of the two trials was recorded.

Statistical Analysis

Means and standard errors of the means were calcu-
lated from individual rat densitometric values of the
145-150-kDa SBDP combined as one value. Two-way
ANOVA was used to examine main effects and interac-
tion effects of time and injury magnitude. One-way
ANOVA with contrast to do pair-wise comparisons was
used to determine significance between levels of SBDP
and between lesion sizes of the corresponding experi-
mental groups. Regression analysis was performed with
lesion size as the outcome variable and CSF markers
(SBDP, tau, S1004d) as the predictor variable. Pearson
correlations were calculated and tested using the asymp-
totic Z-test. Correlations were calculated in the individ-
ual animal between CSF SBDP levels and lesion size.
The analysis of the correlations included animals in all
groups (naive, craniotomy, 1.0 mm and 1.6 mm injury)
unless stated otherwise. Repeated measures ANOVA (4
groups X 5 time points) were performed to determine in-
dividual group differences over the five time points on
the Rota-rod test.

RESULTS

Injury Magnitude Is Associated with Increased
Levels of SBDP in the Cortex and CSF after TBI

SBDP were measured by Western blot from the CSF
and ipsilateral cortex (IC) at 2, 6, and 24 h after two mag-
nitudes of TBI. Naive rats and rats that had undergone
a craniotomy served as controls for this study. The two
response variables, SBDP in the CSF and SBDP in the
IC were analyzed via ANOVA with terms for injury
magnitude, time, and the interaction of time and injury
magnitude.

The results indicated there was no interaction effect
(p = 0.88) or time effect (p = 0.12) on IC SBDP levels.
The analysis also indicated that injury magnitude signif-
icantly increased the level of cortical SBDP (p =
0.0001). Mean levels of IC SBDP after severe (1.6 mm)
injury were significantly higher than the mean levels of

IC SBDP after mild (1.0 mm) injury (p < 0.05). Mean
levels of IC SBDP after both severe (1.6 mm) and mild
(1.0 mm) injury were significantly greater than mean lev-
els of SBDP after craniotomy or in naive controls (p <
0.0001). Mean levels of IC SBDP did not differ between
naive and after craniotomy. Representative gels show that
levels of SBDP increased with injury magnitude in the

ipsilateral cortex and the CSF (Fig. 1A). Levels of SBDP (— F'l

(both 145 and 150 kDa are densitometrically quantified
together) were highest after 1.6-mm injury in the IC and
CSF at all time points (Fig. [B).

After severe (1.6 mm) injury, the mean levels of IC
SBDP were 1164 *= 89, 1359 *= 141, and 135.6 +
17.7 and after mild (1.0 mm) injury, the mean levels of
IC SBDP reached 78.1 = 9.9, 110.1 * 19.4, and 102.8 =
17.2 at 2, 6, and 24 h, respectively. After craniotomy, the
mean levels of IC SBDP reached 22.6 = 9.1, 409 £
182, and 11.8 = 4.6 at 2, 6, and 24 h, respectively. In
naive rats, the mean levels of IC SBDP were 4.4 = 1.6,
154 7.0, and 4.4 = 6.5 at 2, 6, and 24 h, respectively.

There was no interaction effect (p = 0.39) or time ef-
fect (p = 0.13) on CSF SBDP levels. The analysis also
indicated that injury magnitude significantly increased
the levels of CSF SBDP (p = 0.0001). Mean levels of
CSF SBDP after severe (1.6 mm) injury were signifi-
cantly higher than the mean levels of CSF SBDP after
mild (1.0 mm) injury (p = 0.0001). Mean levels of CSF
SBDP after both severe (1.6 mm) and mild (1.0 mm) in-
jury were significantly greater than mean levels of CSF
SBDP after craniotomy or in naive controls (p < 0.0001).
Mean levels of CSF SBDP did not differ between naive
and after craniotomy.

After 1.6 mm injury, the mean levels of CSF SBDP
were 1534 = 11.3, 1144 *= 19.1, and 91.2 £ 23.8 and
after 1.0 mm injury, the mean CSF SBDP were 82.2 &
17.3,71.4 = 17.3, and 64.3 £ 17.2 at 2, 6, and 24 h, re-
spectively. After craniotomy, the mean levels of CSF
SBDP reached 7.8 *= 2.7, 19.1 = 6.0, and 10.3 £ 5.3 at
2, 6, and 24 h, respectively. In naive rats, the mean lev-
els of CSF SBDP were 1.0 = 0.7, 5.7 + 3.4, and 3.0 *=
1.4 at 2, 6, and 24 h, respectively.

The Relationship of CSF SBDP Levels with
Lesion Size at 24 h Post-Injury

CSF extraction to measure SBDP and T2-weighted
imaging to measure lesion size was performed in the same
groups of rats at 24 h after TBL. Representative T2-
weighted images of a naive rat and a rat 24 h after cra-
niotomy, mild (1.0 mm) injury and severe (1.6 mm) in-

jury are shown in Figure 2A. Severe (1.6 mm) injury (I

resulted in disruption of normal architecture and swelling
of the ipsilateral cortex (arrow in Fig. 2A). Less disrup-

1447



SBDP in the IC after TBI SBDP in the CSF after TBI
Naive Sham 1.0mm 1.6 mm Naive Sham 1.0mm 1.6 mm
T N -l S
- 'n-;_-,—_,._p--m-_@dsomsma-g - —_——— -

e p <0.0001 OBk p <0.0001
__ 1804 § =
£ g 180
§ *k —a-1.6mm § t1** g 16mm
o E 1 a £ 120 10
82 100 s ok —=tomm
wg | —3— Sham- % 3 8o+ ek _-K_Sha[ll-
o 3 craniolomy %i
§ e —#— Naive O~ —A— Maive
i g “
204 s R
0 . : 4 T 0 : . —
NAIVE 2hr 6hr  24hr NAIVE 2hr  6hr 24 hr

FIG. 1. Injury magnitude increases levels of SBDP in the ipsilateral cortex (IC) and CSF. (A) A representative Western blot
of all-spectrin and SBDP in the IC (left) and CSF (right) at 24 and 2 h, respectively, after TBI. Samples were collected after se-
vere (1.6 mm) injury, mild (1.0 mm) injury, sham-craniotomy or from naive rats. Higher levels of SBDP are seen after severe
(1.6 mm) injury than after mild (1.0) injury. Minimal SBDP is seen in the IC or CSF of naive rats or after sham-craniotomy in
rats. (B) SBDP levels (145-150-kDa fragments) in the IC (left panel) and CSF (right panel) after sham-craniotomy, mild (1.0
mm) injury and severe (1.6 mm) injury at 2, 6, and 24 h were quantified using computer-assisted densitometric analysis (Imagel,
version 1.29X, NIH, USA). Values from naive animals were averaged as a separate time point. At each time point of 2, 6, and
24 h, 9 rats received severe (1.6 mm) injury, 9 rats received mild (1.0 mm) injury, 8 rats received a sham-cra-niotomy and 4 rats
remained naive. An ANOVA was performed followed by contrast with pair-wise comparisons. Data is presented as the mean
plus standard error. Standard error bars on the shams are present but not easily visable. Injury magnitude significantly increased
mean levels of IC and CSF SBDP over time (p < 0.0001). Mean levels of SBDP after severe (1.6 mm) injury were significantly
higher from the mean levels of SBDP after mild (1.0 mm) injury (**p = 0.0001 and *p < 0.05, respectively, for CSF and IC lev-
els of SBDP). Mean levels of IC and CSF SBDP after both severe (1.6 mm) and mild (1.0 mm) injury were significantly greater
than mean levels of SBDP after sham-craniotomy or in naive controls (*#*p < 0.0001). Mean levels of CSF and IC SBDP did not
differ between naive and sham.

L

FIG. 2. Lesion size on T2 weighted images increases with injury magnitude 24 h after TBI. (A) Representative serial T2-
weighted magnetic resonance images of a naive rat and a rat 24 h after sham-craniotomy, mild (1.0 mm) and severe (1.6 mm)
injury are shown. Twelve contiguous coronal 1.25 mm slices were acquired with the following parameters: a field of view =
3.6 % 3.6 cm?, repetition time (TR) = 2100 sec, echo time (TE) = 81 msec, matrix = 256 X 256 points per dimension (140 pm
in plane). Four of the 12 coronal slices for each rat are shown. Severe (1.6 mm) injury resulted in disruption of normal archi-
tecture and swelling of the ipsilateral cortex (arrow). Less disruption of normal architecture is noted after mild (1.0 mm) injury
(arrowhead). Sham-craniotomy resulted in varying amounts of hyper-intensity in the ipsilateral cortex (arrowhead). (B) Lesion
size was drawn using ParaVision Image Analysis tools (Bruker, Germany) similar to the methodology in (Neumann-Haefelin et
al., 2000). The area of each lesion in each coronal slice was multiplied by the slice thickness and then added to calculate the to-
tal lesion size. One-way ANOVA with contrast to do pair-wise comparisons was used to determine difference between lesion
sizes of the treatment groups. Nine rats each received severe (1.6 mm) injury, mild (1.0 mm) injury or sham surgery and 8 rats
remained naive. The lesion after severe (1.6 mm) injury is significantly greater than the lesion size after mild (1.0 mm) injury
(*p = 0.001) and both are significantly greater than after sham-craniotomy ("p = 0.001) or naive animals (**p = 0.001) Sham
injury is greater than the absense of a lesion in naive animals (*p < 0.05).
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tion of normal architecture is noted after mild (1.0 mm) cm? *+ 0.00058 after craniotomy, 0.100 cm® = 0.010 af-
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between both injury groups and after craniotomy (p =
0.001; Fig. 2B). Mean levels of CSF SBDP significantly
correlated with lesion size (r = 0.833, p < 0.0001) when
including all 4 groups (1.6 mm and 1.0 mm injury, cra-

\::-)'niotomy. and naive rats) (Fig. 3A). This correlation was

not significant if craniotomy and sham rats were not con-
sidered in the analysis. To explore the ability of SBDP
to predict lesion size, a regression analysis was run with
lesion size as the outcome variable and CSF SBDP as the
predictor variable from individual rats from all 4 groups.
The regression weight for CSF SBDP was estimated to
be 1059.86, and the parameter estimate of the intercept
was 10.707. The regression analysis revealed CSF SBDP
contributed significantly to predicting lesion volume
(p < 0.0001).

Levels of CSF tau significantly correlated with lesion
size (r = 0.693, p < 0.0001) (Fig. 3B) as levels of CSF
S1008 did not (r = 0.188) (Fig. 3C). The regression

weight for CSF tau was estimated to be 0.00001258, and
the parameter estimate of the intercept was 0.03485. CSF
levels of tau significantly contributed to the prediction of
lesion volume (p < 0.0001). Neither CSF tau or CSF
S1008 were correlated if just the 1.6-mm and 1.0-mm in-
jured rats were used for analysis.

A regression analysis was performed to determine
which marker or combination of markers (SBDP, tau
and S1008) best predicted lesion size. A full regres-
sion model indicated the only significant variable was
SBDP (p < 0.0001). S1008 was climinated from the
model and the regression re-run looking at SBDP and
tau as predictors of lesion size. CSF SBDP was again
the only significant predictor of lesion size (p < 0.0001).
CSF SBDP and CSF tau are significantly correlated
(r =0.750, p < 0.0001) and CSF SBDP has a higher
correlation with CSF tau than CSF tau’s correlation with
lesion size.
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FIG. 3. The relationship of levels of CSF SBDP and tau with lesion size 24 h after TBL. Regression analysis was performed
with lesion size as the out-come variable and levels of CSF markers (SBDP, tau, S1008) 24 h after TBI as the predictor vari-
able. (A) Levels of CSF SBDP correlate with lesion size after TBI (r = 0.83, p = 0.0001). A linear regression equation showed
that CSF SBDP significantly contributed to prediction of lesion size (p = 0.0001). (B) Levels of CSF tau correlate with lesion
size after TBI (r = 0.690. p << 0.001). A linear regression equation showed that CSF tau significantly contributed to prediction
of lesion size (p = 0.0001). The correlation with CSF SBDP and tau was not significant if craniotomy and sham rats were not
considered in the analysis. (C) Levels of CSF S1008 did not correlate with lesion size (r = 0.188). W, rats after 1.6 mm injury;
4, rats after 1.0 mm injury, *, rats after sham-craniotomy; A\, naive rats.
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Injury Magnitude Is Associated with Decreased
Performance on the Rota-Rod Test and Increased
Lesion Size

Because CSF SBDP correlated with lesion size at 24
hours, we looked at the relationship between lesion size
and motor performance. Motor performance was assessed
in the same (study 3) rats that lesion size was measured

F4 k)nl 24 h and 28 days (Fig. 4A). Similar to 24 h, at 28 days

lesion size varied with injury magnitude. Lesion size at
24 h in the individual animal was significantly correlated
with lesion size at 28 days (r = 0.881, p < 0.0001). As-
sessment of Rota-rod performance prior to treatment re-
vealed no significant differences between groups. Injury
magnitude had a significant effect on Rota-rod perfor-
mance (p < 0.0001). Mean Rota-rod scores were signif-
icantly lower after 1.6-mm injury at all time points (1-3
days after TBI) compared to mild (1.0 mm) injury, cra-
niotomy, or naive rats (p = 0.05). After 1.0-mm injury,
mean Rota-rod scores were significantly lower than in
naive rats (p < 0.01) and showed a trend toward being
lower than after craniotomy (Fig. 4A). Naive rats aver-
aged close to a perfect score of 300 sec at all time points.
Naive rats had significantly higher scores than rats after
craniotomy (p < 0.05). Furthermore, larger lesion sizes
were associated with decreased performance on the Rota-
rod (Fig. 4B). In the individual rat, the average of the 5
days of Rota-rod scores correlated negatively with lesion
size at 24 h (r = —0.708; p < 0.0001).

DISCUSSION

This paper examined the relationship between IC and
CSF levels of SBDP and injury magnitude and outcome
measures. The results show that SBDP levels in both CSF
and IC SBDP increase with injury magnitude. Although
both IC and CSF levels of SBDP increased, they did not
parallel each other. Levels of CSF SBDP peaked at 2 h
and decreased over time, while IC levels of SBDP slowly
increased over the first 6 h after TBIL. The correlation be-
tween lesion size and CSF levels of SBDP supported CSF
SBDP as an indicator of injury. Correlational analysis of
relationships between lesion size and CSF levels of SBDP
indicated that CSF SBDP is a reliable marker of the pres-
ence or absence of injury but failed to be a reliable marker
of injury magnitude. Although both CSF and IC SBDP
levels and lesion size were significantly higher after 1.6-
mm injury than after 1.0-mm injury, the correlation be-
tween CSF SBDP and lesion size was not significant fol-
lowing the removal of the control groups (naive and
craniotomy) from the analysis. Further study is needed
to show if CSF SBDP levels are a useful predictor of out-
come such as lesion size.

Factors that affect brain derived protein levels in the
CSF after injury have not been extensively explored and
are likely to affect the variability of CSF SBDP levels
and correlations with CSF SBDP. Petzold et al. (2003)
suggest the main determinants of brain tissue proteins in
the CSF are the extent of the primary lesion, the total
pathological severity causing imbalance of brain home-
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FIG. 4. Performance on the Rota-rod test decreases with in-
creased injury magnitude and lesion size. (A) Rats were placed
on a rotating rod, which slowly accelerated from 4 o 40 rpm
within 5 min on days 1-5 after TBI. The rats were tested for
two trials a day and the average of the latency in seconds of
the two trials was recorded. Repeated measures ANOVA (4
groups X 5 time points) were performed to determine individ-
ual group differences over the five time points on the Rota-rod
test. Of the third group of rats, 10 rats each received severe (1.6
mm) injury, mild (1.0 mm) injury or sham surgery and 5 rats
remained naive. Data is presented as the mean * SE. Injury
magnitude significantly effected rotarod performance (p <
0.0001). Severely (1.6 mm) injured rats performed significantly
worse on days 1-5 after TBI on the Rota-rod test than mildly
(1.0 mm) injured rats or the sham-craniotomy group (p < 0.05
and p < 0.01, respectively). Both severe and mild injured
groups performed significantly worse than the naive rats (p <
0.01). (B) Rotarod scores were averaged for the 5 days of test-
ing for each individual rat. The average performance on the
Rota-rod test was negatively correlated with lesion size at 24 h
after TBI in the individual rat (r = —0.708; p < 0.0001). H,
rats after 1.6 mm injury; 4, rats after 1.0 mm injury, ¥, rats
after sham-craniotomy; /A, naive rats.
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ostasis, and the onset and duration of the brain injury.
The CCI model that we have used in these studies has
some inherent variability in impact force that affects le-
sion size, lesion severity and the location of pathology.
Injured cells in the subarachnoid space can directly re-
lease protein into the CSF while protein from cells in the
parenchyma must be transported to the CSF by flow of
interstitial fluid or edema (Hans et al., 1999). The molec-
ular flux/CSF flow theory suggests that changes in dif-
fusion across the blood-brain and brain-CSF barriers are
primarily predicated on CSF flow (Reiber and Peter,
2001; Reiber, 2003). If CSF flow rate is decreased after
injury, then ventricular concentration of brain derived
proteins is increased (Reiber, 2003). Variation of lesion
impact might also cause variation in CSF flow rate and
in the distance of brain-derived proteins from the CSF.
As more is learned about factors effecting CSF levels of
brain-derived proteins, the ability of CSF SBDP and other
biomarkers to predict outcome may improve.

Hans et al. (1999) conducted one of the first studies to
rigorously analyze a potential biomarker examining dis-
tribution and upregulation of mRNA and protein levels
of IL-6 in tissue, and bioactivity of IL-6 in CSF and serum
in a model of TBI. Similar to previous work in our lab
examining mRNA of calpain-1 and calpain-2 (Ringger et
al., 2004), IL-6 mRNA was upregulated after injury. Sim-
ilar to our study, CSF levels of IL-6 peaked within 2-4
h after injury (Hans et al., 1999). IL-6 protein as seen on
immunohistochemistry increased by 1 hour and persisted
for 24 h, similar to the increase in IC SBDP on western
blots at 2, 6, and 24 h after TBI. Hans et al. (1999) sug-
gested that the increased tissue protein immunoreactivity
reflected the increased IL-6 activity in the CSF. CSF lev-
els of IL-6 were higher than serum levels between 2 and
8 h after injury. The CSF levels of IL-6 appear higher
within 8 h of injury than in the CSF of sham animals,
however the paper did not address this important ques-
tion statistically.

Increased levels of calcium after TBI have been ob-
served in several models (Fineman et al., 1993; Nadler
et al., 1995; Verweij et al., 1997; Xiong et al., 1997). Af-
ter TBI, calcium initiates a cytotoxic cascade of proteases
including calpain which breaks down the cytoskeletal
protein, spectrin. Higher levels of injury magnitude in-
creased mRNA levels of calpain-1 and calpain-2 in the
injured cortex and hippocampus (Ringger et al., 2004).
Similar to our study, varying injury magnitude by depth
or by velocity of impact, significantly effected lesion size
(Goodman et al., 1994). Injury magnitude also signifi-
cantly increased peak intracranial pressure and hip-
pocampal neuron loss in similar models of TBI (Cherian
et al., 1994; Goodman et al., 1994). Temporal increases
in intracellular calcium were correlated with injury mag-

nitude after lateral fluid percussion model of TBI in rats
(Fineman et al., 1993). The corresponding increase in cal-
cium after more severe TBI in the Fineman study may
explain the association between injury magnitude and
SBDP levels in the IC and CSF in our study.

In the acute time period following TBI, both CSF and
IC SBDP significantly increased with injury magnitude.
Calpain-mediated SBDP have been extensively exam-
ined and shown to increase in in vivo and in vitro mod-
els of neuronal injury (Bartus et al., 1995; Nath et al.,
1996; Saatman et al., 1996a; Newcomb et al., 1997). Re-
cently, it has been shown that CSF SBDP increased in
models of TBI (Pike et al., 2001) and ischemia (Pike et
al., 2004). The increased levels of SBDP150/145 are pri-
marily associated with calpain activation in our CCI
model. Although caspase-3 may also cleave spectrin to
SBPDI50, similar to prior work in our laboratory (Pike
et al., 1998), the caspase-3 signature SBDP120 was not
significant in our CCI model, suggesting a much less rel-
evant role of caspase-3 in the production of SBDP in this
model. Calpain inhibitors have been neuroprotective in
models of TBI (Saatman et al., 1996a.b; Buki et al.,
2003), ischemia (Bartus et al., 1994; Hong et al., 1994;
Markgraf et al., 1998), and spinal cord injury (Banik et
al., 1998). The ability of CSF levels of SBDP to reflect
increased IC SBDP levels after acute neuronal injury may
provide a therapeutic target for treatment of TBI and an
effective way to monitor treatment of TBI if CSF is avail-
able.

CSF cleaved tau levels were significant predictors of
outcome measures (intracranial pressure and GOS at dis-
charge; Zemlan et al., 2002) supporting the finding of a
significant correlation between CSF tau and lesion size
in our study. On the other hand, Franz et al. (2003)
showed that CSF levels of total tau did not correlate with
injury severity (initial GCS) nor with outcome (GOS).
The wide range of tau levels in that study was thought
to be due to distance of the white matter lesion from the
ventricles. Lesion variability is less in a model of CCI
than in a clinical study of TBI.

An advantage of a serum biomarker is that it can be
measured by less invasive methods than CSF biomark-
ers. The disadvantage of serum markers is that mea-
surable serum levels of brain tissue proteins must cross
the blood-brain and the CSF-blood barriers. Use of
serum tau as a biomarker has produced conflicting re-
sults. Initial examination of serum cleaved tau indicated
that the presence of serum cleaved tau increased the odds
of the presence of an intracranial injury and a greater
chance of a poor out-come (Shaw et al., 2002). Later
work indicated serum cleaved tau levels did not cor-
relate with outcome measures (Chatfield et al., 2002).
After acute stroke, total tau increased in the CSF (Hesse
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et al., 2001) and serum (Bitsch et al., 2002), and serum
tau levels correlated to lesion size and severity. Serum
tau levels, however, increased in less than 50% of
stroke patients during the first 5 days after stroke (Bitsch
et al., 2002).

Analysis of S1008 has primarily been from the serum
in clinical studies. Two clinical studies of serum levels
of S1008 revealed a correlation with contusion volume
(Raabe et al., 1998; Herrmann et al., 2000), while in
a study of mild TBI, serum S1008 levels did not corre-
late with MRI or CT scans (Herrmann et al., 1999).
S1008 may be released from damaged glial cells, and
this variable may not change consistently with lesion
volume.

Importantly in multi-trauma patients without head in-
juries, S1008 reached high serum levels after bone frac-
tures and thoracic contusion and also increased after
burns and minor bruising (Anderson et al., 2001). Nu-
merous studies examined the use of S1008 to mark cere-
bral damage after cardio-pulmonary bypass surgery (Ali
et al., 2000), but S1008 was found to be released from
the mediastinum of cardiopulmonary bypass patients
(Anderson et al., 2001). After stroke, higher serum S1008
levels were associated with larger infarcts and more se-
vere neuropsychological deficits (Aurell et al., 1991;
Abraha et al., 1997; Buttner et al., 1997). Yet despite
these promising correlations, Hill et al. (2000) found only
329 of stroke patients had elevated serum S1008 on ad-
mission similar to serum tau levels (Bitsch et al., 2002).
Early identification of stroke is necessary for optimal
treatment within three hours.

The utility of SBDP as a serum marker has not been
examined in clinical cases or models of stroke or TBI to
the author’s knowledge. Our study did not examine serum
SBDP levels but further work will be important to es-
tablish if SBDP crosses the blood-brain and blood—CSF
barrier and reflects SBDP levels in the CSF and brain.
all-spectrin is not found in red blood cells (Pike et al.,
2001) although it is found in very low levels in other or-
gans systems (Pike, Flint, Wang, and Hayes, unpublished
data). The utility of SBDP as a marker would also ben-
efit from knowledge of serum levels of SBDP in multi-
trauma patients without head injuries and acutely after
stroke.

Changes in high resolution MRI have been shown to
correlate well with histology in a lateral fluid percussion
model (Albensi et al., 2000) and a closed head injury
model (Assaf et al., 1997) of TBI. Areas of hypo-inten-
sity on MRI were associated with hemorrhage or me-
chanical disruption and areas of hyper-intensity were as-
sociated with edema (Albensi et al., 2000). At 24 h after
rats underwent craniotomy, varying amounts of hyper-in-
tensity were noted, most likely due to edema associated

with the changes in cranial pressures. In the closed head
injury model, areas of hyper-intensity decreased between
2 and 7 days after TBI likely representing resolution of
edema (Assaf et al., 1997). Similarly in our study, the
overall size of the lesion decreased between 24 h and 28
days, although a significant correlation was maintained
between lesion size in individual rats at the two time
points.

This study examined in vive lesion size and the corre-
lation to neuromotor function. Higher levels of injury
magnitude significantly increased lesion size and de-
creased motor performance. In a stroke model, lesion size
from T2-weighted images at 2 and 7 days after ischemia
was significantly correlated with an average of individ-
ual neurological score (Palmer et al., 2001). Similarly in
our study, the larger the lesion size, the worse the per-
formance on the motor function test. Because lesion size
at 24 h was highly correlated with lesion size at 28 days
and significantly negatively correlated with motor per-
formance, it is suggestive that acute levels of SBDP might
correlate with both acute motor performance and chronic
lesion size. Because withdrawal of CSF is a terminal pro-
cedure in our laboratory at this time, the correlation is
only speculative.

In conclusion, the results of this study show that lev-
els of SBDP in the IC and CSF are significantly higher
after 1.6-mm injury than after 1.0-mm injury paralleling
the significant difference in lesion size. We further
showed that 24 hours after TBI, increased levels of CSF
SBDP indicate the presence of a lesion. These studies
strongly support the further study of CSF SBDP as a
marker of CNS injury, and warrant evaluation of SBDP
as a serum marker. Further examination may elucidate
whether CSF or serum SBDP levels are predictors of out-
come such as lesion size, GOS or neurological dysfunc-
tion. The contribution of this work is a foundation for fu-
ture studies assessing the utility of this marker in human
brain injury.
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Abstract

Preclinical studies have identified numerous neuroprotective drugs that attenuate brain damage
and functional outcome after cerebral ischemia. Despite this success in animal models,
neuroprotective therapies in the clinical setting have been unsuccessful. Identification of
biochemical markers common to preclinical and clinical cerebral ischemia will provide a more
sensitive and objective measure of injury severity and outcome to facilitate clinical management
and treatment. However, there are currently no effective biomarkers available for assessment
of stroke. Non-erythroid «ll-spectrin is a cytoskeletal protein that is cleaved by calpain and
caspase-3 proteases to signature all-spectrin breakdown products (all-SBDPs) after cerebral
ischemia in rodents. This investigation examined accumulation of calpain- and caspase-3-
cleaved all-SBDPs in CSF of rodents subjected to 2 hours of transient focal cerebral ischemia
produced by middle cerebral artery occlusion (MCAO) followed by reperfusion. Following
MCAOQ injury, full-length all-spectrin protein was decreased in brain tissue and increased in CSF
from 24 hours to 72 hours after injury. Calpain- and caspase-3-specific all-SBDPs were also
increased in brain and CSF after injury. Levels of calpain-specific all-SBDPs were greater at
each post-injury time point than levels of caspase-3-specific all-SBDPs. Levels of these
proteins were undetectable in CSF of uninjured control rats. These results indicate that calpain-
and caspase-3-cleaved all-SBDPs in CSF may be useful diagnostic indicators of cerebral
infarction that can provide important information about specific neurochemical events that have
occurred in the brain after acute stroke.

;(e_gwords: calpain, caspase-3, ischemia, stroke, biomarker, fodrin, a-spectrin, cerebrospinal
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Introduction

Acute ischemic stroke is a significant international health concern representing a
potentially catastrophic debilitating medical emergency with poor prognosis for long-term
disability. With the exception of diuretics, supportive measures, and when appropriate,
thrombolytic therapy with recombinant tissue plasminogen activator (tPA), there are currently no
approved drug treatments for ischemic brain injury (Grotta, 2002; Lees, 2002; Broderick and
Hacke, 2002). Although a number of neuroprotective drugs have proven effective in reducing
infarct size or improving functional outcome in preclinical testing, none have proven successful
in clinical trials (Gladstone et al., 2002; Kidwell et al., 2001). Differences between preclinical
and clinical trial outcome with neuroprotective drugs in acute ischemic stroke may be due to a
variety of pitfalls that arise when attempting to extrapolate from animal to human investigations.
These pitfalls may include differences in drug concentration and duration, differences in the
window for therapeutic efficacy, differences in preclinical vs. clinical trial design, and the lack of
standardized and sensitive outcome measures (Gladstone, et al., 2002; STAIR, 1999). For
example, preclinical studies (typically in rodents) have traditionally utilized reduction of acute
infarct volume as the primary measure of treatment efficacy, while clinical trials typically gauge
treatment efficacy based on neurological and/or functional outcome (Gladstone et al., 2002).
One approach to address these discrepancies in outcome measures is for preclinical and
clinical trial designs to use outcome measures that are common to both human acute ischemic
stroke and to preclinical animal models of ischemia. The use of common biochemical markers

may provide such an approach.

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 and
definitive diagnostic tests exist for acute ischemic brain injury. Biomarkers would have

important applications in diagnosis, prognosis, and clinical research of ischemic brain injuries.



Simple and rapid diagnostic tools will immensely facilitate allocation of the major medical
resources required to treat acute ischemic brain injuries. Accurate diagnosis in acute care
environments can significantly enhance decisions about patient management, including
decisions whether to admit or discharge patients or to administer other time consuming and
expensive tests, including computed tomography (CT) and magnetic resonance imaging (MRI)
scans. 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. Finally, biomarkers could provide a
robust and sensitive clinical trial outcome measure that is obtainable more readily and with less
expense than conventional neurological assessments, thereby significantly reducing the risks

and costs of human clinical trials.

Previously reported biomarkers of cerebral ischemia include neuron-specific enolase
(NSE), brain specific creatine kinase enzyme (CPK-BB), S-100B, and inflammatory cytokines
such as IL-6 (Laskowitz et al., 1998). Of these, NSE and S-100B have been the most studied.
After cardiac arrest, NSE elevations in serum and CSF have been correlated with neurological
recovery (Roine et al., 1989; Martens, 1996; Dauberschmidt et al., 1991). Serum and CSF NSE
values are reported to be elevated in rodent models of focal ischemia in proportion to the
eventual infarct volume (Cunningham et al., 1991, 1996; Horn et al., 1995). In clinical trials,
peak serum NSE values also predicted infarct volumes as shown by CT. However, correlating
serum NSE values with functional outcome was less successful (Cunningham et al., 1991,
1996; Missler et al, 1997). S-100B protein has been studied most extensively for
characterization of ischemic injuries after cardiac surgery and several reports have documented
post-operative serum elevations (Sellman et al., 1992; Westaby et al., 1996). However, many of
these reports do not include careful studies of neurological outcome and several investigators

have recently criticized the diagnostic utility of S-1008 during cardiac surgery (Anderson et al.,



2001). Thus, there is clearly a need for development of better biochemical markers for use in

evaluating ischemic brain injury.

Our research efforts to develop biomarkers for traumatic brain injury (TBI) and acute
ischemic brain injury have focused on all-spectrin metabolic products as prototypical
biochemical markers (Pike et al., 2001; Ringger et al., 2002). all-spectrin is the major structural
component of the cortical membrane cytoskeleton and is particularly abundant in axons and
presynaptic terminals (Goodman et al., 1995; Riederer et al., 1986). Importantly, all-spectrin is
a major substrate for both and calpain and caspase-3 cysteine proteases (see Fig. 1), and the
major calpain and caspase-3 cleavage sites of all-spectrin have been well documented (Harris
et al., 1988; Wang et al., 1998). Our laboratory has provided considerable evidence that all-
spectrin is processed by calpains and/or caspase-3 to signature cleavage products in vivo after
TBI (Beer et al., 2000; Newcomb et al., 1997; Pike et al., 1998a, 2001) and in in vitro models of
mechanical stretch injury (Pike et al., 2000), necrotic cell death (Zhao et al., 1999), apoptotic
cell death (Pike et al., 1998b), and oxygen-glucose deprivation (Newcomb-Fernandez et al.,
2001). Calpain and caspase-3 proteases also cleave all-spectrin to signature proteolytic
fragments in the brain in a rodent model of transient forebrain ischemia (Zhang et al., 2002).
Although we have generated considerable laboratory data on the utility of «ll-spectrin
degradation as a biomarker for TBI in rodents (Pike et al., 2001), and more recently with
preliminary data in human TBI patients (d’Avella et al., 2002), the present investigation is the
first to provide evidence that calpain- and caspase-3-mediated all-spectrin breakdown products
(all-SBDPs) can be detected in CSF after ischemic-reperfusion brain injury, and can used as

biochemical markers in a rodent model of transient focal stroke in rats.

Methods
Surgical Procedures and Middle Cerebral Artery Occlusion: A "noninvasive" filament

method of MCAQ occlusion used extensively by our laboratories (Berti et al., 2002; Williams et
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al., 2003) was used to produce cerebral ischemia in rats. The method described by Longa et al.
(1989) and later modified in our laboratory by Britton et al. (1997) consists of blocking blood flow
into the MCA with an intraluminal 3-0 monofilament nylon sterile suture with rounded tip

introduced through an incision in the external carotid artery (ECA).

Under halothane anesthesia (5% halothane via induction chamber followed by 2%
halothane via nose cone), the common carotid artery (CCA) was exposed at the level of external
and internal carotid artery bifurcation with a midline neck incision. The internal carotid artery (ICA)
was followed rostrally to the pterygopalatine branch and the ECA was ligated and cut at its lingual
and maxillary branches. To prevent bleeding during suture insertion, the CCA and ICA were
temporarily clamped with micro-aneurysm clips. The nylon suture was then introduced into the ICA
via an incision on the ECA stump (the path of the suture can be monitored visually through the
vessel wall) and advanced through the carotid canal approximately 20 mm from the carotid
bifurcation until it becomes lodged in the narrowing of the anterior cerebral artery blocking the origin
of the MCA. The skin incision was then closed using sterile autoclips. The endovascular suture
remained in place for 2 hr at which time the rat was briefly re-anesthetized and the suture filament
was retracted to allow reperfusion. For sham MCAO surgeries, the same procedure was followed
but the filament was advanced only 10 mm beyond the internal-external carotid bifurcation and
was left in place until sacrifice. During all surgical procedures, animals were maintained at 37.0°C

by a homeothermic heating blanket (Harvard Apparatus, Holliston, MA).

Following surgery animals were placed in recovery cages with air temperature maintained at
22°C. During the 2 hr ischemia period and the initial 4 hr post-reperfusion period, 75-watt
warming lamps were positioned directly over the top of each cage in order assist in maintaining
normothermic body temperature throughout the experiment. Importantly, at the conclusion of

each experiment, rat brains showing pathological evidence of subarachnoid hemorrhage upon



necropsy were excluded from the study. Also, all rats exhibiting convulsant behaviors at any time
post MCAQO were excluded from the experiment, as well as those animals not showing maximal

neurologic impairment (NS=10, see description below) immediately prior to the 2 hr reperfusion.

Brain Tissue and CSF Collection: Brain (cortex and hippocampus) and CSF was
collected from animals at various intervals after sham-injury or MCAO as previously described
by our laboratory (Pike et al., 2001). At the appropriate time-points, MCAO or shame-injured
animals were anesthetized as described above and secured in a stereotactic frame with the
head allowed to move freely along the longitudinal axis. The head was flexed so that the
external occipital protuberance in the neck was prominent and a dorsal midline incision was
made over the cervical vertebrae and occiput. The atlanto-occipital membrane was exposed by
blunt dissection and a 25G needle attached to polyethylene tubing was carefully lowered into
the cisterna magna. Approximately 0.1 to 0.15 ml of CSF was collected from each rat.
Following CSF collection, animals were removed from the stereotactic frame and immediately
killed by decapitation. Ipsilateral and contralateral (to the site of infarct) cortices were then
rapidly dissected, rinsed in ice cold PBS, and snap frozen in liquid nitrogen. Cortices were
excised to the level of the white matter and extended ~4 mm laterally and ~7 mm rostrocaudally.
CSF samples were centrifuged at 4000 g for 4 min. at 4°C to clear any contaminating
erythrocytes. Cleared CSF and frozen tissue samples were stored at -80°C until ready for use.
Cortices were homogenized in a glass tube with a Teflon dounce pestle in 15 volumes of an ice-
cold triple detergent lysis buffer (20 mM Hepes, 1 mM EDTA, 2 mM EGTA, 150 mM NacCl, 0.1%
SDS, 1.0% IGEPAL 40, 0.5% deoxycholic acid, pH 7.5) containing a broad range protease

inhibitor cocktail (Roche Molecular Biochemicals, cat. #1-836-145).

Immunoblot Analyses of CSF and Cortical Tissues: Protein concentrations of tissue

homogenates and CSF were determined by bicinchoninic acid microprotein assays (Pierce Inc.,



Rockford, IL) with albumin standards. Protein balanced samples were prepared for sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) in twofold loading buffer
containing 0.25 M Tris (pH 6.8), 0.2 M DTT, 8% SDS, 0.02% bromophenol blue, and 20%
glycerol in distilled H,O. Samples were heated for 10 min. at 100°C and centrifuged for 1 min.
at 10,000 rpm in a microcentrifuge at ambient temperature. Twenty micrograms of protein per
lane was routinely resolved by SDS-PAGE on 6.5% Tris/glycine gels for 1 hour at 200 V.
Following electrophoresis, separated proteins were laterally transferred to polyvinylidene
fluoride (PVDF) membranes in a transfer buffer containing 0.192 M glycine and 0.025 M Tris
(pH 8.3) with 10% methanol at a constant voltage of 100 V for 1 hour at 4°C. Blots were
blocked for 1 hour at ambient temperature in 5% nonfat milk in TBS and 0.05% Tween-20.
Panceau Red (Sigma, St. Louis, MO) was used to stain membranes to confirm successful

transfer of protein and to insure that an equal amount of protein was loaded in each lane.

Antibodies and Immunolabeling of PVDF Membranes: Immunoblots containing brain or
CSF protein were probed with an anti-all-spectrin (fodrin) monoclonal antibody (FG 6090 Ab;
clone AAG; cat. # FG 6090; Affiniti Research Products Limited, UK) that detects intact non
erythroid all-spectrin (280 kDa) and 150, 145, and 120 kDa cleavage fragments to all-spectrin.
A cleavage product of 150 kDa is initially produced by calpains or caspase-3 proteases (each
proteolytic cleavage yields a unique amino-terminal region; Nath et al., 1996; Wang et al., 1998;
Fig. 1). The calpain-generated 150 kDa product is further cleaved by calpain to yield a specific
calpain signature product of 145 kDa (Harris et al., 1988; Nath et al., 1996) whereas the
caspase-3 generated 150 kDa product is further cleaved by caspase-3 to yield an apoptotic-
specific caspase-3 signature product of 120 kDa (Nath et al., 1998; Wang et al., 1998; Wang,
2000). Following an overnight incubation at 4°C with the primary antibody (FG 6090 Ab, 1:4000
for brain tissue and 1:2000 for CSF), blots were incubated for 1 hr at ambient temperature in 3%

nonfat milk that contained a horseradish peroxidase-conjugated goat anti-mouse 1gG (1:10,000

8



dilution). Enhanced chemiluminescence (ECL, Amersham) reagents were used to visualize

immunolabeling on Kodak Biomax ML chemiluminescent film.

Statistical Analyses: Semi-quantitative evaluation of protein levels detected by
immunoblotting was performed by computer-assisted densitometric scanning (Alphalmager
2000 Digital Imaging System, San Leandro, CA). Data were acquired as integrated
densitometric values and transformed to percentages of the densitometric levels obtained on
scans from sham-injured animals visualized on the same blot. Data was evaluated by least
squares linear regression followed by ANOVA. All values are given as mean + SEM.

Differences were considered significant if p < 0.05.

Results

Proteolysis of all-Spectrin in the Ipsilateral Cortex by Calpains and Caspase-3 After
MCAO Injury. In the ipsilateral cortex, MCAO injury caused significant (p < 0.05) accumulation
of the non-specific 150 kDa all-SBDP (generated by calpain and/or caspase-3), and of the
calpain-specific 145 kDa all-SBDP at all post-injury time points as compared to sham-injured
control rats (Fig. 2). Levels of the calpain-specific 145 kDa all-SBDP were 304%, 282%, and
301% of sham-injured control values at 24, 48, and 72 hours post-injury, respectively (Fig. 3).
Levels of the non-specific 150 kDa all-SBDP closely matched levels of the 145 kDa fragment,
and were 276%, 275%, 268% of sham-injured control valules at 24, 48, and 72 hours,
respectively (Fig. 3). MCAQ injury also resulted in more modest, but significant (p < 0.05to p <
0.001) levels of caspase-3-specific 120 kDa all-SBDPs at all post-injury time points (Fig. 2).
Levels of the caspase-3-specific 120 kDa fragment were 131%, 132%, and 140% of sham-
injured control values at 24, 48, and 72 hours post-injury, respectively (Fig. 3). Although levels

of the caspase-3-specific 120 kDa all-SBDP were smaller than those produced by calpains,



between animal variability was much lower for levels of caspse-3 all-SBDPs compared to the

variability for levels of calpain all-SBDPs.

In the contralateral cortex, MCAO injury caused no significant accumulation of calpain-
or caspase-3-specific all-SBDPs at any post-injury time point as compared to sham-injured

control rats (Fig. 2).

Accumulation of Calpain and Caspase-3 Mediated all-SBDPs in CSF after MCAO Injury.
Cerebrospinal fluid levels of all-spectrin and all-SBDPs were undetectable in sham-injured
control animals (Fig. 2). However, after MCAO injury accumulation of full length all-spectrin
(280 kDa) and the 150 kDa, 145 kDa, and 120 kDa all-SBDPs were overtly apparent on
immunoblots at various post-injury time points (Fig. 2). Levels of the full length all-spectrin
protein were increased in CSF of MCAOQ injured animals and were 144%, 453%, and 395% of
sham-injured control levels at 24, 48, and 72 hours post-injury. However, there was
considerable between animal variability in levels of the full length protein; thus, quantitative
analysis failed to reach statistical significance (Fig. 3). Levels of the non-specific 150 kDa all-
SBDP, and of the calpain-specific 145 kDa all-SBDP, were apparent on immunoblot at all post-
injury time points, but only levels at 48 hours and 72 hours post-injury reached statistical
significance (p < 0.001). Levels of the non-specific 150 kDa all-SBDP were 216%, 523%, and
467% of sham-injured control animals, and levels of the calpain-specific 145 kDa all-SBDP
were 268%, 626%, and 546% of sham-injured control values at 24, 48, and 72 hours post-injury,
respectively (Fig. 3). Levels of the caspase-3-specific 120 kDa all-SBDP were 84%, 439%, and
110% of sham-injured control levels at 24, 48, and 72 hours post-injury, respectively (Fig. 3).
Although levels of caspase-3-specific 120 kDa all-SBDPs were 439% of sham-injured control

values at 48 hours post-injury, large between animal variability precluded statistical significance.
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Linear Regression Analyses of Cortical versus CSF Levels of all-Spectrin and all-
SBDPs. Least squares linear regression was calculated to examine the relationship between
cortical and CSF levels of all-spectrin and all-SBDPs over days post-injury in sham-control and
MCAO-injured animals. The slopes of the regression lines for brain and CSF protein levels

were analyzed by ANOVA.

The slope of the regression line for protein levels of the full-length 280 kDa all-spectrin in
the cortex across days post-injury was only slightly negative (m = -4.872), indicating modest
decreases in total all-spectrin protein (Fig. 4). The slope of the regression line for CSF levels of
the full-length all-spectrin protein across days post-injury was positive (m = 113.5), indicating

increased accumulation of all-spectrin in CSF from 24 h to 72 h after MCAO injury.

Slopes of the regression lines for the 150 kDa all-SBDP in cortex and CSF across days
post-injury were both positive (m = 53.59 and m = 145.4, respectively; Fig. 4). This result is
consistent with the immunoblot data demonstrating increased accumulation of the 150 kDa all-
SBDP in cortex and CSF after MCAO injury. ANOVA indicated no significant difference (F =
214, p = 0.2172) between cortical and CSF slopes. This result indicates that rate of
accumulation of the non-specific 150 kDa all-SBDP in brain and CSF over days post-injury was

approximately equivalent.

Slopes of the regression line for the 145 kDa all-SBDP in cortex and CSF across days
post-injury were both positive (m = 60.63 and m = 170.5, respectively; Fig. 4). This result is also
consistent with the immunoblot data demonstrating increased accumulation of the 145 kDa all-
SBDP in cortex and CSF after MCAOQ injury. ANOVA indicated no significant difference (F =

2.50, p = 0.1889) between cortical and CSF slopes. This result indicates that rate of
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accumulation of the calpain-specific 145 kDa all-SBDP in brain and CSF over days post-injury

was approximately equivalent.

Slopes of the regression line for the 120 kDa all-SBDP in cortex and CSF across days
post-injury were both slightly positive (m = 15.12 and m = 41.28, respectively; Fig. 4). This
result is consistent with the immunoblot data demonstrating relatively small increases in
accumulation of the 120 kDa all-SBDP in cortex and CSF after MCAO injury. Again, ANOVA
indicated no significant difference (F =0.08, p = 0.7861) between cortical and CSF slopes,
indicating that rate of accumulation of the caspase-3 specific 120 kDa all-SBDP in brain and

CSF over days post-injury was approximately equivalent.

Discussion

This paper provides further evidence supporting the use of calpain and caspsase-3
specific all-SBDPs as surrogate neurochemical markers of CNS injury. Previous data from our
laboratory demonstrate that TBI causes robust and detectable accumulation of calpain-
mediated all-SBDPs (and to a lesser extent, caspase-3-mediated all-SBDPs) in CSF of brain
injured rodents (Pike et al., 2001). We now demonstrate that a rodent stroke model of focal
ischemic injury also results in increased levels of calpain and caspase-3 all-SBDPs in post-
injury CSF. The results of these two studies are important in that they provide the first evidence
that extra-parenchymal detection of specific protein metabolic products can be used as
unequivocal biochemical markers for specific neurochemical events (i.e., calpain and caspase-3
activation) that have occurred in the injured brain in at least two preclinical models of brain injury
(traumatic and ischemic). Importantly, recent preliminary clinical studies in patients with severe
TBI also indicate robust levels of calpain and caspase-3 mediated all-SBDPs in CSF (d’Avella

etal.,, 2002).
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Analysis of specific biochemical markers is a mandatory component of diagnosing
dysfunction in a number of organs, including the use of troponin assays in patients with acute
coronary syndromes (Newby et al., 2003). Indeed, troponin testing has rapidly evolved from its
initial role in aiding diagnosis of myocardial infarction to a more complex role for risk
stratification and guidance of treatment strategies (Newby et al., 2003). However, there are no
such biomarkers of proven clinical utility for TBI and cerebral ischemia. In the case of TBI, this
may be due, in part, to the fact that TBI is difficult to assess and clinical examinations are of
restricted value during the first hours and days after injury. For instance, conventional diagnoses
of TBI are based on neuroimaging techniques such as CT scanning, MRI, and single-photon
emission CT scanning (Jacobs et al., 1996; Kant et al., 1997; Mitchener et al., 1997). CT
scanning has low sensitivity to diffuse brain damage and the availability of MRI is limited (Kesler
et al., 2000; Levi et al., 1900). In addition, single-photon emission CT scanning detects regional
blood-flow abnormalities not necessarily related to structural damage. In the case of stroke,
investigators have also generally recognized the need for more objective assessments of
outcome, including the use of biochemical markers (Dirnagl et al., 1999; Zaremba et al., 2001).
The approval of tPA as a treatment for acute stroke has additionally highlighted the potential
utility of biochemical markers. For example, diagnosis of stroke is relatively straightforward
when patients present with typical symptoms; however, often symptoms of stroke are more
subtle and can delay diagnosis by hours or days (Elkind, 2003). Additionally, other causes of
neurological symptoms, such as seizure, migraine, vasospasm, syncope, and peripheral
vestibulopathy, can be indistinguishable from symptoms of thromboembolic transient ischemic
attacks (Johnston et al., 2003). Thus, a rapid and reliable biochemical marker of stroke will
facilitate diagnosis and might give assurance to physicians considering administering

thrombolytic agents for treatment of acute ischemic stroke.
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Our laboratories’ assessment of all-SBDPs as biochemical markers in models of TBI
and focal cerebral ischemia may result in considerable improvement over currently existing
biochemical markers of CNS injury. For instance, other putative biomarkers of CNS injury (e.g.,
CPK-BB, NSE, S-1008, lactate dehydrogenase, etc.) are of limited value due to a lack of
specificity to CNS tissues, unreliability in predicting outcome, and because they provide no
specific information regarding neurochemical pathology of injured CNS tissue. Recent studies
have also examined the utility of cleaved tau protein (cTP) as a predictor of outcome. However,
while cTP is axonal specific, it also provides no information about specific neurochemical events
that have occurred in the injured CNS. Furthermore, recent studies have presented conflicting
evidence as to the utility of cTP as a predictor of outcome after TBI in humans (Chatfield et al.,
2002; Zemlan et al., 1999). In contrast, all-SBDPs offer several advantages as compared to the
putative biomarkers just described. For instance, all-SBDPs provide concurrent information on
post-injury activity of two important proteolytic enzymes (calpain and caspase-3). Low basal
levels of these proteases further optimizes their utility as markers of cell injury. Another
important characteristic is that all-spectrin protein is not localized in erythrocytes (Goodman et
al., 1995; Riederer, et al., 1986). Blood is a major source of CSF contamination after TBI and
hemorrhagic ischemia. Results from our previously published studies in TBI clearly
demonstrate that all-spectrin and all-SBDPs are not detectable in whole blood samples. In
contrast, the erythroid isoform of spectrin, al-spectrin, is detectable in both blood and brain

tissues (Pike et al., 2001).

However, one disadvantage is that while all-spectrin is highly enriched in brain, it is not
specific to brain tissue. While this is not a concern for CSF detection of all-SBDPs, it could be
problematic for detection of all-SBDPs in serum as human head-injured patients often present
with multi-organ trauma. Additional studies in preclinical models and in human patients are

needed to clarify this issue.
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An ideal biomarker for a particular neurological disease is one that is 100% specific and
sensitive for that particular disease. However, with TBI or stroke, it is not critical that a
biomarker be specific to one or the other disorder, rather, the biomarker need only indicate, with
as much sensitivity as possible, the severity of brain damage that has occurred as a result of
brain trauma or cerebral infarction (although a biomarker that can rapidly and accurately
discriminate between hemorrhagic and thrombolytic stroke would certainly be useful). The use
of calpain- and caspase-3-mediated all-SBDPs could provide a powerful approach for
determining the severity of brain damage caused by a TBI or stroke, and could also provide a
clinical tool for monitoring the duration of the acute injury response and the effects of
emergency or therapeutic interventions. For instance, calpain and caspase-3 are potent
mediators of cell death that can be rapidly activated in response to traumatic (Beer et al., 2000;
Pike et al., 1998a; Sullivan et al., 2002) or ischemic brain injury (Davoli et al., 2002; Zhang et
al., 2002), and brain regions with the highest accumulation of all-SBDPs have the highest level
of neuronal cell death (Roberts-Lewis et al., 1994; Newcomb et al., 1997). Importantly, calpain
and caspsase-3 can be concurrently or independently activated after TBI (Pike et al., 1998a) or
cerebral ischemia (Zhang et al., 2002), and the temporal duration of activity can vary for each
protease. Thus, the ability to monitor both calpain and caspase-3 activation during the acute
period of CNS injury is a major advantage of all-SBDPs over other biomarkers. Indeed, recent
preliminary data obtained from CSF of severely injured TBI patients indicate that temporal
accumulation of calpain- and caspase-3-mediated all-SBDPs show different patterns of
temporal expression that vary in each patient (d’Avella et al., 2002). This result is similar to our
preclinical TBI and ischemic injury models in which accumulation of calpain and/or caspase-3
all-SBDPs also varies between individual animals. This variability emphasizes the

heterogeneous nature of TBI and ischemic pathology, and points to important implications for
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individualized treatment of human brain injured patients that is tailored to specific neurochemical

cascades operative in the injured brain.

In summary, this paper provides further evidence supporting the use of calpain- and
caspase-3-mediated all-SBDPs as neurochemical markers of CNS injury. Although numerous
other proteins, peptides, amino acids, etc., have been identified in CSF after TBI and acute
cerebral ischemia, no such surrogate marker of CNS injury has yet provided a window of insight
into specific neurochemical events that have occurred as a result of traumatic or ischemic brain
injury. The use of protease-specific all-SBDPs as biomarkers offers several advantages over
existing biomarkers of traumatic or ischemic brain injury, including the ability to provide
concurrent information about the activity of two major proteolytic effectors of cell death.
Additional studies to further characterize the sensitivity of all-SBDPs (e.g., in serum and across
injury magnitudes) are ongoing. In addition, it is thought that the development of other CNS-
specific biomarkers used in conjunction with all-SBDPs will provide researchers and clinicians
with powerful tools for diagnosing and assessing CNS injury, for monitoring recovery, and for
guiding appropriate administration of therapeutic compounds. Finally, it is thought that recent
advancements in antibody-based specific identification technologies will facilitate development

of rapid, sensitive, and easy-to-use kits for research and clinical environments.

Acknowledgements

This work was supported by DAMD17-99-1-9565, NIH R01 NS39091, and NIH R01 NS40182 to
R.L.H.; by DAMD17-01-1-0765 to B.R.P.; the State of Florida Brain and Spinal Cord Injury
Rehabilitation Trust Fund (BSCIRTF); and by the United States Army Medical Research and

Materiel Command (USAMRMC).

16



References

Anderson RE, Hansson LO, Nilsson O, Dijlai-Merzoug R, Settergren G (2001) High serum
S100B levels for trauma patients without head injuries. Neurosurgery 48(6):1255-1258

Beer R, Franz G, Srinivasan A, Hayes RL, Pike BR, Zhao X, Schmutzhard E, Poewe W,
Kampfl A (2000) Temporal profile and cell subtype distribution of activated caspase-3 following
experimental traumatic brain injury. J Neurochem 75(3):1264-1273

Berti R, Williams AJ, Moffett JR, Hale SL, Velarde LC, Elliott PJ, Yao C, Dave JR, Tortella FC
(2002) Quantitative real-time RT-PCR analysis of inflammatory gene expression associated
with ischemia-reperfusion brain injury. J Cereb Blood Flow Metab 22(9):1068-1079

Britton P, Lu XC, Laskosky M, Tortella FC (1997) Dextromethorphan protects against cerebral
injury following transient, but not permanent, focal ischemia in rats. Life Sci 60:1729-1740

Broderick JP, Hacke W (2002) Treatment of acute ischemic stroke: Part II: neuroprotection and
medical management. Circulation 106(13):1736-1740

Chatfield DA, Zemlan FP, Day DJ, Menon DK (2002) Discordant temporal patterns of
S100beta and cleaved tau protein elevation after head injury: a pilot study. Br J Neurosurg
16(5):471-4786

Cunningham RT, Young IS, Winder J, O'Kane MJ, McKinstry S, Johnston CF, Dolan OM,
Hawkins SA, Buchanan KD (1991) Serum neurone specific enolase (NSE) levels as an

indicator of neuronal damage in patients with cerebral infarction. Eur J Clin Invest 21(5):497-
500

Cunningham RT, Watt M, Winder J, McKinstry S, Lawson JT, Johnston CF, Hawkins SA,
Buchanan, KD (1996) Serum neurone-specific enolase as an indicator of stroke volume. Eur J
Clin Invest 26(4):298-303

Dauberschmidt R, Zinsmeyer J, Mrochen H, Meyer M (1991) Changes of neuron-specific
enolase concentration in plasma after cardiac arrest and resuscitation. Mol Chem Neuropathol
14(3):237-245

d’Avella D, Aguennouz M, Angileri FF, de Divitiis O, Germano A, Toscano A, Tomasello F, Vita
G, Pike BR, Wang KKW, Hayes RL (2002) Accumulation of calpain and caspase-3 cleaved all-
spectrin breakdown products in CSF of patients with severe traumatic brain injury. [abstract] J
Neurotrauma 19(10):1292

Davoli MA, Fourtounis J, Tam J, Xanthoudakis S, Nicholson D, Robertson GS, Ng GY, Xu D
(2002) Immunohistochemical and biochemical assessment of caspase-3 activation and DNA
fragmentation following transient focal ischemia in the rat. Neuroscience 115(1):125-136

Dirnagl U, ladecola C, Moskowitz MA (1999) Pathobiology of ischaemic stroke: an integrated
view. Trends Neurosci 22(9):391-397

Elkind MS (2003) Stroke in the elderly. Mt Sinai J Med 70(1):27-37

Gladstone DJ, Black SE, Hakim AM (2002) Toward wisdom from failure: lessons from
neuroprotective stroke trials and new therapeutic directions. Stroke 33(8):2123-2136

17



Goodman SR, Zimmer WE, Clark MB, Zagon IS, Barker JE, Bloom ML (1995) Brain spectrin:
of mice and men. Brain Res Bull 36(6):593-606

Grotta J (2002) Neuroprotection is unlikely to be effective in humans using current trial
designs. Sfroke 33(1):306-307

Harris AS, Croall DE, Morrow JS (1988) The calmodulin-binding site in alpha-fodrin is near the
calcium-dependent protease-| cleavage site. J Biol Chem 263(30):15754-15761

Horn M, Seger F, Schiote W (1995) Neuron-specific enolase in gerbil brain and serum after
transient cerebral ischemia. Stroke 26(2):290-296

Jacobs A, Put E, Ingels M, Put T, Bossuyt A (1996) One-year follow-up of technetium-99m-
HMPAO SPECT in mild head injury. J Nucl Med 37(10):1605-1609

Johnston SC, Sidney S, Bernstein AL, Gress DR (2003) A comparison of risk factors for
recurrent TIA and stroke in patients diagnosed with TIA. Neurology 60(2):280-285

Kant R, Smith-Seemiller L, Isaac G, Duffy J (1997) Tc-HMPAO SPECT in persistent post-
concussion syndrome after mild head injury: comparison with MRI/CT. Brain Inj 11(2):115-124

Kesler SR, Adams HF, Bigler ED (2000) SPECT, MR and quantitative MR imaging: correlates
with neuropsychological and psychological outcome in traumatic brain injury. Brain Inj
14(10):851-857

Kidwell CS, Liebeskind DS, Starkman S, Saver JL (2001) Trends in acute ischemic stroke
trials through the 20th century. Stroke 32(6):1349-1359

Laskowitz DT, Grocott H, Hsia A, Copeland KR (1998) Serum Markers of Cerebral Ischemia. J
Stroke Cerebrovasc Dis 7(4):234-241

Lees KR (2002) Neuroprotection is unlikely to be effective in humans using current trial
designs: an opposing view. Stroke 33(1):308-309.

Levi L, Guilburd JN, Lemberger A, Soustiel JF, Feinsod M (1990) Diffuse axonal injury:
analysis of 100 patients with radiological signs. Neurosurgery 27(3):429-432

Longa EL, Weinstein PR, Carlson S, Cummins R (1989) Reversible middle cerebral artery
occlusion without craniectomy in rats. Stroke 20:84-91

Martens P (1996) Serum neuron-specific enolase as a prognostic marker for irreversible brain
damage in comatose cardiac arrest surviviors. Acad Emerg Med 3(2):126-131

Missler U, Wiesmann M, Friedrich C, Kaps M (1997) S-100 protein and neuron-specific
enolase concentrations in blood as indicators of infarction volume and prognosis in acute
ischemic stroke. Stroke 28(10):1956-1960

Mitchener A, Wyper DJ, Patterson J, Hadley DM, Wilson JT, Scott LC, Jones M, Teasdale GM

(1997) SPECT, CT, and MRI in head injury: acute abnormalities followed up at six months. J
Neurol Neurosurg Psychiatry 62(6):633-636

18



Nath R, Raser KJ, Stafford D, Hajimohammadreza |, Posner A, Allen H, Talanian RV, Yuen P,
Gilbertson RB, Wang KK (1996) Non-erythroid a-spectrin breakdown by calpain and interleukin
1B-converting-enzyme-like protease(s) in apoptotic cells: contributory roles of both protease
families in neuronal apoptosis. Biochem J 319:683-690

Nath R, Probert A, McGinnis KM, Wang KKW (1998) Evidence for activation of caspase-3-like
protease in excitotoxin- and hypoxia/hypoglycemia-injured neurons J Neurochem 71:186-195

Newby LK, Goldmann BU, Ohman EM (2003) Troponin: an important prognostic marker and
risk-stratification tool in non-ST-segment elevation acute coronary syndromes. J Am Coll
Cardiol 41(4 Suppl S):S31-S36

Newcomb-Fernandez JK, Zhao X, Pike BR, Wang KKW, Kampfl A, Beer R, DeFord SM, Hayes
RL (2001) Concurrent assessment of calpain and caspase-3 activation after oxygen-glucose
deprivation in primary septo-hippocampal cultures. J Cereb Blood Flow Metab 21(11):1281-
1294

Newcomb JK, Kampfl A, Posmantur RM, Zhao X, Pike BR, Liu SJ, Clifton GL, Hayes RL (1997)
Immunohistochemical study of calpain-mediated breakdown products to alpha-spectrin following
controlled cortical impact injury in the rat. J Neurotrauma 14:369-383

Pike BR, Zhao X, Newcomb JK, Posmantur RM, Wang KKW, Hayes RL (1998a) Regional
calpain and caspase-3 proteolysis of a-spectrin after traumatic brain injury. Neuroreport 9:2437-
2442

Pike BR, Zhao X, Newcomb JK, Wang KKW, Posmantur RM, Hayes RL (1998b) Temporal
relationships between de novo protein synthesis, calpain and caspase 3-like protease

activation, and DNA fragmentation during apoptosis in septo-hippocampal cultures. J Neurosci
Res 52: 505-520

Pike BR, Zhao X, Newcomb JK, Glenn CC, Anderson DK, Hayes RL (2000) Stretch injury
causes calpain and caspase-3 activation and necrotic and apoptotic cell death in septo-
hippocampal cell cultures. J Neurotrauma 17(4):283-298

Pike BR, Flint J, Dutta S, Johnson E, Wang KKW, Hayes RL (2001) Accumulation of calpain-

cleaved non-erythroid all-spectrin in cerebrospinal fluid after traumatic brain injury in rats. J
Neurochem 78:297-1306

Riederer BM, Zagon IS, Goodman SR (1986) Brain spectrin(240/235) and brain
spectrin(240/235E): two distinct spectrin subtypes with different locations within mammalian
neural cells. J Cell Biol 102(6):2088-2097

Ringger NC, Silver X, O’Steen B, Brabham JG, Deford SM, Pike BR, Pineda J, Hayes RL
(2002) CSF accumulation of calpain-specific all-spectrin breakdown products are associated
with injury magnitude and lesion volume after traumatic brain injury in rats. [abstract] J
Neurotrauma 19(10):1302

Roberts-Lewis JM, Savage MJ, Marcy VR, Pinsker LR, Siman R (1994) Immunolocalization of

calpain I-mediated spectrin degradation to vulnerable neurons in the ischemic gerbil brain. J
Neurosci 14(6):3934-3944

19



Roine RO, Somer H, Kaste M, Viinikka L, Karonen SL (1989) Neurological outcome after out-
of-hospital cardiac arrest. Prediction by cerebrospinal fluid enzyme analysis. Arch Neurol
46(7):753-756

Sellman M, Ivert T, Ronquist G, Caesarini K, Persson L, Semb BK (1992) Central nervous
system damage during cardiac surgery assessed by 3 different biochemical markers in
cerebrospinal fluid. Scand J Thorac Cardiovasc Surg 26(1):39-45

Stroke Therapy Academic Indurstry Roundtable (STAIR) (1999) Recommendations for
standards regarding preclinical neuroprotective and restorative drug development. Stroke
30:2752-2758

Sullivan PG, Keller JN, Bussen WL, Scheff SW (2002) Cytochrome c release and caspase
activation after traumatic brain injury. Brain Res 949(1-2):88-96

Wang KK, Posmantur R, Nath R, McGinnis K, Whitton M, Talanian RV, Glantz SB, Morrow JS
(1998) Simultaneous degradation of alphall- and betall-spectrin by caspase 3 (CPP32) in
apoptotic cells. J Biol Chem 273(35):22490-22497

Wang, KKW (2000) Calpain and caspase: can you tell the difference? Trends Neurosci
23(1):20-26

Westaby S, Johnsson P, Parry AJ, Blomqvist S, Solem JO, Alling C, Pillai R, Taggart DP,
Grebenik C, Stahl E (1996) Serum S100 protein: a potential marker for cerebral events during
cardiopulmonary bypass. Ann Thorac Surg 61(1):88-92

Williams AJ, Hale SL, Moffett JR, Dave JR, Elliott PJ, Adams J, Tortella FC (2003) Delayed
treatment with MLN519 reduces infarction and associated neurologic deficit caused by focal
ischemic brain injury in rats via antiinflammatory mechanisms involving nuclear factor-kappaB
activation, gliosis, and leukocyte infiltration. J Cereb Blood Flow Metab 23(1):75-87

Zaremba J Losy J (2001) Early TNF-alpha levels correlate with ischaemic stroke severity.
Acta Neurol Scand 104(5):288-295

Zemlan FP, Rosenberg WS, Luebbe PA, Campbell TA, Dean GE, Weiner NE, Cohen JA,
Rudick RA, Woo D (1999) Quantification of axonal damage in traumatic brain injury: affinity
purification and characterization of cerebrospinal fluid tau proteins. J Neurochem 72(2):741-750

Zhang C, Siman R, Xu YA, Mills AM, Frederick JR, Neumar RW (2002) Comparison of calpain
and caspase activities in the adult rat brain after transient forebrain ischemia. Neurobiol Dis
10(3):289-305

Zhao X, Pike BR, Newcomb JK, Wang KKW, Posmantur RM, Hayes RL (1999) Maitotoxin

induces calpain but not caspase-3 activation and necrotic cell death in primary septo-
hippocampal cultures. Neurochem Res 24(3): 371-382

20



Figure Legends

Figure 1. Calpain and caspase-3 cleavage of non-erythroid all-spectrin to protease-specific all-
spectrin breakdown products (SBDPs) . lllustrated are the calpain cleavages (left) in all-spectrin
that result in calpain-specific SBDPs (150 and 145 kDa) and the caspase-3 cleavages (right) in
all-spectrin that result in caspase-3-specific all-SBDPS (150 and 120 kDa). Both proteases
cleave all-spectrin in repeat 11 near the calmodulin binding domain (CaM) to produce 150 kDa
all-SBDPs with unique N-terminal regions. A second cleavage by calpain in repeat 11 results in
a calpain-specific 145 kDa all-SBDP, while caspase-3 cleaves the protein in repeat 13 to
produce a unigue, apoptotic-specific 120 kDa fragment. For definitively identified cleavages, the

flanking amino acids and initial N-terminal amino acid sequence is given.

Figure 2. MCAO injury causes accumulation of full-length all-spectrin (280 kDa) protein,
and calpain-mediated 145 kDa and caspase-3 mediated 120 kDa «ll-SBDPs in CSF.
MCAQ resulted in proteolysis of constitutively expressed brain all-spectrin (280 kDa) in
ipsilateral but not contralateral cortex. The caspase-3-mediated, apoptotic-specific 120 kDa all-
SBDP was also increased in ipsilateral cortex after ischemia compared to sham-injured controls.
Marked increases in the calpain-specific 145 kDa all-SBDP were detected in brain and CSF of
MCAQ animals, but not in sham-injured animals, at all time points. Interestingly, while increased
levels of the caspase-3-specific 120 kDa «ll-SBDP were detected at all post-injury time points in

the ipsilateral cortex, CSF levels were only detected at 48 hours post-injury.
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Figure 3. Mean (% s.d.) arbitrary densitometric units obtained from full-length 280 kDa all-
spectrin protein and the 150 kDa, 145 kDa, and 120 kDa «ll-SBDPs. Densitometric units
were converted to percent of sham-injured values. Decreases in 280 kDa all-spectrin and
increases in 150 kDa, 145 kDa, and 120 kDa all-SBDPs (ipsilateral cortex) were associated
with concomitant increases of these proteins in the CSF. Note that while 150 kDa and 145 kDa
SBDPs were visibly detectable in CSF on western blot at 24 hours post-injury, densitometric
levels were not statistically significant due to greater variability at this time point. Similarly,
although the full-length 280 kDa spectrin protein and the 120 kDa all-SBDPs were visibly
detectable in CSF, large variability in protein levels between animals resulted in inability to

detect statistical significance. *p<0.05 and ***p<0.001.

Figure 4. Mean (£ s.d.) cortical vs. CSF levels of all-spectrin (280 kDa) and «ll-SBDPs
(150, 145, and 120 kDa) over days post-injury. Least squares regression lines of brain and
CSF spectrin and SBDP levels were plotted on the same graph. Pearson correlation
coefficients for each regression line are indicated. Results indicate that parenchymal decreases
in levels of native all-spectrin (280 kDa) are associated with increases in CSF accumulation
while increased parenchymal levels of calpain-mediated all-SBDPs (150 & 145 kDa) are
associated with increased CSF accumulation. On average, there were no changes in
parenchymal or CSF levels of the caspase-3-mediated 120 kDa «ll-SBDP across days.
However, individual rats at different time points (particularly 48 hours post-injury) showed some

increase in CSF levels of the 120 kDa product.
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Abstract

Although a number of increased CSF proteins have been
correlated with brain damage and cutcome after traumatic
brain injury (TBI), a major limitation of currently tested
biomarkers is a lack of specificity for defining neuropatholo-
gical cascades. Identification of surrogate biomarkers that are
elevated in CSF in response to brain injury and that offer
insight into one or more pathological neurochemical events
will provide critical information for appropriate administration
of therapeutic compounds for treatment of TBI patients. Non-
erythroid all-spectrin is a cytoskeletal protein that is a
substrate of both calpain and caspase-3 cysleine proteases.
As we have previously demonstrated, cleavage of «ll-spectrin
by calpain and caspase-3 results in accumulation of protease-
specific spectrin breakdown products (SBDPs) that can be
used to monitor the magnitude and temporal duration of
protease activation. However, accumulation of all-spectrin
and «ll-SBDPs in CSF after TBI has never been examined.

Following a moderate level (2.0 mm) of controlled cortical

M

impact TBl in rodents, native «ll-spectrin protein was
decreased in brain tissue and increased in CSF from 24 h to
72 h after injury. In addition, calpain-specific SBDPs were
observed to increase in both brain and CSF after i
Increases in the calpain-specific 145 kDa SBD erel@S?%,
203% and 198%llof sham-injured control animals at 24 h, 48 h
and 72 h after TBI, respectively. The caspase-3-specific
SBDP was observed to increase in CSF in some animals
and to a lesser degree. Importantly, levels of these proteins
were undetectable in CSF of uninjured control rats. These
results indicate that detection of all-spectrin and all-SBDPs is
a powerful discriminator of outcome and protease activation
after TBI. In accord with our previous studies, results also
indicate that calpain may be a more important effector of cell
death after moderate TBI than caspase-3.

Keywords: calpain, caspase-3, cell death, cerebrospinal fluid,
spectrin, traumatic brain injury.
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The incidence of traumatic brain injury (TBI) in the United
States of America is conservatively estimated to be more
than 2 million persons annually with approximately 500 000
hospitalizations (Goldstein 1990). Of these, about 70 000-
90 000 head injury survivors are permanently disabled. The
annual economic cost to society for care of head-injured
patients is estimated at $25 billion (Goldstein 1990). Thus,
accurate and reliable measurement of outcome following
head injury is of great interest to both head injury survivors
and clinicians. Assessment of pathology and neurological
impairment immediately after TBI is crucial for determina-
tion of appropriate clinical management and for predicting
long-term outcome. The outcome measures most often

used in head-injured patients are the Glasgow Coma Scale
(GCS), the Glasgow Outcome Scale (GOS), and computed
tomography (CT) scans to detect intracranial pathology.
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However, despite dramatically improved emergency triage
systems based on these outcome measures, most TBI
survivors suffer long-term (for a number of years) impair-
ment, and a large number of TBI survivors are severely
affected by TBI despite predictions of ‘good recovery’ on
the GOS (Marion 1996). Because of the limitations of
current clinical assessments of TBI severity, there has been
an increased interest in the development of neurochemical
markers for determining injury severity and for clinical
evaluation of pathophysiological mechanisms operative in
traumatized brain.

For example, TBI results in neuronal tissue death that can
cause a variety of neurochemicals such as amino acids, ions
and lactate, as well as a number of cellular proteins and
enzymes, to be released into the blood and CSF (Goodman
and Simpson 1996). Although assessment of cardiac and
liver protein levels in the blood has routinely been used in
medical practice for years (e.g. creatine kinase MB or
troponin-T), assessment of CNS proteins in blood or CSF is
far less developed. Thus, recent studies have measured a
variety of neurochemical substances in the CSF or blood in
attempt to identify specific surrogate markers of cellular
damage and outcome after TBI and other CNS disorders
(Haber and Grossman 1980; Inao et al. 1988; Robinson et al.
1990; Lyeth et al. 1993; Raabe and Seifert 1999; Raabe
et al. 1999; Zemlan et al. 1999; Clark et al. 2000a; Tapiola
et al. 2000). For example, creatine kinase BB, lactate
dehydrogenase, myelin basic protein, and neuron-specific
enolase have been measured in blood or CSF in various CNS
disorders including TBL However, these proteins are non-
specific to the brain, offer no insight as to mechanism of
injury, and/or prediction of outcome utilizing these proteins
has not proven reliable (Goodman and Simpson 1996).
Other proteins detected in CSF after brain injury such as
S-100B are highly specific to the CNS and have been more
robustly correlated with ghe outcome (Raabe and Seifert
1999; Raabe et al. 1999). Although brain-specific surrogate
biomarkers like S-100B may be useful indicators of outcome
after brain injury, detection of these proteins in blood or
CSF offers no insight into neurochemical alterations that
mediate brain damage after TBI. Thus, identification of
neurochemical markers that are specific to the CNS and that
provide information about specific ongoing neurochemical
events would prove immensely beneficial for both prediction
of outcome and for guidance of targeted therapeutic
delivery.

Non-erythroid adl-spectrin is the major structural compo-
nent of the cortical membrane cytoskeleton, is particularly
abundant in axons and presynaptic terminals (Riederer et al.
1986; Goodman et al. 1995), and is a major substrate for
both calpain and caspase-3 cysteine proteases (Wang et al.
1998). The calpain-mediated cleavage of all-spectrin occurs
between Tyr''™ and Gly'"”" resulting in the formation of
calpain-signature spectrin breakdown products (SBDPs) of
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150 and 145 kDa (Harris er al. 1988). The caspase-3-
mediated cleavages of all-spectrin occur at Asp'™®*, Ser''™,
Asp'*™ and Ser'* resulting in the formation of caspase-3-
signature SBDPs of 150 and 120 kDa, respectively (Wang
et al. 1998). Importantly, numerous investigations have
documented increased pathological activation of calpain
and/or caspase-3 proteases after TBI (Saatman ef al. 1996a,
2000; Kampfl et al. 1997; Newcomb et al. 1997; Posmantur
et al. 1997: Yakovlev et al. 1997; Pike et al. 1998a; Clark
et al. 1999, 2000b; LaPlaca et al. 1999; Okonkwo er al.
1999; Zhang et al. 1999; Beer et al. 2000; Buki et al. 2000).
In addition, our laboratory and others have provided
extensive evidcnce@ull-spcctﬁn is processed by calpains
and/or caspase-3 to signature cleavage products in vivo after
TBI (Beer et al. 2000; Newcomb et al. 1997; Pike et al.
1998a; Buki et al. 2000) and in in wvirre models of
mechanical stretch injury (Pike er al. 2000b), necrosis
{Zhao et al. 1999), apoptosis (Nath et al. 1996a, 1996b; Pike
bt al. 1998b), glutamate or NMDA excitotoxicity (Nath er al.
2000: Zhao et al. 2000), and oxygen-glucose deprivation
(Nath et al. 1998; Newcomb et al. 1998). Moreover, use of
selective all-SBDP antibodies has been used to demonstrate
that brain regions with the highest accumulation of
SBDPs also have the highest levels of neuronal cell death
(Roberts-Lewis et al. 1994; Newcomb et al. 1997). Thus, the
ubiquitous distribution of aIl-spectrin in the brain coupled
with the ability to utilize signature cIl-spectrin proteolytic
fragments generated by pathological activation of calpain
and/or caspase-3 after TBI makes all-spectrin a potentially
important biomarker of brain damage. To test this hypo-
thesis, the present investigation examined alterations in
brain levels of all-spectrin and oII-SBDPs after controlled
cortical impact TBI in rodents, and compared these changes
to accumnulation of all-spectrin and «II-SBDPs in CSF in
the same animals.

Materials and methods

Surgical Preparation and controlled cortical impact traumatic
brain injury

As previously described (Dixon er al. 1991; Pike et al. 1998a), a
cortical impact injury device was used to produce TBI in rodents.
Cortical impact TBI results in cortical deformation within the
vicinity of the impactor tip associated with contusion, and neuronal
and axonal damage that is constrained in the hemisphere ipsilateral
to the site of injury (Gennarelli 1994; Meaney er al. 1994). Adult
male (280-300 g) Sprague-Dawley rats (Harlan; Indianapolis, IN,
USA) were initially anesthetized with 4% isoflurane in a carrier gas
of 1:1 02/N,0O (4 min) followed by maintenance anesthesia of
2.5% isoflurane in the same carrier gas. Core body temperature was
monitored continuously by a rectal thermistor probe and main-
tained at 37 = 1°C by placing an adjustable temperature controlled
heating pad beneath the rats. Animals were mounted in a
stereotactic frame in a prone position and secured by ear and
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incisor bars. A midline cranial incision was made, the soft tissues
were reflected, and a unilateral (ipsilateral to site of impact)
craniotomy (7 mm diameter) was performed adjacent to the central
suture, midway between bregma and lambda. The dura mater was
kept intact over the cortex. Brain trauma in rats (n = 9) was
produced by impacting the right cortex (ipsilateral cortex) with a
5-mm diameter aluminum impactor tip (housed in a pneumatic
cylinder) at a velocity of 3.5 m/s with a 2.0-mm compression and
150 ms dwell time (compression duration). Velocity was controlled
by adjusting the pressure (compressed N;) supplied to the
pneumatic cylinder. Velocity and dwell time were measured by a
linear velocity displacment transducer (Lucas Shaevitz™ model
500 HR; Detroit, M1, USA) that produces an analogue signal that
was recorded by a storage-trace oscilloscope (BK Precision, model
2522B; Placentia, CA, USA). Sham-injured animals (n = 4)
underwent identical surgical procedures but did not receive an
impact injury. Appropriate pre- and post-injury management was
maintained to insure that all guidelines set forth by the
University of Florida Institutional Animal Care and Use Committee
and the National Institutes of Health guidelines detailed in the
Guide for the Care and use of Laboratory Animals was
complied with.

CSF and cortical tissue preparation

The CSF and brain cortices were collected from animals at various
intervals after sham-injury or TBI. At the appropriate time-points,
TBI or sham-injured animals were anesthetized as described above
and secured in a stereotactic frame with the head allowed to move
freely along the longitudinal axis. The head was flexed so that the
external occipital protuberance in the neck was prominent and a
dorsal midline incision was made over the cervical vertebrae and
occiput. The atlanto-occipital membrane was exposed by blunt
dissection and a 25G needle attached to polyethylene tubing was
carefully lowered into the cisterna magna. Approximately
0.1-0.15 mL of CSF was collected from each rat. Following CSF
collection, animals were removed from the stereotactic frame
and immediately killed by decapitation. Ipsilateral and contralateral
(to the impact site) cortices were then rapidly dissected, rinsed
in ice cold PBS, and snap frozen in liquid nitrogen. Cortices
beneath the craniotomies were excised to the level of the white
matter and extended ~4 mm laterally and ~7 mm rostrocaudally.
The CSF samples were centrifuged at 4000 g for 4 min at 4°C to
clear any contaminating erythrocytes. Cleared CSF and frozen
tissue samples were stored at —80°C until ready for use.
Cortices were homogenized in a glass tube with a Teflon dounce
pestle in 15 volumes of an ice-cold triple detergent lysis
buffer (20 mm HEPES, 1 mm EDTA, 2 mm EGTA, 150 mm
MaCl, 0.1% SDS, 1.0% IGEPAL 40, 0.5% deoxycholic acid,
pH 7.5) containing a broad range protease inhibitor cocktail (cat.
#1-836-145Roche  Molecular Biochemicals, IN,
USA).

Indianapolis,

Immunoblot analyses of CSF and cortical tissues

Protein concentrations of tissue homogenates and CSF were
determined by bicinchoninic acid microprotein assays (Pierce
Inc., Rockford, IL, USA) with albumin standards. Protein balanced
samples were prepared for sodium dodecy! sulfate~polyacrylamide
gel electrophoresis (SDS-PAGE) in twofold loading buffer
containing 0.25 M Tris (pH 6.8), 0.2 m DTT, 8% SDS, 0.02%
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bromophenol blue, and 20% glycerol in distilled H,O. Samples
were_heated for 10 min at 100°C and centrifuged for I min at

10 000 r.p.m)in a microcentrifuge at ambient temperature. Forty

micrograms of protein per lane was routinely resolved by SDS-
PAGE on 6.5% Tris/glycine gels for 1 h at 200 V. Following
electrophoresis, separated proteins were laterally transferred to
polyvinylidene fluoride (PVDF) membranes in a transfer buffer
containing (.192 m glycine and 0.025 M Tris (pH 8.3) with 10%
methanol at a constant voltage of 100 V for 1 h at 4°C. Blots were
blocked for 1 h at ambient temperature in 5% non-fat milk in TBS
and 0.05% Tween-20. Panceau Red (Sigma, St Louis, MO, USA)
was used to stain membranes to confirm successful transfer of
protein and to insure that an equal amount of protein was loaded in
each lane.

Antibodies and immunolabeling of PYDF membranes
Immunoblots containing brain or CSF protein were probed with an
ami-a}spectn'n (fodrin) monoclonal antibody (FG 6090 Ab; clone
AAG: cat. # FG 6090; Affiniti Research Products Limited, UK) that
detects intact non-erythroid all-spectrin (280 kDa) and 150, 145
and 120 kDa cleavage fragments to all-spectrin. A cleavage
product of 150 kDa is initially produced by calpains or caspase-3
proteases (each proteolytic cleavage yields a unique amino-
terminal region: Nath et al. 199(@ Wang er al. 1998). The
calpain-generated 150 kDa product is further cleaved by calpain to
yield a specific calpain signature product of 145 kDa (Harris er al.
1988: Nath er al. 1996a,b) whereas the caspase-3 generated
150 kDa product is further cleaved by caspase-3 to yield a specific
caspase-3 signature product of 120 kDa (Nath er al. 1998; Wang
er al. 1998). To further confirm the specificity of calpain-cleaved
spectrin in CSF after TBI, a second antibody (anti-SBDP150; rabbit
polyclonal) that recognizes only the calpain-cleaved N-terminal
region (GMMPR) of the 150 kDa all-spectrin breakdown product
(SBDP) was also used (Saido er al. 1993; Nath et al. 1996b). Some
immunoblots were immunolabeled with an antibody that recognizes
erythroid al-spectrin (Cat.# BYAI10881; Accurate Chemical &
Scientific Corp, Westbury, NY, USA). Following an overnight
incubation at 4°C with the primary antibodies (FG 6090 Ab,
1: 4000 for brain tissue and 1: 2000 for CSF, SBDPIS0 Ab,
1:1000; BYAI0881, 1 :400), blots were incubated for 1 h at
ambient temperature in 3% non-fat milk that contained a
horseradish  peroxidase-conjugated  goat  anti-mouse IgG
(1 : 10 000 dilution) or goat-anti-rabbit IgG (1 : 3000). Enhanced
chemiluminescence (ECL; Amersham) reagents were used to
visualize immunolabeling on Kodak Biomax ML chemilumines-
cent film.

Statisitical analyses

Semi-quantitative evaluation of protein levels detected by immun-
blotting was performed by computer-assisted densitometric scan-
ning (Alphalmager 2000; Digital Imaging System, San Leandro,
CA, USA). Data were acquired as integrated densitometric values
and transformed to percentages of the densitometric levels obtained
on scans from sham-injured animals visualized on the same blot.
Data was evaluated by least squares linear regression followed by
ANOVA. All values are given as mean = SEM. Differences were
considered significant if p < 0.05.
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Results

Proteolysis of all-spectrin in the cortex by calpain, but
not caspase-3 after TBI

In the ipsilateral cortex, TBI resulied in decreased protein
levels of all-spectrin (280 kDa) that were associated with
concomitant accumulation of calpain-generated 150 and
145 kDa «II-SBDPs (Fig. 1). However, there was little to no
detectable increase in the caspase-3-genearated 120 kDa
«II-SBDP. These results replicate our previous investigation
that reported calpain but not caspase-3 processing of
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Fig. 1 Traumatic brain injury (TBI) results in prominent accumula-
tion of all-spectrin (280 kDa) and calpain-cleaved 150 kDa and
145 kDa all-SBDPs in CSF (FG 6090 Ab). The caspase-3 generated
120 kDa fragment was also apparent in CSF of some animals. TBI
caused proteclysis of constitutively expressed brain «ll-spectrin
(280 kDa) in ipsilateral but not contralateral cortex. Increases in the
caspase-3-mediated 120 kDa «ll-SBDP were not as apparent in ipsi-
lateral or contralateral cortex after TBI. Immunclabeling of additional
unknown bands at ~110 kDa and 95 kDia were also detected in
CSF at 48 h and 72 h after injury. Be#CSF1 and CSF2 are from
two separate series of animals shown to illustrate that there was
more variability in CSF levels of SBDPs than in brain levels, which
may reflect individual differences in injury severity.
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all-spectrin following a moderate level of lateral controlled
cortical impact TBI (Pike et al. 1998a). Decreased all-
spectrin (280 kDa) protein levels were 65%, 48% and 39%
of sham-injured protein levels at 24 h, 48 h, and 72 h after
TBI. respectively (Fig. 2). Increased 150 kDa «lI-SBDP
levels were 189%, 157%, and 153% of sham-injured levels
at 24 h, 48 h and 72 h after TBI, respectively, while
increased 145 kDa «lI-SBDP levels were 237%, 203%
and 198% of sham-injured levels at 24 h, 48 h and 72 h
after TBI, respectively (Fig. 2).

In the contralateral cortex, traumatic brain injury resulted
in no apparent alteration in protein levels of all-spectrin
(280 kDa) or in any apparent accumulation of calpain-
generated 150 or 145 kDa «ll-SBDPs, or in caspase-3
generated 120 kDa «lI-SBDP as compared to sham-injured
control animals (Fig. 1), These results are also in accord
with our previous report that calpain-mediated processing of
oll-spectrin is predominately confined to ipsilateral brain
régions after moderate lateral controlled cortical impact TBI
(Newcomb et al. 1997; Pike er al. 1998a).

300 Ipsilateral cortex

250
200 —e— 280 kDa
- 150 --0-- 150 kDa
E —=— 145kDa
z 100 cot- 120kDa
5 50
z 0 - ;
= sham 24h 48h 72h
{=H
8 3 | Contralateral cortex
3 2501
g 200 —+— 280kDa
£ 1m0 --o- 150kDa
= —=— 145kDa
§ o c-ae. 120kDa
[
S 50
[:)
£ 0 : v .
@
E sham 24h 48h 72h
2 1207 corebrospinal Fluid
o 10001
E 800
= —e+— 280 kDa
£ o -~ 150 kDa
400 —=— 145kDa
] -oetee- 120kDa

sham 24h 48h 72h

Fig. 2 Mean arbitrary densitometric units obtained from 280 kDa
all-spectrin and the 150 kDa and 145 kDa «ll-SBDPs were con-
verted to percent of sham-injured values. Decreases in 280 kDa
all-spectrin and increases in 150 kDa and 145 kDa «ll-SBDPs (ipsi-
lateral cortex) were associated with concomitant increases of these
proteins in the CSF. Mean accumulation of the caspase-3 generated
120 kDa fragment in these tissues was relatively flat.
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Fig. 3 N-terminal fragment-specific detection of calpain-generated
SBDP150 in CSF after traumatic brain injury (SBDP150 Ab). (a) As
with the FG 6090 Ab, the SBDP150 Ab detected a progressive
increase in the calpain-cleaved 150 kDaA SBDP from 24 h to 72 h
after TBI. Levels of 150 kDa SBDP had resolved to sham-injured
control levels by seven days after TBI. (b) Mean arbitrary densito-
metric units of SBDP150 levels detected with anti-SBDP150 Ab.

Accumulation of calpain-mediated «II-SBDPs in CSF
after TBI
Immunoblot analyses of CSF levels of non-erythroid
all-spectrin and «ll-SBDPs (FG 6090 Ab) showed no
detectable levels of these proteins in CSF of sham-injured
control animals (Fig. 1). However, after TBI, accumulation
of all-spectrin (280 kDa) and calpain-generaed 150 and
145 kDa SBDPs were markedly increased at 24 h, 48 h and
72 h, after injury (Fig. 1). In addition, there was an increase
in the caspase-3-generated 120 kDa fragment in one animal
at 48 h after TBI, and in another animal at 72 h after TBI
(Fig. 1). Accumulation of all-spectrin (280 kDa) protein
levels was 143%, 212%, and 379% of sham-injured animals
at 24 h, 48 h, and 72 h after TBI, respectively (Fig. 2).
Similarly, accumulation of 150 kDa «lIl-SBDP after TBI
was 155%, 434%, and 583% of sham-injured levels at 24 h,
48 h, and 72 h, respectively, while accumulation of
145 kDa olI-SBDP after TBI was 244%, 530%, and 665%
of sham-injured levels at 24 h, 48 h and 72 h, respectively
(Fig. 2). In contrast, although accumulation of the caspase-3
cleaved 120 kDa fragment was detected in two animals, the
average response was relatively flat. In addition, several
lower molecular weight species of all-spectrin were
detected. The protease(s) responsible for these lower
molecular weight fragments are currently unknown. How-
ever, future identification of these bands may provide
important new information regarding other neurochemical
events in the brain after TBIL

To provide further confirmation of calpain-generated
all-SBDP accumulation in CSF after TBI, an additional
group of animals (n = 5 per time-point) was injured as
described above and immunoblots of CSF samples were
probed with anti-SBDP150 Ab. In this experiment, an
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additional time-point (7 days post-TBI) was also examined.
The SBDP150 Ab specifically recognizes only the calpain-
cleaved 150 kDa «all-spectrin fragment and does not
recognize the intact 280 kDa protein or other_proteolytic
fragments (Saido et al. 1993; Nath er a!, Results
with the SBDPIS0 Ab were nearly idenfical to those
obtained with the FG-6090 Ab (Fig. 3). The calpain-cleaved
150 kDa SBDP was nearly undetectable in CSF of sham-
injured animals, and a progressive increase in immunor-
eactivity was observed from 24 h to 72 h after TBL
Importantly, this experiment also demonstrated that levels
of calpain-cleaved 150 kDa SBDP were decreased back to
sham-injured control levels by seven days after TBI (Fig. 3).

Linear regression analyses of Cortical versus CSF levels
of all-spectrin and «II-SBDPs

Least squares linear regression was calculated to determine
the relationship between brain and CSF levels of all-
specl:ri"h and oII-SBDPs over days post-injury. The slope of
the regression lines for all-spectrin and oII-SBDPs in brain
and CSF were analyzed by ANOVA.

For cortical levels of 280 kDa all-spectrin protein, the
slope of the regression line was relatively steep and negative
indicating large decreases over days in cortical levels of
native all-spectrin protein (Fig. 4). In contrast, the slope of
the regression line for CSF levels of 280 kDa all-spectrin
was relatively steep and positive indicating large increases
over days in CSF levels of all-spectrin protein after TBI. In
addition, ANOVA indicated that there was a significant
difference (F = 19.95, p < 0.001) between cortical and
CSF slopes for 280 kDa all-spectrin protein level. This
significance indicates that as brain levels of all-spectrin
decrease over days, CSF levels of all-spectrin increase over
days.

For cortical and CSF levels of 150 kDa aII-SBDP, both
slopes of the regressions lines were positive indicating large
increases in the calpain-cleaved 150 kDa «II-SBDP in brain
and CSF over days (Fig.4). ANOVA indicated no
significant difference (F = 1.86, p = 0. 1873) between
slopes indicating that the relative accumulation of 150 kDa
all-SBDP in cortex and CSF were similar. However, the
slope for CSF 150 kDa «lII-SBDP was relatively steeper
than the slope for cortical 150 kDa «lI-SBDP. This result
reflects the densitometric data (Fig. 2) indicating that, in the
cortex, peak levels of the 150 kDa «II-SBDP accumulated
rapidly (24 h) and were maintained at 48 h and 72 h post-
injury. This result also reflects densitometric data (Fig. 2)
indicating that CSF levels of the 150 kDa «lI-SBDP
accumulated more slowly early after injury (24 h) with a
greater rate of further accumulation at 48 h and 72 h post-
injury. Observed statistical differences in accumulation rates
can be appreciated visually in the immunoblot data (Fig. 1).
The stability of all-spectrin and alI-SBDPs in CSF may be
increased due to lack of endogenous proteases. For example,
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Cortical versus CSF all-Spectrin or SBOP Levels
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Fig. 4 Cortical versus CSF levels of all-spectrin (280 kDa) and
«ll-SBDPs (150, 145, and 120 kDa) over days post-injury. Least
squares regression lines of brain and CSF spectrin and SBDP levels
were plotted on the same graph. Pearson carrelation coefficients for
each regression line are indicated. Results indicate that parenchymal
decreases in levels of native wll-spectrin (280 kDa) are associated

when CSF from TBI animals was stored in individual
aliquots at either — 85°C or at ambient laboratory tempera-
ture (~26°C) without protease inhibitors for 48 h, all-SBDP
levels from ambient temperature aliquots were only
decreased by 28% compared to aliquots stored at — 85°C
(Fig. 5). Importantly, the relative stability of «ll-SBDP
protein in CSF at ambient temperature further indicates this
protein as a useful biomarker after TBI.

For cortical and CSF levels of calpain-cleaved 145 kDa
all-SBDP, both slopes of the regression lines were steep and

48 h storage temperature
-85°C

ambient

4150 kDa- sy

,

T

Fig. 5 Stability of «ll-SBOP in CSF after prolonged storage in the
absence of prolease inhibitors at ambient laboratory temperature.
The «ll-SBDP protein levels only decreased by 28% when stored at
ambient femperature (~26°C) for 48 h compared to identical sam-
ples stored at —85°C for 48 h. These results indicate that all-
SBDPs in CSF are relatively stable at room temperature. This is an
important practical consideration for clinical utility.

with increases in CSF accumulation while increased parenchymal
levels of calpain-mediated «ll-SBDPs (150 and 145 kDa) are asso-
ciated with increased CSF accumulation. On average, there were no
changes in parenchymal or CSF levels of the caspase-3-mediated
120 kDa «ll-S8BDP, although individual rats at different time points
showed some increase in GSF levels of the 120 kDa product.

positive indicating large increases in the 145 kDa «II-SBDP
in brain and CSF over days (Fig. 4). ANOVA indicated no
significant difference (F = 0.69, p = 0.4153) between
slopes indicating that the relative accumulation of
145 kDa «lIl-SBDP in cortex and CSF were similar as
compared to the respective controls. Comparison of slopes
for 150 kDa and 145 kDa «II-SBDPs in the brain revealed
that the slope of the brain 145 kDa alI-SBDP over days was
considerably steeper than the slope of the brain 150 kDa
«ll-SBDP. This result indicates that brain 145 kDa «ll-
SBDP protein levels accumulate at a greater rate over days
than brain 150 kDa «lI-SBDP protein levels. This observa-
tion is most likely the result of lower basal levels of brain
145 kDa «II-SBDP than brain 150 kDa «II-SBDP in sham-
injured animals and of continued calpain digestion of the
larger 150 kDa oII-SBDP to the smaller 145 kDa «II-SBDP
over time.

For cortical and CSF levels of caspase-3-ckaved 120 kDa
«lI-SBDP, both slopes were nearly horizontal, indicating
no increased accumulation of caspase-3-generated 120 kDa
olI-SBDP over days after TBI (Fig. 4). In addition, ANOVA
indicated no significant difference between slopes
(F=0.002, p=09621).

Erythroid al-spectrin versus non-erythroid all-spectrin
After head injury, the most likely source of CSF
contamination will be from blood. Both neurons and blood
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Fig. 6 {a) Mon-erythroid «ll-spectrin protein is not detected in whole
blood. After TBI, the most probable source of non-CNS accumulation
of proteins in the CSF is from blood. This immunoblot demonstrates
that non-erythroid wll-spectrin is detectable in brain protein homoge-
nates but not in blood protein homogenates. (b) In contrast, use of
an erythroid al-spectrin antibody on the same blot that has been
stripped and re-probed reveals immunoreactivity for both blood and
brain spectrin. These results demonstrate that potential blood con-
tamination of CSF samples does not affect detection of brain-derived
all-spectrin.

contain the erythroid form «l-spectrin protein. However,
erythrocytes do not contain non-erythroid cll-spectrin protein.
To demonstrate that the source of all-spectrin immuno-
reactivity in the CSF is not blood borne, we probed
immunoblots containing various concentrations of whole
blood proteins and brain protein with either an erythroid
anti-al-spectrin antibody or with an anti-all-spectrin anti-
body (Fig. 6a,b). As predicted, no immunoreactivity was
observed at any concentration of whole blood protein
(0-40 pg) while brain spectrin was highly reactive to the
non-erythroid anti-adl-spectrin antibody. In contrast, both
the brain and blood protein samples were immunoreactive to
the erythroid anti-al-spectrin antibody. This result clearly
indicates that use of the non-erythroid, but not the erythroid,
anti-spectrin antibody can be used to discriminate non-blood
borne spectrin protein in CSF samples.

Discussion

This paper provides the first evidence for accumulation of
non-erythroid all-spectrin protein and calpain-mediated
all-SBDPs in CSF after TBI. Detection of calpain-specific
proteolytic fragments to all-spectrin were confirmed with
two antibodies, one that recognizes both intact all-spectrin
and calpain-specific SBDPs (FG 6090 Ab), and one that
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recognizes only the N-terminal region of calpain-cleaved
150 kDa SBDP (SBDP150 Ab). Results of this investigation
indicate that CSF detection of adl-spectrin and «lI-SBDPs
can provide both a sensitive surrogate biochemical measure
of TBI pathology and provide important information about
specific neurochemical events that have occurred in the
brain after TBL. To our knowledge, this is the first
investigation of any CNS pathology to indicate that
identification of accumulated CSF proteins or protein
metabolic products can be used to infer specific neurochem-
ical events (i.e. calpain activation) in the brain. Thus, use of
oll-SBDPs as surrogate biochemical markers of TBI has
important clinical ramifications for assessment of outcome
after injury and for determination of specific pathological
proteolytic cascades known to occur after TBI. Although
other CNS proteins have been detected in CSF after brain
injury (e.g. S-100B) and have been correlated with outcome,
these p;roteins offer no insight into pathological mechanisms
that have occurred in the brain after TBI. Obviously,
identification of metabolic products with known neuro-
chemical etiology will be beneficial for appropriate
application of targeted therapeutics (such as calpain
inhibitors) after TBI.

Calpain and caspase-3 cysteine proteases are important
mediators of cell death and dysfunction in numerous CNS
diseases and injuries including TBI. The calpains have
historically been associated with necrotic (oncotic) cell
death although recent evidence indicates a role in apoptotic
cell death as well (Linnik et al. 1996; Nath et al.
Newcomb er al. 1998; Pike er al. 1998b). Numerous
investigations have reported calpain activation after TBI
(Saatman et al. 1996a, 2000; Kampfl et al. 1997; Newcomb
et al. 1997; Posmantur er al. 1997, Pike et al. 1998a) and
inhibitors of calpains have been shown to confer neuro-
protection after TBI (Posmantur et al. 1997; Saatman et al.
1996b, 2000). Caspase-3 is a critical executioner of
apoptosis and caspase-3 activation has been reported in
in vitro (Shah et al. 1997; Allen et al. 1999; Pike et al.
2000b) and in vive (Beer et al. 2000; %wlcv et al. 1997;
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However, it should be noted that at least in our hands, the
magnitude of calpain activation after TBI is much greater
than that of caspase-3, and that at the moderate level of brain
injury employed in the current study, caspase-3 is only
transiently elevated in deep, non-cortical brain regions (Pike
et al. 1998a). This result most likely accounts for the
detection of relatively minimal amounts of the 120 kDa
caspase-3-mediated all-SBDP in CSF after TBI. In contrast
to our injury model, Beer et al. (2000) have observed
prominent levels of caspase-3 activation in the cortex after
cortical impact TBIL. However, while our cortical impact
model is typically characterzed by prominent tissue
necrosis and progressive cortical cavitation to the gray—
white interface (Kampfl er al. 1996; Newcomb et al. 1997,
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Dixon et al. 1998; Newcomb et al. 1999; Pike et al. 2000a),
the model employed by Beer et al. (2000) was not. Thus,
differences in injury magnitude may be important factors
affecting calpain and/or caspase-3 activation after TBI, and
this hypothesis warrants further investigation. However, it
should be pointed out that although caspase-3 activation has
not been a prominent feature in our model of cortical impact
TBI, we have detected substantial levels of apoptotic cell
death in the cortex after TBI (Newcomb er al. 1999). This
apparent discrepancy between apoptotic cell death and
caspase-3 activation raises the intriguing possibility that
apoptosis may occur via a caspase-3-independent path-
way after TBI. This observation also further
examination.

That different injury magnitudes may result in differential
activation of calpain or caspase-3 proteases has important
implications for targeted therapeutic intervention after TBI,
and importanty, further validates the utility of using
surrogate markers of TBI that have known neurochemical
etiologies. For example, the current investigation detected
CSF accumulation of the calpain-mediated «II-SBDP and
not the caspase-3-nediated «lII-SBDP. Based on this
evidence, administration of calpain but not caspase-3
inhibitors would be predicted to have the most beneficial
effect on outcome. However, other injury magnitdes may
result in more caspase-3 activation indicating use of
caspase-3 inhibitors or a combination of calpain/caspase-3
protease inhibitors. Thus, surrogate measures of TBI will
result in selective pharmaceutical therapies based on clinical
assessment of neuropathology, and this approach is a
supericr strategy to promiscuous prophylactic administra-
tion of unnecessary and potentially harmful compounds.

The most probable source of peripheral contamination of
the CSF after TBI will be blood born. Indeed, we did detect
visible red blood cell contamination of CSF after experi-
mental TBI (which was removed by centrifugation).
However, our control experiments with brain and whole
blood immnuoblots (Fig. 6a,b) clearly demonstrated that the
non-erythroid anti-aell-spectrin antibody did not detect any
all-spectrin protein in whole blood samples. Conversly, the
erythroid al-spectrin antibody labeled both brain and blood
samples. These results indicate that the major source of
potential peripheral CSF contamination after TBI, blood, is
not detected by the non-erythroid anti-all-spectrin antibody.
This finding supports the utility of all-spectrin and
oll-SBDPs as surrogate biomarkers of injury after TBI,
and importantly, as biomarkers of calpain and/or caspase-3
activation after TBI

One caveat to the current investigation is the finding that
there was more variability in levels of CSF SBDPs than
there were in brain levels of SBDPs. This variability is
indicated by the larger error bars in Fig. 2 and 4 and can be
observed in individual animals in Fig. 1. The reason for the
larger variability in CSF protein accumulation is unknown,
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but may reflect differences in individual animal's CSF
circulation after TBIL. For example, differences in increased
intracranial pressure after TBI may restrict passage of CSF
through various foramina that may preclude detection of
secreted proteins into the cisterna magna (source of CSF in
the present study). Additional studies should examine
differences in intraventricular versus intracisternal levels
of accumulated SBDPs.

Nonetheless, future studies focused on development of
neuron-specific antibodies targeted against calpain-specific
and caspase-3-specfic «llI-SBDPs (such as the SBDP150
Ab) will further strengthen the utility and specificity of
all-SBDPs as surrogate markers of brain injury. In addition,
development of enzyme-linked immunosorbent assays
(ELISA) will allow greater quantification of calpain and
caspase-3 SBDPs and provide a more rapid and practical

applwach to CSF detection of these proteins.
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Summary: The contributions of calpain and caspase-3 to ap-
optosis and necrosis after central nervous system (CNS) trauma
are relatively unexplored. No study has examined concurrent
activation of calpain and caspase-3 in necrotic or apoptotic cell
death after any CNS insult. Experiments used a model of oxy-
gen—glucose deprivation (OGD) in primary septo-hippocampal
cultures and assessed cell viability, occurrence of apoptotic and
necrotic cell death phenotypes, and protease activation. Immu-
noblots using an antibody detecting calpain and caspase-3 pro-
teolysis of a-spectrin showed greater accumulation of calpain-
mediated breakdown products (BDPs) compared with caspase-
3-mediated BDPs. Administration of calpain and caspase-3
inhibitors confirmed that activation of these proteases contrib-

uted to cell death, as inferred by lactate dehydrogenase release.
Oxygen-glucose deprivation resulted in expression of apop-
totic and necrotic cell death phenotypes, especially in neurons.
Immunocytochemical studies of calpain and caspase-3 activa-
tion in apoptotic cells indicated that these proteases are almost
always concurrently activated during apoptosis. These data
demonstrate that calpain and caspase-3 activation is associated
with expression of apoptotic cell death phenotypes after OGD,
and that calpain activation, in combination with caspase-3 ac-
tivation, could contribute to the expression of apoptotic cell
death by assisting in the degradation of important cellular pro-
teins. Key Words: Apoptosis—Calpain—Caspases—
Necrosis—Stroke—TBI.

Increased activation of calpain and caspase-3 occurs in
many central nervous system (CNS) injuries and dis-
eases. Caspase-3 is considered a key executioner in the
apoptotic cell death cascade and shares numerous sub-
strates with the Ca®*-dependent protease calpain, includ-
ing the cytoskeletal protein a-spectrin (Wang, 2000).
Studies examining animal models of ischemia have re-
ported increased calpain (Bartus et al., 1995; Roberts-
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Lewis et al., 1994; Yokota et al., 1995; Rami et al., 2000)
or caspase-3 (Chen et al., 1998; Namura et al., 1998)
activation after injury. Furthermore, inhibition of calpain
(Hong et al., 1994; Markgraf et al., 1998) or caspase-3
(Fink et al., 1998; Himi et al., 1998) reduced infarct
volume, substrate proteolysis, DNA fragmentation, and
hippocampal cell death after focal and global ischemia.
Activation of these proteases also has been observed in
animal models of traumatic brain injury (TBI) (New-
comb et al., 1997; Pike et al., 1998a; Saatman et al.,
1996; Yakovlev et al., 1997; Clark et al., 2000; Beer et
al., 2000; Buki et al., 2000). Inhibition of calpain (Post-
mantur et al., 1997) or caspase-3 (Yakovlev et al., 1997)
is protective in these models, although conflicting data
has been reported (Clark et al., 2000; Saatman et al.,
2000). However, few investigations have examined con-
current activation of calpain and caspase-3 after CNS
injury or disease (Buki et al., 2000; Nath et al., 1998;
Pike et al., 1998a).
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Although apoptosis and necrosis occur after ischemia
(Linnik et al., 1993) and TBI (Colicos and Dash, 1996;
Newcomb et al., 1999; Rink et al., 1993), the relation
between protease activation and the expression of apop-
totic and necrotic cell death phenotypes is relatively un-
explored. Traditionally, calpain activation has been as-
sociated with necrosis, and caspase-3 activation with ap-
optosis. Although caspase-3 activation has not been
detected in models of necrosis (Wang et al., 1996; Zhao
et al., 1999), calpain activation has been implicated in
various models of apoptosis (Nath et al., 1996; Pike et
al.,, 1998b; Squier et al., 1994; Vanags et al., 1996).
However, inconsistencies in criteria associated with cell
death phenotypes have complicated data interpretation
(Charriaut-Marlangue and Ben-Ari, 1995).

Oxygen—glucose deprivation (OGD) is a widely used
in vitro model of ischemia, which produces apoptotic
(Kalda et al., 1998) and necrotic (Gwag et al., 1995;
Goldberg and Choi, 1993) cell death phenotypes and
increased calpain and caspase-3 activity (Nath et al.,
1998). Currently, no study has investigated the concur-
rent activation of calpain and caspase-3 in archetypal
necrotic and apoptotic cell death phenotypes after any
CNS insult. The current study sought to determine the
contributions of these proteases to apoptotic and necrotic
cell death after OGD. The current findings demonstrate
that coactivation of calpain and caspase-3 is usually as-
sociated with the expression of apoptotic cell death phe-
notypes after OGD.

MATERIALS AND METHODS

Primary septo-hippocampal cultures

Septi and hippocampi were dissected from 18-day-old rat
fetuses, dissociated by trituration, and the dissociated cells
were plated on poly-L-lysine coated 24-well culture plates,
6-well culture plates or 12-mm German Glass (Erie Scientific,
Portsmouth, NH, U.S.A.) at a density of 4.36 x 10° cells/mL.
Cultures were maintained in Delbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum in a humidified
incubator in an atmosphere of 5% CO,, at 37°C. After 5 days in
culture, the media was changed to DMEM with 5% horse se-
rum. Subsequent media changes were performed three times a
week. Experiments were performed on days 10 to 11 in vitro
when astroglia had formed a confluent monolayer beneath mor-
phologically mature neurons. All animal studies conformed to
the guidelines outlined in Guide for the Care and Use of Labo-
ratory Animals from the National Institutes of Health and
were approved by the University of Florida and the University
of Texas-Houston Health Science Center Animal Welfare
Committee.

Oxygen—glucose deprivation

To achieve oxygen—glucose deprivation (OGD), a technique
similar to that described by Copin et al. (1998) was used. Nor-
mal media was replaced with low glucose media (Hank's bal-
anced salt solution containing 1.8 mmol/L Ca®*, 0.8 mmol/L
Mg?*, and 0.2 g/L d-glucose) and culture plates were placed in
an airtight chamber (Billups-Rothenberg, Del Mar, CA,
U.S.A.). The chamber was flushed with 95% N./5% CO, for 3
minutes, sealed, and placed in a 37°C incubator for the appro-

J Cereb Blood Flow Metab, Vol. 21, No. 11, 2001

priate duration. Initial experiments that manipulated the amount
of time (1 to 10 minutes) the chamber was flushed with 95%
N./5% CO, confirmed that 3 minutes of flushing combined
with the low glucose media produced an environment severe
enough to result in a consistent model of cell injury. After the
insult, low glucose media was replaced with DMEM (serum-
free) and cultures were returned to a normoxic environment.
Initial experiments deprived cells of oxygen and glucose for
various durations (1 to 12 hours) and samples were collected 24
hours after the cultures had returned to a normal environment.
These data suggested that 10 hours of OGD resulted in sub-
stantial cell death and protease activation. To examine the ef-
fects of altering the length of reperfusion (that is, duration of
normoxia after OGD) samples were collected at various times
(immediately through 48 hours) after 10 hours of OGD. Sub-
sequent experiments focused on 10 hours of OGD combined
with 24 hours of reperfusion, unless stated otherwise.

Chemical inducers of apoptotic or necrotic cell
death phenotypes

To provide comparisons of OGD with classic apoptotic and
necrotic profiles, cultures were treated with staurosporine, a
general protein kinase inhibitor, or maitotoxin, a potent marine
toxin that activates both voltage-sensitive and receptor-
operated calcium channels (Wang et al., 1996). Cultures were
challenged with 0.5 pmol/L staurosporine for 24 hours, a dose
and duration that produces apoptotic but not necrotic neuronal
cell death in this in vitro system (Pike et al., 1998b). Separate
cultures were treated with maitotoxin (0.1 nmol/L) for 1 hour,
a dose and duration that produces an exclusively necrotic cell
death profile in neurons and glia and is associated with calpain,
but not caspase-3 activation (Zhao et al., 1999).

Pharmacologic inhibition of calpain and
caspase activation

Cultures were pretreated 1 hour before and were cotreated
during OGD, with various doses of calpain inhibitor-3 (CI-3,
[MDL28170], 1 to 300 pmol/L; CalBiochem, San Diego, CA,
U.S.A.), the pan-caspase inhibitor (Z-D-DCB, 50 to 200
pmol/L; Bachem, Philadelphia, PA, U.S.A.) or the specific
caspase-3 inhibitor (z-DEVD-fmk, 50 to 200 pmol/L; CalBio-
chem). Stock solutions (50 mmol/L) of CI-3 (in dimethyl sulf-
oxide), Z-D-DCB (in EtOH), and z-DEVD-fmk (in dimethyl
sulfoxide) were added directly to the low glucose media for the
1-hour pretreatment, and then cells were deprived of oxygen.
Initial experiments confirmed that incubating cells with low
glucose media for 1 hour had no effect on control cells or injury
magnitude in cells later exposed to OGD (data not shown).
After OGD, low glucose media was replaced with DMEM
(serum-free) containing fresh inhibitor. Samples were collected
12 or 24 hours after OGD for lactate dehydrogenase (LDH)
release and immunoblot analyses. Western blot analyses con-
firmed whether the drugs and doses used inhibited activation of
calpain and caspase-3-like proteases inferred by a-spectrin
proteolysis.

Determination of lactate dehydrogenase activity
Lactate dehydrogenase activity assessed cell viability (Koh
and Choi, 1987) in experiments examining the effects of OGD
and protease inhibition. Lactate dehydrogenase released from
damaged cells was measured by standard kinetic assay for py-
ruvate (Hoffmann-LaRoche Ltd., Basel, Switzerland). Briefly,
culture medium was removed from each well and centrifuged at
5,000 g for 5 minutes. One hundred microliters of supernatant
was transferred to each well of 96-well flat bottom plate and
100 pL of detection reagent was added. After incubation, the
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absorbance of samples was measured at 490 nm using Bio-Rad
model 450 microplate reader (Hercules, CA, U.S.A.).

Annexin V and propidium iodide staining

Control cells and cells exposed to OGD, staurosporine, or
maitotoxin were simultaneously stained with Annexin V and
propidium iodide (PI) to differentiate apoptotic and necrotic
cell death phenotypes. Cells were rinsed with phosphate-
buffered saline (PBS) and incubated in staining solution con-
sisting of HEPES buffer, Annexin V fluorescein labeling re-
agent (Molecular Probes; Eugene, OR, U.S.A.), and PI (Mo-
lecular Probes) for 15 minutes in the dark. Stained cells were
examined with a Zeiss Axiovert 135 fluorescence microscope
(Oberkochen, Germany) fitted with a filter combination that
allowed green and red fluorescing cells to be seen simulta-
neously. The number of apoptotic and necrotic cells was cal-
culated (10 sequential 320x fields were counted and averaged
per well) for n = 3 wells per condition.

DNA gel electrophoresis

DNA gel electrophoresis was performed as previously de-
scribed (Zhao et al., 2000; Gong et al., 1994). At the appropri-
ate time after injury, cells were collected by centrifugation,
fixed in 70% cold ethanol, and stored in fixative at =20°C for
24 to 72 hours. After subsequent centrifugation and removal of
ethanol, cell pellets were resuspended in phosphate-citrate
buffer at room temperature for 1 hour, centrifuged, and the
supernatant was concentrated by vacuum in a SpeedVac con-
centrator (ThermoSavant, Holbrook, NY, U.S.A.). The pellet
was incubated in Nonidet NP-40 and DNase-free RNase fol-
lowed by proteinase K. After the incubation, 6x loading buffer
was added and the contents of the tube were transferred to a
1.5% agarose gel. Electrophoresis was performed in 1x 0.1
mol/L Tris, 0.09 mol/L boric acid, 1 mmol/L EDTA, pH 8.4 at
40 V for 2 hours. DNA was visualized and photographed under
UV light after staining with 5 pg/mL ethidium bromide.

DNA fragmentation ELISA

Apoptotic cell death also was examined with an assay that
allowed specific determination of mono- and oligonucleosomes
in the cytoplasmic fraction of cell lysates (Cell Death Detection
ELISA Plus; Hoffman-LaRoche Ltd., Basel, Switzerland). At
the appropriate time after injury, cells were collected by cen-
trifugation and 2 mL lysis buffer was mixed with the pellet. The
solution was incubated for 30 minutes at room temperature and
stored at —20°C for 24 to 72 hours. After thawing, diluted
samples (5 p.L sample + 15 pL lysis buffer) were added to each
well of a streptavidin-coated, 96-well microtiter plate (separate
studies confirmed that this dilution resulted in a suitable cell
concentration, data not shown). Eighty microliters of reagent
solution containing incubation buffer, anti-histone-biotin, and
anti-DNA-POD was added to each well and incubated with the
sample on a shaker for 2 hours. The solution was removed and
wells were rinsed with incubation buffer to remove unbound
antibody. The amount of POD retained in the immunocom-
plex—and thus the amount of DNA fragments—was deter-
mined colorimetrically with the substrate ABTS using a micro-
plate reader (Bio-Rad Model 450) at 405 nm with a reference
filter of 490 nm. Absorbance values were calculated and re-
ported as percent of control.

Assessment of caspase-3 and calpain activity

The cytoskeletal protein a-spectrin contains sequence motifs
preferred by calpain and caspase-3 proteases; thus, activation of
these proteases can be assessed concurrently by immunoblot
identification of calpain and/or caspase-3 signature cleavage
products. Although calpains and caspases produce initial frag-

ments of nearly identical size (150 kDa), calpains further pro-
cess a-spectrin into a distinctive breakdown product (BDP) of
145 kDa (Harris et al., 1988; Nath et al., 1996), whereas
caspase-3 produces a unique 120-kDa BDP (Wang et al.,
1998bh). Notably, the initial 150-kDa fragment produced by
calpain differs from that produced by the caspases. Immuno-
cytochemistry using antibodies specific for this calpain-
mediated fragment (SBDP 150) or the 120-kDa fragment
produced by caspase-3 (SBDP 120) allows detection of cal-
pain- and/or caspase-3—mediated proteolysis of «-spectrin in
individual cells. Caspase-3 activation also can be inferred by
the appearance of BDPs to the proenzyme. because activation
occurs when caspase-3 is proteolyzed into smaller subunits.

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and immunoblotting. Gel electrophoresis and immunob-
lotting were performed as described previously (Pike et al.,
2000). At the appropriate time after injury, media was removed
and cells were collected from each well with lysis buffer and
sheared with a 25-gauge needle. Protein content was assayed by
the Micro BCA method (Pierce, Rockford, IL, U.S.A.). For
protein electrophoresis, equal amounts of total protein (25 pg)
were prepared in 4x loading buffer and heated at 95°C for 10
minutes. For analysis of a-spectrin proteolysis. samples were
resolved in a vertical electrophoresis chamber using a 4%
stacking gel over a 6.5% acrylamide resolving gel. Separated
proteins were laterally transferred to a nitrocellulose membrane
(0.45 wm). For analysis of caspase-3 proteolysis, samples were
resolved using a 4% to 20% gradient acrylamide gel or a Tris-
Tricine gel (16.5% + 4% stacking). Separated proteins were
laterally transferred to a nitrocellulose membrane (0.2 pm).
Nitrocellulose membranes were stained with Panceau red
(Sigma, St. Louis, MO, U.S5.A.) to ensure even transfer of all
samples to the membranes and to confirm that equal amounts of
protein were loaded in each lane. Blots were blocked overnight
in 5% nonfat milk in 20 mmol/L Tris, 0.15 mol/L. NaCl, and
0.005% Tween-20 at 4°C.

Immunoblots were probed with an anti-a-spectrin monoclo-
nal antibody (Affiniti Research Products, U.K.) that detects
intact a-spectrin (MW, = 240 kDa) and 150-, 145-, and 120-
kDa BDP, as described previously (Pike et al., 2000). Separate
blots were probed with a caspase-3 polyclonal antibody (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) that de-
tects the caspase-3 proenzyme (32 kDa) and proteolytic frag-
ments. After incubation in primary antibody for 2 hours at room
temperature, blots were incubated in peroxidase-conjugated
goat anti-rabbit IgG (1:3000) for 1 hour. Enhanced chemilumi-
nescence reagents (ECL:; Amersham, Buckinghamshire, U.K.)
were used to visualize immunolabeling on Hyperfilm (Hyper-
film ECL:; Amersham).

Semiquantitative evaluation of protein levels detected by im-
munoblotting was performed through computer-assisted, one-
dimensional densitometric scanning (Alphalmager 2000 Digi-
tal Imaging System; San Leandro, CA, U.S.A.). Data were
acquired as integrated densitometric values and transformed to
percentages of the densitometric values obtained from control
samples. Data from multiple Western blots (n = 4) were com-
bined and analyzed statistically.

Calpain- and caspase-3-mediated «-spectrin BDPs in in-
dividual cells. Cells were cultured on German Glass for im-
munocytochemistry protocols. Control cultures or cells ex-
posed to OGD, staurosporine, or maitotoxin were fixed in 4%
paraformaldehyde for 5 minutes and rinsed in PBS. Cells were
blocked in 10% normal goat serum in PBS for 30 minutes at
37°C and incubated simultaneously in primary antibodies spe-
cific for SBDP 150 (1:100, polyclonal, made in rabbit; gift
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from T.C. Saido, Japan, (Saido et al., 1993)) and SBDP 120
(1:100, polyclonal, made in chicken; gift from Kevin Wang,
Parke-Davis, Ann Arbor, MI (Buki et al., 2000)) for 30 minutes
at 37°C. After rinsing in PBS/0.05% Tween 20, cells were
incubated in secondary antibodies linked to Alexa Fluor 488
(1:50, goat a-chicken; Molecular Probes, Eugene, OR, U.S.A.)
or Alexa Fluor 568 (1:50, goat a-rabbit; Molecular Probes) for
30 minutes at 37°C. To assess nuclear morphology (that is,
characteristics of necrotic or apoptotic alterations) cells were
counterstained with the DNA dye, 4' 6-diamidino-2-
phenylindole, dihydrochloride (DAPI, 1:500; Molecular
Probes). German Glass were mounted onto glass slides with
Fluoromount-G (Southern Biotechnology Associates; Birming-
ham, AL, U.S.A.).

Cells were examined under oil immersion at 1000x magni-
fication with a Zeiss Axiovert 135 fluorescence microscope
equipped as described above. DAPI staining was viewed with
a UV2A filter (Zeiss). Nuclear morphology was assessed in
cells immunoreactive for SBDP 150, or SBDP 120, or both, and
cells were categorized (blind to treatment condition) as healthy,
apoptotic, or necrotic. Nuclei of healthy cells can be identified
by a homogenous and diffuse fluorescent chromatin, whereas
cells classified as apoptotic fluoresce intensely and are charac-
terized by highly condensed chromatin, visibly shrunken and
often irregular shaped nuclei, margination of chromatin along
the periphery of the nuclear envelope, or by the separation of
the nucleus into discrete nuclear fragments (apoptotic bodies).
In contrast, necrotic cells fluoresce brightly with pyknotic chro-
matin where nuclei have maintained their basic morphology or
have become rounded or swollen in appearance. These cells
also fail to exhibit apoptotic morphology (Schmechel, 1999;
Purnanam and Boustany, 1999). Using these criteria, the num-
ber of healthy, apoptotic, and necrotic SBDP 150 and SBDP
120 immunoreactive cells were quantified in control and OGD
cultures.

Analysis of cell types

Control cells or cells exposed to OGD were prepared for
immunocytochemistry as described above. Cells were labeled
with both neuronal nuclear marker (NeuN) and microtubule-
associated protein (MAP)2 or GFAP (glial fibrillary acidic pro-
tein) to evaluate neuronal and astroglial morphology, respec-
tively. Using both NeuN and MAP2 allowed clear visualization
of the neuronal cell body and processes. All cells were blocked
in 10% normal goat serum in PBS and were incubated in pri-
mary antibodies specific for NeuN (1:1000, monoclonal;
Chemicon, Temecula, CA, U.S.A.) and MAP2 (1:1000, mono-
clonal; Sternberger Monoclonals, Lutherville, MD, U.S.A.) or
GFAP (1:1000, monoclonal; Sigma). After rinsing in
PBS/0.05% Tween 20, cells were incubated in secondary anti-
body linked to Alexa Fluor 488 (1:50, goat a-mouse; Molecular
Probes). Cells were counterstained with DAPI and mounted
onto glass slides with Fluoromount-G.

Samples immunolabeled with NeuN and MAP2 were exam-
ined under low magnification to assess neuronal loss after OGD
(10 sequential 320x fields were counted and added per sample,
n = 6). Samples immunolabeled with GFAP also were exam-
ined under low magnification, however quantitative data on
loss of GFAP-positive cells could not be obtained because of
the high density of these cells and the inability to differentiate
individual glia. Under high magnification (1000x), DAPI stain-
ing was examined in NeuN- and/or MAP2-positive cells and
GFAP-positive cells (50 random immunoreactive cells per
sample) to assess the nuclear morphology of neurons and as-
troglia, respectively. Values for healthy, apoptotic, and necrotic
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neurons and astroglia were calculated for control and OGD
cells using the criteria described above.
Statistical analysis

Data were evaluated by one-way analysis of variance and
post hoc least significant difference 7 test. Values are given as

mean = SD. Differences were considered significant at P =
0.05.

RESULTS

Effects of oxygen—glucose deprivation on primary
mixed septo-hippocampal cultures

Effects of oxygen—-glucose deprivation duration and
reperfusion. An initial set of experiments (data not
shown) was conducted to evaluate duration of OGD on
cell viability. Primary mixed septo-hippocampal cultures
were deprived of oxygen and glucose for 1, 6, 8, 10, or
12 hours and media was collected 24 hours after cultures
were returned to normal conditions for analysis of LDH
release. Reported as percent of control, significant in-
creases in LDH release (P < 0.01) occurred after 6 (204%
+ 18.1%), 8 (233% =+ 30.1%), 10 (895% = 43.1%), and
12 (725% = 70.5%) hours of OGD. Subsequent experi-
ments (data not shown) investigated the effect of reper-
fusion length on cell viability. Samples were subjected to
OGD for 10 hours and media were collected immediately
or after 3, 12, 24, or 48 hours of reperfusion for analysis
of LDH release. Significant increases in LDH release
were evident immediately after injury (172% =+ 15.2%, P
< 0.05) compared with control cultures. Moreover, in-
creasing the length of reperfusion resulted in a time-
dependent and significant increase in LDH release (P <
0.001) at all later times tested—3 (367% = 51.7%), 12
(561% + 5.6%), 24 (674% + 14.7%), and 48 (784% =
5.6%) hours after injury, compared with control samples.

Characterization of cell death phenotypes after
oxygen-glucose deprivation. To distinguish apoptotic
and necrotic cell death, control cells and cells subjected
to OGD (10 hours + 24 hours of reperfusion) were
stained with Annexin V and PI (data not shown). Stau-
rosporine- (0.5 mmol/L for 24 hours) and maitotoxin-
(0.1 nmol/L for 1 hour) treated cells were used as posi-
tive controls of apoptosis and necrosis, respectively. Val-
ues are reported as total apoptotic or necrotic cells per
well (10, 320x fields). Uninjured control cultures con-
tained few apoptotic (78.0 = 40.0) or necrotic (8.3 £ 2.1)
cells. Cultures subjected to OGD contained significantly
(P < 0.001) more apoptotic (356.3 = 32.0) and necrotic
(180.7 + 37.4) cells compared with control cultures. In
comparison, staurosporine treatment produced a signifi-
cant increase (P < 0.001) in apoptotic cells (389.3 = 37.5)
with fewer necrotic cells (38.3 = 14.4), whereas maito-
toxin treatment resulted in a significant increase (P <
0.001) in necrotic cells (597.0 = 73.4) with fewer apop-
totic cells (13.7 = 3.8) compared with control cultures.

Examination of DAPI staining (10, 1000x fields) re-
vealed morphologic changes in chromatin staining that
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were clearly distinguishable from the classic necrotic
phenotype (Fig. 1A and 1B). These nonnecrotic changes
showed different evolutionary stages of chromatin mar-
gination, condensation, and formation of apoptotic bod-
ies. Thus, these nuclear profiles were termed apoptotic-
like. Most stained nuclei in control cultures were healthy;
however, some apoptoticlike nuclei were observed and
were probably because of spontaneous apoptosis (Fig.
1A). Compared with control cultures, OGD cultures con-
tained significantly less healthy nuclei (P < 0.001) and
significantly more apoptoticlike nuclei (P < 0.001). Ne-
crotic nuclei were rarely observed in either control or

100,
B control

2 807 0GD
[
4]
— 601
8
S

40-
i
)
3 20
A Healthy Apoptotic  Necrotic

FIG. 1. Analysis of nuclear morphology after oxygen—glucose
deprivation (OGD). (A) Control cultures and cultures deprived of
oxygen and glucose (10 hours + 24 hours of reperfusion) were
stained with DAPI, and cells were characterized as healthy,
apoptoticlike, or necrotic based on nuclear morphology. Control
cultures contained mostly healthy nuclei (90.1% = 6.1%), al-
though apoptoticlike nuclei (9.6% x 2.9%) were detected. Com-
pared with control cultures, OGD contained significantly fewer
healthy nuclei (69.3% = 10.5%) and significantly more apoptoti-
clike nuclei (30.0% = 5.4%). No significant differences were ob-
served in the percentage of necrotic cells between control (0.3%
%+ 0.2%) and OGD (0.7% = 1.0%) cultures. *P < 0.001. (B) DAPI
staining of septo-hippocampal cultures after OGD. Representa-
tive image illustrating the typical distribution of cell death pheno-
types after OGD (10 hours + 24 hours of reperfusion). Nuclei
exhibiting apoptoticlike morphology such as chromatin conden-
sation (arrowhead), irregular-shaped nuclei (open arrow), and the
formation of apoptotic bodies (thin arrows) were frequently de-
tected after OGD. Healthy nuclei (wide arrow) also were ob-
served after injury. Scale bar = 1 pm.

OGD cultures. Figure 1B shows a representation of the
typical distribution of cell death phenotypes after OGD
in this culture system. Nuclei exhibiting apoptoticlike
morphology were frequently detected after OGD, as well
as cells with healthy nuclei. Surprisingly, examination of
DAPI staining in OGD cultures failed to reveal a sub-
stantial number of necrotic cells, in contrast with data
collected with Annexin V and PI staining. This reduction
in necrotic cells may be caused by the frequent rinses and
incubations performed during the immunocytochemistry
and DAPI staining protocol that may have caused many
necrotic cells to detach and go undetected by DAPI in the
culture system. However, quite similar data were ob-
tained using these separate techniques to calculate the
number of apoptoticlike cells per sample. If values are
adjusted to reflect the different field magnifications
(320x for Annexin and 1000x for DAPI), the average
number of apoptoticlike cells per sample is similar for
Annexin (356.3 cells per sample) and DAPI (332.8 cells
per sample, data not shown). These data stress the reli-
ability of the authors’ assessments of the contribution of
apoptosis to cell death in the culture system.

Condensation and aggregation of chromatin, as shown
with DAPI staining (Fig. 1B), may occur independently
of endonuclease activation (Oberhammer et al., 1993).
Therefore, two separate techniques were used to quali-
tatively (Fig. 2A) and quantitatively (Fig. 2B) assess in-
ternucleosomal DNA fragmentation, and thus endonucle-
ase activation, after OGD. DNA electrophoresis (Fig.
2A) revealed a robust ladder pattern, characteristic of
internucleosomal DNA fragmentation, after 10 hours of
OGD with 12, 24, and 48 hours of reperfusion. Faint
bands also were detected after 3 hours of reperfusion.
Staurosporine treatment produced a characteristic DNA
ladder pattern, whereas control samples and cells sub-
Jected to maitotoxin failed to show any internucleosomal
fragments.

As an additional indicator of internucleosomal frag-
mentation, the amount of mono- and oligonucleosomes
in the cytoplasmic fraction of cell lysates was quantita-
tively assessed (Fig. 2B). Control cultures showed little
DNA fragmentation, whereas cells deprived of oxygen
and glucose for 10 hours contained significantly more
mono- and oligonucleosomes after 24 (P < 0.001) and 48
(P < 0.001) hours of reperfusion, but not after 3 or 12
hours of reperfusion. In comparison, staurosporine treat-
ment resulted in a significant increase (P < 0.001) in
mono- and oligonucleosomes, whereas samples exposed
to maitotoxin were not statistically different from control
samples.

Induction of cell death by oxygen—glucose depriva-
tion in neurons and glia. To identify the type of cell
(that is, neuron vs. astroglia) affected by OGD, primary
mixed septo-hippocampal cultures were stained with
NeuN and MAP2 (for neurons) or GFAP (for astroglial)
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FIG. 2. Assessment of internucleosomal DNA fragmentation af-
ter oxygen—glucose deprivation (OGD). (A) DNA electrophoresis.
Samples collected from control and maitotoxin (mtx)-treated cul-
tures showed no internucleosomal DNA fragmentation, whereas
staurosporine (sir) treatment produced a characteristic DNA lad-
der pattern. Cultures subjected to OGD for 10 hours and col-
lected 3 hours after injury exhibited a faint ladder. Prominent DNA
laddering was observed 12, 24, and 48 hours after injury. (B)
DNA fragmentation assay. DNA fragmentation was quantitatively
assessed by detection of mono- and oligonucleosomes in the
cytoplasmic fraction of cell lysates. Analysis of control cultures
demonstrated little DNA fragmentation, similar to cells deprived
of oxygen and glucose for 10 hours after 3 (129% + 46.8%) or 12
(287% =+ 163.0%) hours of reperfusion. However, a significant
increase in mono- and oligonucleosomes was detected in cells
deprived of oxygen and glucose for 10 hours after 24 (513% =
5.6%) and 48 (998% =+ 606.9%) hours of reperfusion. Staurospo-
rine (str) treatment resulted in a significant increase (582% =+
441.7%) in mono- and oligonucleosomes, whereas samples ex-
posed to maitotoxin (mtx) were not statistically different from con-
trol samples (111% £ 58.1%). *P < 0.001.
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and counterstained with DAPI (Fig. 3). Low magnifica-
tion examination of NeuN and MAP2 staining in OGD
cultures revealed a significant loss (68% =+ 9.3% of con-
trol values, P < (0.001) of immunoreactive (IR) neurons
(data not shown). Examination of GFAP staining in cells
subjected to OGD showed that OGD had a modest effect
on astroglia that was not readily apparent under low
magnification.

High magnification (1000x) examination of NeuN, or
MAP2 IR cells, or both (Fig. 3), showed that the majority
of positive cells in control cultures possessed large cell
bodies and several intact processes that were intensely
labeled for both neuronal markers (Fig. 3A). These cells
contained healthy, oval-shaped nuclei with diffuse chro-
matin distribution (Fig. 3B). In contrast, NeuN and
MAP2 staining of OGD cultures showed a substantial
number of neurons with shrunken cell bodies and frag-
mented processes (Fig. 3C). Nuclei of these neurons
were shrunken, irregularly shaped, and possessed highly
condensed chromatin (Fig. 3D). Apoptoticlike nuclei that
were not IR for NeuN or MAP?2 also were observed (Fig.
3D). These cells may have been apoptotic astroglia, or
more likely, neurons in an advanced stage of apoptosis in
which the phenotype is most apparent and degeneration
of cellular proteins may compromise the retention of
epitopes necessary for cell type identification. Quantita-
tive analysis of DAPI staining in NeuN, or MAP2 IR
cells, or both (50 random IR cells per sample), demon-
strated that the majority of positive cells in control cul-
tures exhibited healthy nuclear morphology (83.3% =+
4.4%). Although cells with apoptoticlike nuclei (16.7% +
1.8%) were occasionally observed, neurons with necrotic
nuclei were not detected in this set of control cultures.
Analysis of DAPI staining in OGD cultures revealed a
significantly lower percentage of healthy nuclei (57.3%
+9.3%, P <0.001) and significantly higher percentage of
apoptoticlike nuclei (40.3% = 8.6%, P < 0.001), com-
pared with control cultures. Although OGD cultures also
contained more necrotic nuclei (2.3% =+ 1.5%) than con-
trol cultures, necrotic cells were rarely observed.

Examination of GFAP staining in control and OGD
cultures showed that most GFAP-positive cells were
healthy astroglia with large cell bodies, extensive pro-
cesses, and diffuse and even immunoreactivity (Fig. 3E
and 3G, respectively). Astroglial nuclei were large and
oval-shaped with even chromatin distribution (Fig. 3F
and 3H). Although most IR cells in OGD cultures ap-
peared healthy, cells with shrunken cell bodies, broken
processes, and aggregated GFAP immunoreactivity also
were observed (Fig. 3G).

These cells possessed shrunken nuclei with highly
condensed chromatin and apoptotic bodies (Fig. 3H).
Quantitative assessment of DAPI staining in GFAP IR
cells (50 random IR cells per sample) showed that most
GFAP-positive cells in control (98.3% = 12.7%) and
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FIG. 3. Neuronal and glial morphology after oxygen—glucose deprivation (OGD). Cultures were immunolabeled with NeuN and MAP2 or
GFAP (glial fibrillary acidic protein) and were counterstained with DAPI to assess morphologic and nuclear changes after OGD (10 hours
+ 24 hours of reperfusion). Cells were examined under high magnification (1000x). (A) NeuN/MAP2 immunoreactive (IR) cells in control
cultures possessed large cell bodies (thin arrow, wide arrow) and several intact processes (arrowhead) that were intensely labeled for
both neuronal markers. (B) These cells contained healthy, oval-shaped nuclei with diffuse chromatin distribution (thin arrow, wide arrow).
(C) Cultures deprived of oxygen and glucose showed a substantial number of neurons with shrunken cell bodies (thin arrow, wide arrow)
and fragmented processes (arrowhead). (D) Neuronal nuclei were shrunken, irregularly shaped and possessed highly condensed
chromatin (thin arrow, wide arrow). Apoptotic nuclei not IR for NeuN or MAP2 also were observed (small arrow). (E) Control cultures
contained healthy astroglia with large cell bodies, extensive processes, and diffuse and even immunoreactivity (arrow). (F) Nuclei were
large and oval-shaped with even chromatin distribution (arrow). (G) OGD cultures contained a majority of healthy GFAP-positive cells
(wide arrow), but cells with shrunken cell bodies, broken processes, and aggregated GFAP immunoreactivity also were observed (thin
arrow) and characterized as apoptoticlike. (H) Nuclei in healthy astroglia resembled those detected in control cultures (wide arrow).
Apoptotic astroglia contained shrunken nuclei with highly condensed chromatin and apoptotic bodies (thin arrow). Scale bars = 1 um.
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OGD (91.4% =+ 27.2%) cultures possessed healthy nu-
clei. DAPI staining revealed some effects of OGD, in-
cluding a decreased percentage of healthy nuclei and an
increased percentage of apoptoticlike nuclei (8.4% +
2.0%), compared with control cells (1.6% = 1.5%), but
these differences were not statistically significant. Ne-
crotic nuclei were rarely observed in either control (0.2%
+ 0.5%) or OGD (0.2% = 0.5%) cultures.

Calpain and caspase-3 proteolysis of c-spectrin
after oxygen—glucose deprivation

Western blots. Activation of calpain and caspase-3
after OGD was assessed with Western blots examining
proteolysis of a-spectrin (Fig. 4A and 4B). After 10
hours of OGD, samples were collected immediately (0
hour), 3, 12, 24, or 48 hours after cultures were returned
to a normal environment. Control samples and samples
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deprived of oxygen and glucose for 10 hours and col-
lected immediately after injury showed no evidence of
calpain-mediated proteolysis of a-spectrin. However, 3
hours after reperfusion, proteolysis of a-spectrin into
150-kDa and calpain-mediated 145-kDa BDPs was sig-
nificantly increased over control values (P < 0.001).
Degradation of a-spectrin continued and proteolysis into
the 145-kDa BDP also was increased after 12, 24, and 48
hours of reperfusion (P < 0.001). Modest degradation of
native a-spectrin was observed after 48 hours of reper-
fusion (P < 0.01). Slight increases in caspase-3—mediated
proteolysis were detected after injury, but formation of
the 120-kDa BDP was variable and did not differ sig-
nificantly from control. However, immunoblots detected
proteolysis of the caspase-3 proenzyme to the activated
isoform (Fig. 4C), suggesting that analyses of autolytic

FIG. 4. Calpain- and caspase-3—medi-
ated proteolysis of a-spectrin after oxy-
gen—glucose deprivation (OGD). (A)
Representative Western blot showing
calpain- and caspase-3—mediated pro-
teolysis of «-spectrin after OGD. Control
samples and samples collected imme-
diately (0 hour) after injury showed no
evidence of calpain-mediated proteoly-
sis of a-spectrin. Accumulation of the
150- and 145-kDa BDPs was detected
3, 12, 24, and 48 hours after OGD. Mod-
erate increases in the caspase-3-
mediated BDP were detected after in-
jury, but formation of the 120-kDa BDP
was variable. (B) Calpain- and caspase-
3—mediated proteolysis of a-spectrin
semiquantitative analysis. Data from
multiple Western blots analyzing a-
spectrin proteolysis were acquired as
integrated densitometric values and
transformed to percentages of the den-
sitometric values obtained from control
samples. Formation of the 150- and
145-kDa BDPs was increased after
OGD with 3, 12, 24, and 48 hours of
reperfusion, whereas modest degrada-
tion of native a-spectrin (240 kDa) was
detected after 48 hours of reperfusion.
Accumulation of the caspase-3—medi-
ated 120-kDa BDP was variable. *P <
0.01. TP < 0.001. (C) Activation of
caspase-3 after OGD. Proteolysis of
caspase-3 (32 kDa) to the activated iso-
form (17 kDa) was examined after 10
hours of OGD and 0, 12, 24, or 48 hours
of reperfusion. Degradation of the pro-
enzyme (32 kDa) was evident 12, 24,
and 48 hours after injury. Proteolysis of
caspase-3 into the 17-kDa subunit was
detected with all lengths of reperfusion
examined.
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activation of the caspase-3 proenzyme may be more sen-
sitive than analyses of processing of cytoskeletal protein
substrates.

Immunocytochemistry. Primary mixed septo-hippo-
campal cultures were double-labeled with antibodies
specific for calpain (SBDP 150) and caspase-3 (SBDP
120) mediated w«-spectrin proteolytic fragments and were
counterstained with DAPI (Fig. 5). Across all treatment
conditions, cells with evidence of nuclear damage exhib-
ited strong immunoreactivity, whereas most healthy cells
showed faint or no immunoreactivity. Cultures deprived
of oxygen and glucose had significantly increased cellu-
lar colocalization of SBDP 150 and SBDP 120 (93.5 +
16.7 cells per sample, P < 0.001), compared with control
cultures (23 = 8.6 cells per sample). Although OGD cul-
tures contained substantially more IR cells than control
cultures, examination of immunocytochemistry showed a
similar distribution of protease activation, regardless of
treatment condition (Fig. 5A and 5C). Virtually all IR
cells in control and OGD cultures showed concurrent
calpain and caspase-3 proteolysis in varying magnitudes
(Fig. 5A and 5C). Immunolabeling in control (Fig. 5A)
and OGD (Fig. 5C) cultures resulted in subcellular lo-
calization of BDPs unique from staurosporine (Fig. 5E)
or maitotoxin cultures (Fig. 5G). In control and OGD
cells, SBDP 150 was localized exclusively within the cell
body, that is, near the nuclear membrane. Conversely,
SBDP 120 immunoreactivity was detected throughout
the entire cell body, specifically along the outer bound-
ary of the cell membrane, and in the proximal processes
(Fig. 5A and 5C). The nuclei of IR cells were shrunken,
irregularly shaped, possessed condensed chromatin, and
were considered apoptoticlike (Fig. 5B and 5D). Stauro-
sporine injured cells were immunoreactive for both
SBDP 120 and SBDP 150 in cells exhibiting apoptotic-
like nuclear morphology (Fig. SE and 5F). Notably, dif-
ferent relative magnitudes of caspase-3 and calpain
activation were evident in individual cells, but distinct
localization of BDPs was not as apparent as the immu-
noreactivity in control and OGD cells. Maitotoxin-
injured cells showed predominantly calpain-mediated
BDPs in cells exhibiting the classic necrotic nuclear mor-
phology of rounded, brightly fluoresced nuclei with pyk-
notic chromatin (Fig. 5G and 5H).

Quantitative analysis of DAPI staining in cells immu-
noreactive for SBDP 150 or SBDP 120 (data not shown)
revealed that the majority of IR cells possessed apopto-
ticlike nuclei in control (95.7% = 38.7%) and OGD
(97.9% =+ 17.2%) cultures. Few IR cells exhibiting a
necrotic cell death phenotype were observed in control
(1.4% = 3.7%) or OGD (1.4% = 1.5%) cultures. Occa-
sionally, IR cells with healthy nuclei were present in
control (2.9% = 3.2%) and OGD (0.7% = 1.0%) cultures.
However, these cells may have been in the initial stages

of cell death in which nuclear changes were not yet
apparent.

Effects of calpain and caspase inhibitors

Preliminary experiments using protease inhibitors in
cultures subjected to 10 hours of OGD and 24 hours of
reperfusion data failed to show protection against cell
death when LDH release was assayed (data not shown).
These data suggested that 24 hours of reperfusion was
too long a period to allow the inhibitors to be effective,
or that the inhibitors became toxic after such long peri-
ods. Moreover, the current data demonstrated robust cell
death, DNA fragmentation (Fig. 2), and protease activa-
tion (Fig. 4) with 10 hours of OGD and 12 hours of
reperfusion. In an attempt to show protection and there-
fore involvement of calpain and caspase-3, cells were
subjected to 10 hours of OGD with 12 hours of reperfu-
sion in the presence of protease inhibitors. Lactate de-
hydrogenase analysis (Fig. 6A) showed significant de-
creases in release with CI-3 (100 pmol/L; P < 0.001)
compared with vehicle-treated cultures. The specific
caspase-3 inhibitor, DEVD-fmk (100 pmol/L, P < 0.05),
also inhibited LDH release; however, decreases were not
statistically significant compared with vehicle-treated
cultures. The pan-caspase inhibitor, Z-D-DCB (100
pmol/L), had no effect on LDH release. Dimethyl sulf-
oxide also decreased LLDH release, but this effect was not
significantly different from the OGD and media cultures.

Consistent with the LDH data, Western blot analyses
of these samples (Fig. 6B) showed that CI-3 decreased
proteolysis of native 240 kDa a-spectrin and almost
completely blocked the formation of the 150/145 kDa
doublet. Z-D-DCB also inhibited formation of the 145
kDa BDP to a small extent, but had only a minor effect
on the caspase-3—mediated BDP (120 kDa). Surpris-
ingly, DEVD-fmk dramatically reduced the calpain-
mediated BDP, but only had a modest effect on the 120
kDa band. Subsequent experiments investigating com-
bined inhibition using CI-3 and DEVD-fmk failed to
show a synergistic mechanism. Future experiments
should examine more extensive dosing protocols.

DISCUSSION

Although numerous studies have investigated calpain
and caspase-3 activation after acute CNS trauma, no
study has examined the relation between protease acti-
vation and expression of cell death phenotypes. In the
current study, the authors detected prominent expression
of apoptoticlike cell death phenotypes following a model
of OGD, especially in neurons. Moreover, coactivation
of calpain and caspase-3 was almost always detected in
cells exhibiting apoptoticlike cell death phenotypes.

Oxygen—glucose deprivation resulted in both apopto-
sis and necrosis in this culture system. Although apop-
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FIG. 5. Calpain and caspase-3 proteolysis of u-spectrin in individual cells following oxygen—glucose deprivation (OGD). Primary mixed
septo-hippocampal cultures were immunolabeled with antibodies specific for calpain- (SBDP 150, red fluorescence) and caspase-3
(SBDP 120, green fluorescence}-mediated a-spectrin fragments, and counterstained with DAPI. (A) The majority of cells in control
cultures were not immunoreactive (IR) for a-spectrin BDPs; however, cells that were IR exhibited both calpain- and caspase-3—mediated
BDPs (thin arrow, wide arrow). (B) Nuclei of IR cells were shrunken and exhibited chromatin condensation (thin arrow, wide arrow) and
apoptotic bodies were also evident (arrowhead). (C) OGD cultures also showed concurrent calpain and caspase-3 proteolysis (thin arrow,
wide arrows). In addition, IR cells from control (A) and OGD (C) cultures showed subcellular localization of BDPs; SBDP 150 was detected
exclusively within the cell body, while SBDP 120 was observed throughout the entire cell body and the proximal processes (A, C, all
arrows). (D) Nuclei of IR cells in OGD cultures were shrunken, irregularly shaped, and possessed highly condensed chromatin (wide
arrows). Nuclei with chromatin margination along the periphery of the nuclear membrane were also detected (thin arrow). (E) Stauro-
sporine-injured cells were IR for SBDP 120 and SBDP 150 and different relative magnitudes of protease activation were evident in
individual cells (thin arrow, wide arrow, arrowhead). (F) IR cells exhibited nuclear morphology consistent with apoptosis (thin arrow, wide
arrow, arrowhead). (G) Maitotoxin-injured cells exhibited calpain-mediated BDPs (arrow). (H) Nuclei of IR cells were rounded, brightly
fluoresced, exhibited pyknotic chromatin, and were considered necrotic (arrow). Scale bar = 1 um.
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FIG. 6. (A) Effect of protease inhibition on lactate dehydroge-
nase (LDH) release following oxygen—glucose deprivation
(OGD). Cultures were subjected to OGD (10 hours + 12 hours of
reperfusion) alone, or combined with varying doses of protease
inhibitors. Cell viability was assessed by measuring LDH release
and expressed as percent of control. Significant decreases in
LDH release were detected with administration of CI-3 (100
pmol/L) compared to vehicle-treated cultures. DEVD-fmk (100
pmol/L) also inhibited LDH release; however, decreases were not
statistically significant compared to vehicle-treated cultures.
Z-D-DCB (100 pmol/L) had no effect on cell viability. DMSO (2
plL/mL) also decreased LDH release, but its effect was not sig-
nificantly different from the OGD/media cultures. *P < 0.05 and
1P < 0.001 compared to control; P < 0.05 and § P < 0.001
compared to OGD/media; "P < 0.01 compared to vehicle-treated
OGD. (B) Effect of protease inhibition on «-spectrin proteolysis.
Western blot analyses of «-spectrin proteolysis assessed inhibi-
tion of appropriate proteases. CI-3 (100 pmol/L) decreased pro-
teolysis of native 240 kDa «-spectrin and the formation of the
150/145 kDa doublet. Z-D-DCB (100 pmol/L) had a small effect
on the accumulation of the 145 kDa and 120 kDa BDPs. DEVD-
fmk (100 pmol/L) substantially reduced the formation of the 145
kDa BDP, but had only a modest effect on the formation of the
120 kDa BDP.

totic and necrotic cell death have been observed in some
models of in vitro ischemia (Kalda et al., 1998), other
models do not observe apoptosis unless glutamate recep-
tor antagonists are used (Gottron et al., 1997; Gwag et
al., 1995; Lobner and Choi, 1996). Variations in cell
culture methodology, including culture age at time of
injury and glial density, may be responsible for these
discrepancies. Consistent with the prominent role of ap-
optosis in development, younger cultures, such as those
used in this study, are more susceptible to apoptosis after
cyclosporine or staurosporine treatment (McDonald et

al., 1997), whereas older neurons are more vulnerable to
N-methyl-d-aspartate toxicity (McDonald et al., 1997)
and hypoxia (Di Loreto and Balestrino, 1997). In con-
trast to this article, studies that detected only necrosis
after OGD used neuronally enhanced cell cultures (Gold-
berg and Choi, 1993; Gottron et al., 1997; Lobner and
Choi, 1996). Increased sensitivity to glutamate toxicity
and OGD has been observed in neuronally enhanced cul-
tures (Zhao et al., 2000; Dugan et al., 1995), suggesting
that the absence of glia may intensify a neuron’s re-
sponse to injury. It is conceivable that higher glial con-
centrations in the current model of OGD blunted the
effects of deprivation and resulted in a slower and milder
injury. Notably, in vitro studies have shown that the
same insult can produce apoptosis or necrosis depending
on its severity (Bonfoco et al., 1995).

Cell death after OGD was associated with concurrent
activation of calpain and caspase-3. Although immuno-
cytochemical experiments revealed robust caspase-3—
mediated proteolysis of «-spectrin (120 kDa), Western
blots failed to detect consistent increases in this proteo-
Iytic fragment. Use of different primary antibodies
(monoclonal versus polyclonal) and methods of detec-
tion (enhanced chemiluminescence reagents versus fluo-
rescence) may be responsible for these inconsistencies.
Western blots using an antibody to the activated
caspase-3 17-kDa subunit did provide evidence of
caspase-3 activation, confirming immunohistochemical
observations of caspase-3 activation and suggesting that
Western blot assessments of proenzyme processing may
be more sensitive than measures of substrate degradation
in some model systems.

Cells phenotypically showing apoptoticlike nuclear
profiles exhibited prominent expression of calpain and
caspase-3, suggesting that there may be as yet undefined
interactions between these two proteases in the expres-
sion of the apoptotic phenotype. Calpain and caspase-3
share a variety of substrates that are proteolyzed during
apoptosis (Wang, 2000). In addition, these proteases
cleave proteins important to each other’s regulation—
that is, caspase-3—mediated proteolysis of calpastatin,
calpain-mediated proteolysis of pro-caspase-3 and pro-
caspase-9 (Wang et al., 1998a; McGinnis et al., 1999;
Wolf et al., 1999). Furthermore, calpains, but not
caspases, promote apoptoticlike events during platelet
activation (Wolf et al., 1999). Additional evidence for
calpain’s involvement in apoptotic cell death in CNS
injury is provided by recent studies examining in vivo
TBI and ischemia. Calpain-mediated breakdown prod-
ucts have been detected in the injured cortex after TBI
(Beer et al., 2000; Pike et al., 1998a), a site associated
with prominent apoptotic cell death (Beer et al., 2000;
Newcomb et al., 1999), although evidence of caspase-3
activation in this region has yielded conflicting data
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(Beer et al., 2000; Pike et al., 1998a). These discrepan-
cies may be attributable to differences in injury magni-
tude, animal age, or species; these issues currently are
being addressed in both laboratories. After in vive isch-
emia, approximately 50% of TUNEL-positive cells
failed to show caspase-3 activation (Namura et al.,
1998), suggesting that other proteases, such as calpain,
are involved in the apoptotic changes observed after
injury.

Inhibition of calpain substantially decreased LDH re-
lease after OGD with 12 hours of reperfusion, suggesting
that calpain activation contributes to cell death in this
model. Inhibition of caspase-3 with DEVD-fmk also re-
duced LDH release, although this drug also showed
marked inhibition against calpain activation. Thus, the
current study did not allow for comparisons of the rela-
tive contribution of these two proteases to cell death in
this model. It is unclear why DEVD-fmk showed sub-
stantial calpain inhibition and only modest caspase-3 in-
hibition, but these data suggest that this agent is not a
specific inhibitor of caspase-3 activation, at least in this
model system. Although not directly addressed in this
study, future experiments must more rigorously investi-
gate the relative contribution of calpain and caspase-3 to
the expression of apoptotic cell death phenotypes.

Although the current study relied in part on morpho-
logic characteristics of cell death phenotypes, a number
of observations suggest that biochemical markers ulti-
mately may be more useful indicators of cell death, es-
pecially in acute neurologic insults characterized by het-
erogeneous or ambiguous cell death phenotypes. In this
study, appearance of necrotic cell death depended on
method of detection. Using chromatin dyes to distinguish
necrotic and apoptotic nuclear morphology is problem-
atic because nuclei may exhibit characteristics either of
both types (Colicos and Dash, 1996) or neither type
(Zhao et al., 2000) of cell death. In fact, most techniques
used to differentiate apoptosis also have been reported to
label necrosis, perhaps because late events are similar in
both types of cell death (Choi, 1996). Some investigators
have argued that necrosis and apoptosis may not be phe-
notypically distinct events, but rather represent a mor-
phologic continuum (Bonfoco et al., 1995; Portera-
Cailliau et al., 1997). This issue is further complicated by
evidence showing that the same insult can cause apop-
tosis and necrosis in different cell populations (Sloviter
et al., 1996) or can result in an acute necrotic death with
a delayed apoptotic death (Ankarcrona et al., 1995; Pang
and Geddes, 1997).

In summary, the current data demonstrate that coacti-
vation of calpain and caspase-3 is a reliable characteristic
of apoptotic cell death in the current model system.
These observations strongly suggest that calpain activa-
tion, in combination with caspase-3 activation, could
contribute to the expression of apoptotic cell death by
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assisting in the proteolytic degradation of important
cellular proteins (Wang, 2000). Finally. interactions
between these two cysteine proteases could be important
determinants of cell death.
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ABSTRACT

In this study, we examined the expression and cellular localization of survivin and proliferating cell
nuclear antigen (PCNA) after controlled cortical impact traumatic brain injury (TBI) in rats. There
was a remarkable and sustained induction of survivin mRNA and protein in the ipsilateral cortex
and hippocampus of rats after TBI, peaking at five days post injury. In contrast, both survivin
mRNA and protein were virtually undetectable in craniotomy control animals. Concomitantly, ex-
pression 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 injured brain.
Further analysis revealed a frequent co-localization of survivin and GFAP, an astrocytic marker,
in both the ipsilateral cortex and hippocampus, while 2a much smaller subset of cells showed co-lo-
calization of survivin and NeuN, a mature neuronal marker. Neuronal localization of survivin was
observed predominantly in the ipsilateral cortex and contralateral hippocampus after TBI. PCNA
protein expression was detected in both astrocytes and neurons of the ipsilateral cortex and hip-
pocampus after TBIL. Collectively these data demonstrate that the anti-apoptotic protein survivin,
previously characterized in cancer cells, is abundantly expressed in brain tissues of adult rats sub-
jected to TBI. We found survivin expression in both astrocytes and a sub-set of neurons. In addi-
tion, the expression of survivin was co-incident with PCNA, a cell cycle protein. This suggests that
survivin may be involved in regulation of neural cell proliferative responses after traumatic brain
injury.

Key words: astrocyte; neuron; PCNA; survivin; traumatic brain injury

INTRODUCTION behavioral deficits. These deficits are the result of neural

tissue injury and cell death, most of which occurs within

TR.A\[..‘MATI(“ BRAIN INJURY (TBI) is a major health care  the first days after injury (Raghupathi et al., 2000). The
issue that can lead to permanent motor, cognitive and  ability of this tissue to resist injury and recover depends
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Florida.

Departments of “Neuroscience, *Pediatrics, *Neurosurgery, SAnatomy and Cell Biology, and Psychiatry, University of Florida,
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largely on two factors, the survival potential of the cells
and the proliferative ability of the cells in the affected
area. Therefore, proliferation of cells in response to in-
jury is important in the compensatory/reparative process.
Astrocytes multiply possibly to support surviving neu-
rons and prevent further tissue damage through forma-
tion of the glial scar (Ridet et al., 1997; Bush etal., 1999;
Smith et al., 2001). Microglia increase to remove cellu-
lar debris and promote recovery (Giulian, 1991). Neu-
rons may be replenished by neural stem cells in the den-
tate gyrus and subventricular zones (Doetsch et al., 1999;
Cameron and McKay, 2001; Kernie et al., 2001; Yagita
et al,, 2001; Peterson, 2002). Consistent with these find-
ings, cell cycle protein expression has been shown after
TBI (Kaya et al., 1999a). However, studies have not in-
vestigated the role of survivin, a pro-mitotic and anti-
apoptotic protein, in the adult brain after TBI.

Survivin is a novel member of the inhibitor of apopto-
sis protein (IAP) family that can inhibit activated caspases
(Ambrosini et al., 1997; LaCasse ct al., 1998; Takahashi
etal., 1998; Tamm et al., 1998; Deveraux and Reed, 1999;
Li and Altieri, 1999; Muchmore et al., 2000; Jiang et al.,
2001). Survivin is also an evolutionarily conserved chro-
mosomal passenger protein that is required for proper
completion of mitosis. Survivin is present during normal
tissue development (Adida et al., 1998; Kobayashi et al.,
1999) but is absent in most adult tissues including the
brain (Ambrosini et al., 1997; Kobayashi et al., 1999).
Many cancer cell lines and cancer tumors, such as neural
derived neuroblastoma and glioblastoma, which prolifer-
ate at high rates, exhibit survivin over-expression (Altieri
etal,, 1999; Sasaki et al., 2002). In addition, blocking sur-
vivin expression with anti-sense oligonucleotides in these
cell lines leads to cell death (Shankar et al., 2001),

In this paper, we demonstrate the induction of survivin
expression at the levels of mRNA and protein in the cor-
tex and hippocampus of rats after traumatic brain injury.
Survivin protein was primarily localized to astrocytes and
in a small subset of neurons as indicated by its co-local-
ization with GFAP and NeuN. In addition, a remarkable in-
duction of proliferating cell nuclear antigen (PCNA) was
observed after TBI and also localized to astrocytes and neu-
rons. Finally, survivin and PCNA were co-expressed in sin-
gle cells suggesting a possible role for survivin in regula-
tion of cellular proliferative responses following TBI

MATERIALS AND METHODS

Induction of Controlled Cortical Impact
Brain Injury

The surgical and cortical impact injury procedures
were conducted as previously described (Dixon et al.,
1991; Pike et al., 1998). Briefly, adult male Sprague-

Dawley rats (250-300 g) were anesthetized with 4%
isoflurane (Halocarbon Laboratories; River Edge, NI) in
1:1 02/N2O for 4 min and maintained during surgery with
2.5% isoflurane. Core body temperature was continu-
ously monitored using a rectal thermistor probe and main-
tained at 36.5-37.5°C using an adjustable heating pad. A
unilateral craniotomy (ipsilateral to injury) was performed
over the right cortex between the sagittal suture, bregma,
and lambda while leaving the dura intact. Traumatic in-
sult was generated by impacting the exposed cortex with
a S-mm-diameter aluminum tip at a velocity of 4 m/sec,
a 150-msec dwell time, and a 1.6-mm compression. Cran-
iotomy control animals received the cra-niotomy but not
the impact injury. All procedures were performed ac-
cording to guidelines established by the University of
Florida Institutional Animal Care and Use Committee
(IACUC) and the National Institutes of Health (NIH).

Quantitative Real-Time Polymerase Chain
Reaction (Q-PCR)

Survivin primers were generated using GeneBank lo-
cus AF 276775: forward primer 5° TAAGC CACTT
GTCCC AGCTT 3', and reverse primer 5' AGGAT
GGTAC CCCAT TACCT 3'. GAPDH: forward primer
5" GGCTG CCTTC TCTTG TGAC 3’ and the reverse
primer 5" CACCA CTTCG TCCGC CGG 3’. Cortical
and hippocampal tissues from the ipsilateral and con-
tralateral hemispheres were rapidly excised at either 1, 2,
3,5, 7, or 14 days and “snap-frozen™ with liquid nitro-
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FIG. 1. Survivin mRNA induction in rat brain after traumatic

brain injury. Rats were subjected to craniotomy followed by
controlled cortical impact brain injury. Total RNA was isolated
from injured (ipsilateral) cortex (ic) and hippocampus (ih) at
indicated post-injury times. cDNA was synthesized, and quan-
titative PCR using survivin primers was performed. Data are
given as percent of survivin expression over craniotomy con-
trols (C. Cont.); each time point represents mean = SEM of
four independent measurements in craniotomy control or TBI
group. **p < 0.01 versus craniotomy control (one-way
ANOVA test with post hoc Bonferroni analysis).
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FIG. 2. Expression of survivin protein after TBI in rats. Brain tissue homogenate proteins (40 pg) were separated using SDS-
PAGE, immunoblotted with survivin antibody, and visualized. (A) Representative Western blot of survivin (17-kDa protein) in
ipsilateral cortex (ic) and hippocampus (ih), contralateral cortex (cc) and hippocampus (ch) obtained from injured rats, and from
craniotomy control rats without cortical impact (C. Cont.). Densitometry analysis representation of survivin-positive bands in ip-
silateral (ic) and contralateral (cc) cortex (B) and ipsilateral (ih) and contralateral (ch) hippocampus (C) after TBI is shown as
percent of craniotomy control values. Each data point represents the mean = SEM of four to six independent experiments. *p <
0.05. **p < 0.001 versus craniotomy control (one-way ANOVA test with post hoc Bonferroni analysis).
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FIG. 3.

Expression of PCNA after TBI in rats. PVDF membranes visualized for survivin were stripped and re-probed with

PCNA antibody. Representative western blots showing PCNA (36 kDa) (A) and densitometry analysis of PCNA-positive bands
(B,C) are presented. Experimental conditions, sample size and abbreviations are identical to those in Figure 2. *p < 0.05, **p <
0.01 versus craniotomy control (one-way ANOVA test with post hoe Bonferroni analysis).

gen. Total RNA was isolated from the samples using TRI-
zol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. ¢cDNA synthesis was per-
formed using 1 pg of total RNA with the SuperScript™
First-Strand Synthesis System for RT-PCR kit (Invitro-
gen/Life Technologies, Carlsbad, CA) according to the

manufacturer’s instructions. Q-PCR was performed as
previously described (Tolentino et al., 2002) using the
LightCycler-FastStart DNA Master SYBR Green I reac-
tion mix (Roche Diagnostics, Indianapolis, IN) in com-
bination with 0.5 uM primers, 2.5 mM MgCl; in the
Light Cycler rapid thermal cycler system (Roche Diag-
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Immunohistochemistry of survivin and PCNA. Double fluorescent immunostaining for survivin (red) and PCNA (green)

was performed in the ipsilateral cortex (A) and hippocampus (B) at 5 day post-injury. Survivin is expressed in the cytoplasm (C,
red), while PCNA is expressed in the nucleus (D, green). The white arrow indicates the typical focal co-expression of survivin
and PCNA as shown in merged survivin and PCNA images (E). PCNA expression was co-incident with DAPI staining (F, blue,
white arrow). Original magnification, X200; bar = 50 um (A,B); original magnification X400, bar = 20 pm (C-F).

nostics, Indianapolis, IN). Briefly, the primers were ampli-
fied then quantified by online monitoring and identification
of the crossing point value (CPV) which is the exact time
point at which the logarithmic linear phase could be dis-
tinguished from the background. The survivin primer sets
were subjected to serial dilution and linear regression analy-
sis of the logarithm of the dilution factor versus the CPV
generated a standard curve for each transcript-speci-fic tem-
plate. Results are presented as percentage of cranio-tomy
control. Data were analyzed by ANOVA with a post-hoc
Bonferroni-test and are given as mean * SEM. Differences
were considered significant at the level of p = 0.05.

Western Blot Analyses

Brain tissue was removed as described above, rinsed
with cold PBS, snap frozen in liquid nitrogen and ho-

mogenized in ice-cold triple detergent lysis buffer con-
taining a Complete™ protease inhibitor cocktail (Roche
Biochemicals, Indianapolis, IN). Protein concentration
was determined by bicinchoninic acid (BCA) micro pro-
tein assays (Pierce, Inc., Rockford, 1L). Forty micrograms
of protein per well was loaded and separated by SDS-
PAGE, transferred to PYDF membranes and probed with
goat-anti-rabbit survivin antibody (Novus Biologicals;
Littleton, CO; 1:1000). After incubation with goat anti-
rabbit HRP-labeled secondary antibody (Biorad, Her-
cules, CA), the membranes were developed using En-
hanced Chemiluminescence Plus reagents (ECL Plus;
Amersham, Arlington Heights, IL). For further PCNA
analysis, developed PVDF membranes were incubated in
stripping buffer, rinsed twice in TBST and incubated with
PCNA antibody (Santa Cruz Biotech; Santa Cruz, CA;
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1:1000) as described above. Semi-quantitative, densito-
metric analysis was performed using the Alphalmager™
2000 Digital Imaging System (San Leandro, CA). Trans-
formed data (experimental densitometry value/ crani-
otomy control densitometry value X 100) was evaluated
by ANOVA and a post-hoc Bonferroni-test. Values are
expressed as percentage of craniotomy controls and are
given as mean = SEM. Differences were considered sig-
nificant at the level of p = 0.05,

Characterization of Survivin Antibody (R51)

First, we compared the specificity of the survivin an-
tibody developed within our group (R51; Dr. G. Shaw)
and a commercially available survivin antibody (Chemi-
con; Temecula, CA). Our antibody showed characteris-
tic staining of the cleavage furrow between dividing
HeLa cells consistent with other reports (Li et al., 1998,
1999; Uren et al., 2000). In addition, double labeling with
both survivin antibodies showed co-localization at the
cleavage furrow. The peptides used to develop our sur-
vivin antibody are specific to survivin and do not recog-
nize other IAP family proteins according to SDSC Biol-

ogy Workbench BLASTP (2.2.2) (Altschul et al., 1997)
and CLUSTAL W (1.81) analysis (Higgins et al., 1992;

Thompson et al.,
body’s specificity.

1994), resulting in the survivin anti-

Immunohistochemistry (IHC)

Animals were transcardially perfused with 2% Heparin
(Elkins-Sinn, Inc.; Cherry Hill, NJ) in 0.9% saline solu-
tion (pH 7.4) followed by 4% paraformaldehyde in 0.1
M phosphate buffer (pH 7.4). The brains were post-fixed
in 4% paraformaldehyde and stored in 0.1M PBS or cryo-
buffer. Forty micron sections were fluorescent immuno-
labeled with two primary antibodies in the following
experiments: survivin (1:500)/GFAP for astrocytes
(Sternberger; Lutherville, MD; 1:1000), survivin/NeuN
for mature neurons (Chemicon; Temecula, CA; 1:1000),
survivin/PCNA (Santa Cruz Biotech; Santa Cruz, CA;
1:200), PCNA/GFAP and PCNA/NeuN. The nuclear dye
DAPI (in Vectashield; H-1200; Vector Laboratories;
Burlingame, CA) was used to label the nuclei. The first
primary antibody was incubated at 4°C for 24-48 hin a
2% goat serum/2% horse serum/0.2% Triton-X 100 in
0.1 M PBS (block) solution followed by the second pri-
mary antibody at 4°C for 1 h in block solution. Fluores-
cent-tagged secondary antibody (Molecular Probes; Eu-
gene, OR) was used for visualization. For double-labeling
using same species antibodies, we used the tyramide sig-
nal amplification (TSA) kit (PerkinElmer Life Sciences,
Boston, MA) according to the manufacturer’s instruc-
tions and as previously described (Stone et al., 2002). The

sections were viewed and digitally captured with a Zeiss
Axioplan 2 microscope (Zeiss, Thomwood, NY)
equipped with a SPOT Real Time Slider high-resolution
color CCD digital camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI). The number of animals used for
dual-labeling THC is as follows: survivin X PCNA = 4,
survivin X GFAP = 6, survivin X NeuN = 4, PCNA X
GFAP = 4, and PCNA X NeuN = 4. Cell counts were
obtained by comparing the number of double-labeled
cells to total single-labeled cells in the following groups:
survivin/NeuN positive cells to total NeuN positive cells,
survivin/PCNA  positive cells to total PCNA positive
cells, PCNA/NeuN positive cells to total NeuN positive
cells, and survivin/GFAP positive cells to total GFAP
positive cells. Percentages were calculated by dividing
the number of double-labeled cells with the total number
of single-labeled cells. For each group, representative
photomicrographs were selected and counted. Cells were
counted in a total area of at least 188,000 um? for each
group, with no distinction made between cortical and hip-
pocampal regions.

RESULTS

Induction of Survivin Expression after TBI

Q-PCR analysis revealed an initial increase in survivin
mRNA at 2 days post injury in the ipsilateral cortex and
hippocampus. These transcripts remained elevated in
both regions, reached maximum levels at day 5 post-in-
jury and declined at 7 days in the cortex and at 14 days
in the hippocampus. All experimental animals remained
alive and exhibited slightly impaired motor and cogni-
tive impairments (data not shown). Cortical mRNA lev-
els reached a maximum of 448 *+ 10.0%, whereas hip-
pocampal mRNAs attained 606 = 10.0% compared to
craniotomy control values (Fig. 1). To determine if the
induction of survivin mRNA resulted in corresponding
increases in survivin protein, western blot analysis was
performed. Survivin (17-kDa protein) was readily de-
tectable in the ipsilateral cortex and hippocampus of TBI
rats, while it was negligible in contralateral cortex and
hippocampus (Fig. 2A). Survivin was expressed in a
time-dependent manner with a maximum increase at 5
days after injury followed by a gradual decline by 14
days. Specifically, the levels of survivin in cortical tis-
sue were 616 = 257% at 3 days and 839 * 339% at 5
days compared to craniotomy controls (Fig. 2B). Similar
increases of survivin protein in the ipsilateral hippocam-
pus were detected at 3 d and 5 days post injury: 464 =
196% and 545 * 102% compared to craniotomy control,
respectively (Fig. 2C).
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FIG.5. Co-localization of survivin and GFAP in brain tissue after TBI. Fluorescent immunohistochemistry for survivin (green)
and GFAP (red) was performed in the ipsilateral and contralateral cortex (A,B) and in the CAl and dentate gyrus regions of the
hippocampus (G,H) at 5 day post-injury. The injury has completely destroyed the cortex in G leaving only the hippocampus in
this picture. Survivin was expressed in the cytoplasm (D,J, green) of GFAP-positive astrocytes (C,I, red) of the ipsilateral cor-
tex and hippocampus and was found to co-localize to these cells as shown in merged C/D and I/J images (E,K, respectively, yel-
low). White arrows indicate typical survivin-positive astrocytes. Nuclei are shown using DAPI (F,L, blue). Original magnifica-
tion, X100, bar = 50 um (A,B,G,H); X400, bar = 20 um (C-F and I-L).

Cortex

Ipsilateral
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FIG. 6. Co-localization of PCNA and GFAP in brain tissue after TBI. Double immunostaining for PCNA (green) and GFAP
(red) was performed in the ipsilateral and contralateral cortex (A,B) and the CA1 and dentate gyrus regions of the hippocampus
(G,H) at 5 day post-injury. PCNA is present in GFAP-positive cells of ipsilateral cortex (C,D) and, to a lesser extent hippocampus
(LJ). (E,K) Merged C/D and I/], respectively. White arrows indicate typical PCNA-positive astrocytes. PCNA expression was
co-incident with DAPI staining (F,L, blue). Original magnification, X 100; bar = 50 um (A,B,G,H); x400, bar = 20 pum (C-F,
and 1-L).
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PCNA Expression after TBI

For detection of proliferating cell nuclear antigen
(PCNA), PVDF membranes immunostained for survivin
were stripped and re-probed using a PCNA-specific an-
tibody. PCNA (36-kDa protein) was significantly de-
tectable in the ipsilateral cortex and hippocampus of TBI
rats, but only negligible amounts were observed in the

F3 -)-contld]dtcral cortex and hippocampus (Fig. 3A). The

temporal patterns exhibited by PCNA protein were sim-
ilar to that of survivin protein. Namely, PCNA expressed
in a time-dependant fashion with a maximum increase at
5 days after injury followed by a gradual decline by 14
days. The levels of PCNA in ipsilateral cortical tissue
were raised over craniotomy control by 919 * 459% at
3 days, 2263 * 333% at 5 days, and 1035 £ 356% at 7
days post injury (Fig. 3B). Similar increases of PCNA
protein in ipsilateral hippocampus were detected at 5 days
post injury with a maximum of 1006 * 229% compared
to craniotomy controls (Fig. 3C). No significant increase
was found in the contralateral regions when compared to
craniotomy controls (Fig. 3A).

Co-Expression of Survivin and PCNA
Jollowing TBI

To examine spatial co-localization of survivin and
PCNA, double-label immunohistochemistry of brain tis-
sue sections was performed on day 5 post injury, when
peak expression of these proteins was observed.

At this time point, a remarkable survivin and PCNA
immunoreactivity was found in the ipsilateral cortex (Fig.

F4 .’>4A] and ipsilateral hippocampus (Fig. 4B) consistent with

data obtained using Western blot analyses. Within both
regions, focal co-expression patterns of survivin and
PCNA in single cells were detected, which was demon-
strated by both separate fluorescent visualization of in-
dividual proteins and by merging the images of double-
stained slides (Fig. 4C-E). However, the dual expression
of survivin and PCNA occurred infrequently as survivin
and PCNA immunoreactivity could readily be found sep-
arately (Fig. 4C-E). Approximately 12% of the total num-
ber of PCNA-positive cells also labeled with survivin. The
nuclear morphology of dual survivin and PCNA-positive
cells was ambiguous as indicated by DAPI staining (Fig.
4F). Therefore, DAPI staining was simply used for cell
identification in all subsequent experiments.

Survivin and PCNA Are Expressed in
Astrocytes after TBI

To determine the cell types expressing survivin and
PCNA, double-label immunohistochemistry for these
proteins and GFAP, a marker of astrocytes, was per-
formed on day 5 post injury.

In accordance with Western blot data, remarkable sur-
vivin-positive immunoreactivity was observed in the ip-
silateral cortex and hippocampus proximal to the injury
cavity (Fig. 5A,G, green) but not in the contralateral ar-
eas (Fig. 5B,H). Survivin was co-localized with GFAP
in the cells of injured cortex and hippocampus, which
strongly suggested primary accumulation of survivin in
cells of astrocytic lineage (Fig. SC-E,I-L). Survivin was

uniformly distributed in the cytoplasm and processes of

astrocytes in both cortex and hippocampus (Fig. 5D,J).
DAPI staining is shown in Figure 5F,L3. Approximately
88% of the total number of GFAP-positive cells also la-
beled with survivin.

PCNA-positive immunoreactivity staining was ob-
served in the ipsilateral cortex (Fig. 6A, green) and hip-
pocampus (Fig. 6G, green) of injured brain, while con-
tralateral cortex and hippocampus exhibited negligible
PCNA immunoreactivity (Fig. 6B,H). PCNA (Fig. 6C.I)
was partially co-localized with GFAP (Fig. 6D.J, red) in
both regions, and was characteristically distributed in the
nucleus of the cells in both cortex and hippocampus (Fig.
6E,K). DAPI staining is shown in Figure 6F,L.

Taken together, double-label immunohistochemistry
data provides evidence that both survivin and PCNA can
be detected in GFAP-positive astrocytes following trau-
matic insult. Since survivin and PCNA immunoreactiv-
ity was not exclusively localized in GFAP-positive cells,
we next addressed a question what other cell type might
express survivin after TBI. We suggested that a certain
population of mature neurons might express survivin in
response to injury.

Survivin and PCNA Are Expressed in a
Sub-Set of Neurons after TBI

As can be seen in Figure 7, survivin and PCNA were
each co-expressed with NeuN, a marker of mature neu-
rons. NeuN-positive cells were found to express survivin
in the ipsilateral cortex distal to the injury cavity (Fig.
7A-D) and in the contralateral hippocampus (Fig. 7E-H).
It should be noted, however, that NeuN-positive cells that
also expressed survivin occurred infrequently. For ex-
ample, we estimated the number of dual survivin/NeuN
positive cells as 0.1-1.5% of the total number of NeuN-
positive cells in these regions. Survivin immunoreactiv-
ity was negligible in either hemisphere of craniotomy
control brains (Fig. 7Q,R). No co-localization of survivin
and NeuN was observed in ipsilateral hippocampus (data
not shown). As can be seen in Figure 7B,F, survivin was

predominantly localized to the cytoplasm and axons of

NeuN-positive neurons. DAPI staining is shown in Fig-
ure 7D,H.

PCNA-positive neurons were found in the ipsilateral
cortex (Fig. 7I-L) and hippocampus after TBI (Fig.

1190

<

<

F6 )

2 3

.Fs._‘_}

F7



SURVIVIN UPREGULATIN AFTER TBI

Survivin Co-localized

Ipsilateral

i
-

‘Eu
gk
= =
=9
o2

Ipsilateral

Ipsilateral

Craniotomy Control

Contralateral Ipsilateral

FIG. 7. A sub-set of NeuN-positive neurons express survivin and PCNA after TBI. Double fluorescent immunohistochemistry
for survivin (green) and NeuN (red) in the ipsilateral cortex (A,B) and the CA1 pyramidal layer of the contralateral hippocam-
pus (E,F) was performed. Survivin is expressed in the cytoplasm and, to a limited extent, in the processes of NeuN-positive neu-
rons (merged images C/G). Dual staining for PCNA (green) and NeuN (red) is shown in the ipsilateral cortex (I,J) and the CAl
pyramidal layer of the ipsilateral hippocampus (M,N). The nuclei are shown using DAPI staining (D,H, blue). PCNA is expressed
in the nucleus of NeuN-positive neurons (merged images K/O). PCNA expression was co-incident with DAPI staining in these
examples (L,P, blue). White arrows indicate focal co-localization of survivin/NeuN and PCNA/NeuN. Survivin/NeuN co-local-
1zation of survivin (green) and NeuN (red) was seen only in TBI rats as opposed to either hemisphere of craniotomy control
(Q,R). Original magnification, X400, bar = 20 pm (A-P); original magnification, x50, bar = 100,000 pm (Q,R).
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TM-P), whereas craniotomy control tissue exhibited only
trace amounts of PCNA (data not shown). Similar to the
survivin/NeuN co-localization data, dual PCNA/NeuN
immunostaining was a rare event accounting for approx-
imately 4% of the total number of NeuN positive cells.
PCNA was distributed in the nuclei of these neurons (Fig.
7K,0) although the nuclear morphology of these cells
was not clearly resolved by DAPI staining (Fig. 7L,P).

DISCUSSION

Traumatic brain injury (TBI) sets into motion various
biochemical cascades that induce neural tissue injury and
cell death. Conversely, several proteins expressed in
neural cells after TBI are directed to resist cell death and
promote recovery in the injured CNS (Ridet et al., 1997;
Chen and Swanson, 2003). Survivin is a multi-functional
protein that inhibits apoptosis and is also required for the
proper completion of mitosis. Anti-apoptotic and pro-mi-
togenic roles for survivin have been documented in pro-
liferating cells of neural origin in vifro, such as in neu-
roblastoma and glioma cells (LaCasse et al., 1998; Tamm
et al., 1998; Deveraux and Reed, 1999; Conway et al.,
2000; Shin et al., 2001; Sasaki et al., 2002). However,
no studies have investigated the potential role of survivin
in the adult brain after TBI, when a sub-population of
CNS cells may initiate a cell cycle-related process in re-
sponse to injury.

In the present paper, we demonstrate the induction of
survivin expression in rat brain subjected to TBI. The ex-
pression of survivin was time-dependent and cell-spe-
cific, and was present in astrocytes and, to a much lesser
extent, in neurons in brain cortex and hippocampus. In-
duction of survivin in these cells was accompanied by
occasional expression of PCNA, a cell cycle protein in-
volved in mitotic G1/S progression. Our present data are
the first to show that survivin mRNA and protein are sig-
nificantly up-regulated after traumatic brain injury in rats.
PCNA expression after TBI has been described previously
(Miyake et al., 1992; Chen et al., 2003), suggesting its
role in mechanisms of brain recovery after mjury. The
concurrent up-regulation of survivin with a similar tem-
poral profile as PCNA shown herein further suggests that
survivin may play a role in cellular proliferation after TBIL.

Brain injury evoked the expression of survivin and
PCNA in a time-dependent manner (Figs. 2 and 3). West-
ern blot analysis revealed maximal co-expression of both
survivin and PCNA at five days post injury. Immuno-
histochemistry at this time point, demonstrated co-local-
ization of these proteins (Fig. 4), although most cells were
labeled separately with PCNA and survivin. In fact, only
12% of the total number of PCNA-positive cells were

also survivin positive. It has been reported that PCNA is
expressed predominantly in G1/S (Bravo et al., 1987),
while survivin is found at the G2/M phase of the cell cy-
cle (Bravo et al., 1987; Otaki et al., 2000). Hence, a lack
of strict co-localization of survivin and PCNA in our
study may be explained by their expression at different
points in the cell cycle.

In our experimental model, we observed survivin- as
well as PCNA-positive astrocytes in the proximal area of
the injury and in the ipsilateral hippocampus. Prolifera-
tion of astrocytes is well documented after TBI as shown
by cell labeling with BrdU as well as expression of PCNA
(Latov et al., 1979; Dunn-Meynell and Levin, 1997; Car-
bonell and Grady, 1999; Norton, 1999; Csuka et al., 2000;
Kernie et al., 2001; Chen et al., 2003). Because survivin
and PCNA were expressed in astrocytes following TBI
(Figs. 5 and 6), it is possible that survivin plays an im-
portant role linking astrocyte survival and proliferation
after traumatic insult. Astrocyte proliferation has been
implicated in the formation of the glial scar observed af-
ter injury (Latov et al., 1979) and creates a non-permis-
sive environment for repair (Sykova et al., 1999). How-
ever, glial proliferation may also enhance neuronal
survival (Smith et al., 2001; Wei et al., 2001).

Of particular interest is a sub-set of NeuN-positive neu-
rons found to express survivin only after TBI (Fig. 7).
These cells were much less abundant than survivin-pos-
itive astrocytes, and their functional significance is cur-
rently unknown. However, both neurons and astrocytes
have been documented previously to express cell cycle
proteins after various insults such as exposure to S-amy-
loid-activated microglia (Wu et al., 2000), TBI (Kaya et
al., 1999a,b), chlorine toxicity (Magavi et al., 2000), or
as a consequence of Alzheimer’s disease (Yang et al,
2001). These papers underscore the significant contro-
versy that exists regarding the function of cell cycle pro-
teins such as PCNA in neurons after different types of
injury. We are currently conducting further studies which
will elucidate the roles for PCNA and survivin in neu-
rons after TBL

It should be noted that dual staining of survivin and
PCNA could not be directly attributed to a specific cell
type due to the technical difficulties of triple labeling an-
tibody-based IHC. Therefore, we cannot rule out the pos-
sibility that other cell types, such as endothelial (Conway
et al., 2003) or inflammatory cells (Hill-Felberg et al.,
1999), may also contribute to survivin and PCNA ex-
pression after TBI. The appearance of survivin and PCNA
separately in neurons (NeuN-positive) and astrocytes
(GFAP-positive) along with co-localization of survivin
with PCNA in the same cells provide correlative data to
suggest an activation of cell cycle-like program in astro-
cytes and possibly in a small subtype of neurons after
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TBI. In our experiments, survivin co-localization with
PCNA does suggest that survivin may be associated with
a pro-mitotic process. In an attempt to clarify these pro-
tein’s roles after TBI, we analyzed the nuclear morphol-
ogy of survivin-positive cells to define the apoptotic or
mitotic architecture of nuclei. DAPI staining proved too
ambiguous in identifying apoptotic versus mitotic phe-
notypes likely due to the thickness of the brain sections
(40 pm). Further studies using direct markers of mitosis
such as BrdU incorporation as well as simultaneous la-
beling with cell death related proteins is required to de-
lineate anti-apoptotic and pro-mitotic activities of sur-
vivin and PCNA in these cells.

In conclusion, our data demonstrate the induction of
survivin in the rat brain following TBI. Expression of sur-
vivin occurred predominantly in astrocytes as compared
to neurons in a time-dependant fashion and was accom-
panied by expression of PCNA. Taken together, these re-
sults suggest that survivin plays a role in neural cell re-
sponses following traumatic brain injury in rats. Future
studies will investigate the implications of these findings
to the pathophysiology of TBIL
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Abstract Survivin attenuates apoptosis by inhibiting
cleavage of some cell proteins by activated caspase-3.
We recently discovered strong up-regulation of survivin,
primarily in astrocytes and a sub-set of neurons, after
traumatic brain injury (TBI) in rats. In this study we
characterized co-expression of survivin with activated
caspase-3 and downstream DNA fragmentation (TUN-
EL) in astrocytes and neurons after TBI. Western blot
analysis revealed significant time-dependent increases in
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active caspase-3 between 5 and 14 days post-injury. No
difference was observed between the proportion of sur-
vivin-positive and survivin-negative cells labeled with
active caspase-3 at 5 or 7 days post-injury, as indicated
by dual fluorescent immunostaining. Labeling of survi-
vin-negative cells with TUNEL was, however, signifi-
cantly greater than for survivin-positive cells, suggesting
that expression of survivin may attenuate DNA cleavage
and progression of apoptosis. A higher proportion of
astrocytes than neurons accumulated active caspase-3.
In contrast, co-localization with TUNEL was signifi-
cantly higher for neurons than for astrocytes. These data
suggest that survivin expression may attenuate DNA
cleavage and cell death, and that this mechanism oper-
ates in a cell type-specific manner after TBI.

Keywords Astrocyte - Neuron - Caspase-3 - Survivin -
Traumatic brain injury - Inhibitor of apoptosis protein

Abbreviations [AP: Inhibitor of apoptosis protein -
IHC: Immunohistochemistry - TBI: Traumatic brain
injury

Introduction

Traumatic insult to the brain results in neural tissue
injury through cell-death processes, including apoptosis.
Apoptosis in damaged neural tissues is executed mainly
by caspase-3 (Juan et al. 1997), activation of which re-
sults in the proteolytic cleavage of many intracellular
substrates, such as alpha-II-spectrin, DFF45, PARP and
Bcl-2 (Eldadah and Faden 2000). Most importantly,
cleavage of deoxyribonuclease inhibitors promotes
DNA fragmentation (Enari et al. 1998; Liu et al. 1998).
In contrast, cleavage of vital cellular proteins by acti-
vated caspases and the progression of apoptosis is
attenuated by IAPs (Deveraux et al. 1997; Roy et al.
1997; Takahashi et al. 1998; Maier et al. 2002) including
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survivin (Ambrosini et al. 1998; Tamm et al. 1998;
Shankar et al. 2001; Shin et al. 2001).

Although survivin does not prevent the activation of
caspases from their inactive proforms, evidence shows
that survivin can bind and inhibit the activity of caspase-
3, caspase-7, and caspase-9 (Tamm et al. 1998; Kobay-
ashi et al. 1999; O’Connor et al. 2000; Shin et al. 2001).
Previous work in our laboratory has revealed significant
up-regulation of survivin mRNA and protein primarily
in astrocytes and a sub-set of neurons after TBI
(Johnson et al. 2004). Relationships between survivin,
apoptosis—specifically the accumulation of active cas-
pase-3—and downstream DNA fragmentation (TUN-
EL) after TBI have not been investigated, however.

In this work we have demonstrated that activation of
caspase-3 in injured rat brain occurs in a similar time-
dependent fashion to survivin expression. Although no
difference was observed in active caspase-3 expression in
survivin-positive cells compared with survivin-negative
cells, significantly lower TUNEL labeling was found
in cells that expressed survivin. The proportion of astro-
cytes labeled with TUNEL was, moreover, significantly
lower compared with neurons. These data, with our
previous findings, suggest that survivin expression may
attenuate DNA cleavage, in a cell-specific manner, after
TBI.

Materials and methods
Induction of controlled cortical impact brain injury

Surgical and cortical impact injury procedures were
conducted as previously described (Dixon et al. 1991;
Pike et al. 1998). Briefly, adult male Sprague-Dawley
rats (250-300 g) were anesthetized with 4% isoflurane
(Halocarbon Laboratories; River Edge, NJ, USA) in 1:1
0,/N,O for 4 min and maintained during surgery with
2.5% isoflurane. Core body temperature was continu-
ously monitored, by use of a rectal thermistor probe,
and maintained at 36.5-37.5°C using an adjustable
heating pad. A unilateral craniotomy (ipsilateral to in-
jury) was performed over the right cortex between the
sagittal suture, bregma and lambda, leaving the dura
intact. Traumatic insult was generated by impacting the
exposed cortex with a 5 mm diameter aluminium tip at a
velocity of 4 ms™!, a 150 ms dwell time and 1.6 mm
compression. Craniotomy control animals received the
craniotomy but not the impact injury. All procedures
were performed according to guidelines established by
the University of Florida Institutional Animal Care and
Use Committee (IACUC) and the National Institutes of
Health (NIH).

Western blot analyses

Ipsilateral and contralateral neocortex (—500 mm? cen-
tered on the craniotomy and excised to the corpus

callosum) and the hippocampus were removed, rinsed
with cold PBS, snap frozen in liquid nitrogen, and
homogenized in ice-cold triple detergent lysis buffer
containing a Complete protease inhibitor cocktail
(Roche Biochemicals; Indianapolis, IN, USA). Protein
concentration was determined by bicinchoninic acid
(BCA) micro protein assays (Pierce Inc., Rockford, IL,
USA). Forty micrograms of protein per well was loaded
and separated by SDS-PAGE. transferred to PVDF
membranes and probed with a goat-anti-rabbit antibody
that recognized only active caspase-3 (Cell Signaling
Technology; Beverly, MA, USA; 9661L; 1:1000). After
incubation with goat anti-rabbit HRP-labeled secondary
antibody (Biorad; Hercules, CA, USA), the membranes
were developed using Enhanced Chemiluminescence
Plus reagents (ECL Plus, Amersham; Arlington Heights,
IL, USA). Semi-quantitative, densitometric analysis was
performed using the Alphalmager 2000 Digital Imaging
System (San Leandro, CA, USA). For both craniotomy
controls and experimental groups n=6. Transformed
data (experimental densitometry value/craniotomy con-
trol densitometry valuex100) were evaluated by ANO-
VA and a post-hoc Dunnet test. Craniotomy control
tissues from the ipsilateral hemisphere were used for
statistical comparison, because of the small but detect-
able proteolytic activity present in the contralateral
hemisphere after TBI. Values are expressed as percent-
age of craniotomy controls and are given as mean +-
SEM. Differences were considered significant at the level
of P <0.05.

Immunohistochemistry (IHC)

Animals were sacrificed 5 or 7 days post-injury after
being anesthetized with 4% isoflurane (Halocarbon
Laboratories; River Edge, NJ, USA) in 1:1 O,/N,O for
4 min. The brains were blocked in OCT (Ted Pella;
Redding, CA, USA), snap frozen in liquid nitrogen, and
cut on a Leica CM3050 cryostat. Five-micron sections
were attached to Fropen (Ted Pella)-treated coverslips,
fixed in cold methanol for 20 min at —20°C, and fluo-
rescent immunolabeled with two primary antibodies in
subsequent experiments—active caspase-3  (1:100)/
GFAP for astrocytes (Sternberger; Lutherville, MD,
USA; 1:1000), active caspase-3/NeuN for mature neu-
rons (Chemicon; Temecula, CA, USA; 1:1000) and ac-
tive caspase-3/survivin (G. Shaw; 1:250). The survivin
antibody created in-house has previously been charac-
terized (Johnson et al. 2004). Sections were also labeled
with the Apoptag Cell Death Labeling kit (terminal
deoxynucleotidyl  transferase-mediated  biotinylated
dUTP nick-end labeling or TUNEL), in accordance with
the manufacturer’s instructions, to mark double-stran-
ded DNA breaks. This kit was used in conjunction with
the antibodies TUNEL/GFAP, TUNEL/NeuN. and
TUNEL/survivin. Fluorescent IHC labeling was con-
ducted as described elsewhere (Johnson et al. 2004).
Briefly, the first primary antibody was incubated at 4°C



for 2448 h in 10% goat serum/0.2% Triton-X 100 in
0.1 mol L' PBS (block) solution, followed by the sec-
ond primary antibody at 4°C for 1 h in block solution.
Fluorescent-tagged secondary antibody (Molecular
Probes; Eugene, OR, USA) was used for visualization.
For double-labeling IHC using same-species antibodies
we used a biotin/streptavidin antibody procedure that
relied on steric hindrance to block same-species binding
sites. Control sections showed the secondary/tertiary
complex was sufficient for steric blockage (data not
shown). After an endogenous biotin blocking step
(Vector Laboratories; Burlingame, CA, USA), the first
primary antibody was incubated as described above,
followed sequentially by a biotin-conjugated secondary
antibody and fluorescent-labeled streptavidin (Molecu-
lar Probes), both steps at room temperature for 1 h in
block solution. The second antigen was then labeled as
described above. Sections were viewed and digitally
captured with a Zeiss Axioplan Two microscope
equipped with a SPOT Real Time Slider high-resolution
color CCD digital camera (Diagnostic Instruments;
Sterling Heights, MI, USA). A Bio-Rad 1024 ES con-
focal microscope was used to confirm single-cell locali-
zation of the label pairings. The settings for these images
were: power=100% for the red field: iris=2.7-5.2,
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3.0-5.7, gain= 1400, Blev= —3. The number of animals
used for each label pairing for dual-labeling ITHC was
four (n=4).

ITHC quantification

Cell quantification was performed by comparing the
number of double-labeled cells with the total number of
single-labeled cells in six groups: active caspase-3/NeuN-
positive cells to total NeuN-positive cells, active caspase-
3/survivin-positive cells to total survivin-positive cells,
active caspase-3/GFAP-positive cells to total GFAP-
positive cells, TUNEL/NeuN-positive cells to total
NeuN-positive cells, TUNEL/survivin-positive cells to
total survivin-positive cells, and TUNEL/GFAP-posi-
tive cells to total GFAP-positive cells. Percentages were
calculated by dividing the number of double-labeled
cells by the total number of single-labeled cells. For each
label pairing, representative photomicrographs were se-
lected and counted. Cells were counted in a total arca of
188,000 um? for each label pairing in both cortical and
hippocampal regions. These numbers were then trans-
formed into percentages of either total cells or total cell
type. Individual comparisons between groups were made

gain=1400, Blev=-3; for the green field: iris= wusing an unpaired Student rtest. Results were
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Fig. 1 Caspase-3 activation in rat brain after TBI. Rats were
subjected to craniotomy then controlled cortical impact brain
injury. Brain tissue homogenate proteins (40 pg) were separated
using SDS-PAGE, immunoblotted with an antibody specific for
active caspase-3, and visualized as described in detail under
“Materials and methods™. Representative western blots of active
caspase-3 (19 kDa) in ipsilateral cortex and hippocampus obtained
from injured rats and from craniotomy control rats without
cortical impact (craniotomy control) revealed accumulation of

active caspase-3 after 7BJ (A). Densitometric analysis of the active
caspase-3 bands in ipsilateral cortex and hippocampus after TBJ
shows significant increases in a time-dependent manner (B). Data
are given as percentage of the active fragment of caspase-3 relative
to craniotomy controls; each craniotomy control and TBI time
point represents data from an n=6 individual animals and is
reported as mean+SEM. *P<0.05; **P<0.0] versus craniotomy
control (one-way ANOVA test with post hoc Dunnet analysis)



20

considered significant at P<0.05. Two additional blin-
ded observers were used to count representative samples.
Inter-rater reliability was calculated using Ebel’s (1951)
inter-rater reliability formula. The intra-class correlation
(ICC) value achieved was 0.97, indicating little variation
between raters.

Results

Caspase-3 is activated in the same brain regions
as survivin after TBI

To determine the temporal and regional profile of
analysis

caspase-3 activation, Western blot was

Fig. 2 Co-expression of A
survivin and apoptosis markers
in rat brain after TBI.
Substantial cavitation is
produced 5 days post-TBI with
this model (A). Extensive
damage occurs in both cortical
and hippocampal areas as
indicated by increased GFAP-
positive astrocytosis (red, B).
Double-fluorescent
immunostaining for survivin
(red) and active caspase-3
(green, C-J) or TUNEL (green,
K-R) was performed in the
ipsilateral cortex (C, K) and
hippocampus (D, L) at 5 days
post-injury as described in
detail under “Materials and
methods”. Insetsin C, D, K and
L show reduced labeling of
survivin, active caspase-3, and
TUNEL in craniotomy control
tissue. Survivin is expressed in
both the cytoplasm and in the
nucleus (red, E. H, M, and P),
whereas active caspase-3 (green,
F. I) and TUNEL (green, N, Q)
labeling is found predominantly
in the nucleus. The white arrow
indicates the typical focal co-
localization of survivin and
active caspase-3 (G, J) and
survivin and TUNEL (O, R), as
shown in the merged images.
Immunostaining of naive tissue
(negative control) did not reveal
strong immunoreactivity for
survivin (8), active caspase-3
(T) or TUNEL (U).
Photomicrographs in B-G, K-
O and S$-U were acquired using
conventional fluorescent
microscopy whereas
photomicrographs in H-J and
P-R were acquired using
confocal microscopy.
Magnification: 200 times, scale
bar 50 ym (C. D, K, L, and S-
U); 200 times, scale bar 10 pm
(E-J, M-R)

Hippo-
campus

performed on cortical and hippocampal TBI samples.
Active caspase-3 (19 kDa protein) was readily detect-
able in the ipsilateral cortex and hippocampus of rats
subjected to TBI (Fig. 1A). Caspase-3 activation oc-
curred in a time-dependant manner in the ipsilateral
cortex and hippocampus with prominent activation
occurring between 5 and 14 days post-injury, with
peak accumulation occurring at 7 days post-injury. In
the ipsilateral cortex, significant increases in active
caspase-3 levels reached 3468+ 1088% at 5 days,
4019+ 1291% at 7 days and 2984 +1058% at 14 days
post-injury, compared with craniotomy controls. Sim-
ilar increases in caspase-3 activation were detected in
the ipsilateral hippocampus with increases of
671 +£257% at 5 days, 2662+738% at 7 days and

Active
Caspase-3

TUNEL

Survivin



1487+405% at 14 days post-injury, compared with
craniotomy controls (Fig. 1B).

Survivin expression correlates with decreased TUNEL
labeling but not active caspase-3 expression

The IHC was performed on brain sections five days
post-injury to investigate the expression of active cas-
pase-3 and TUNEL labeling at peak survivin expression
(Johnson et al. 2004). A large cavity, involving the cor-
tex and encroaching on the hippocampus, develops
5 days post-injury (Fig. 2A). Strong GFAP-immunore-
activity (red), indicative of astrocytosis, is seen around
the leading edge of the cavity and projecting into deeper
cortical and hippocampal structures (Fig. 2B). The IHC
revealed moderate co-localization of survivin with active
caspase-3 and TUNEL in the ipsilateral cortex (Figs. 2C
and 2K) and ipsilateral hippocampus (Figs. 2D and 2L)
of injured animals. These data are summarized in Table
1. Survivin was found primarily in the cytoplasm, and to
a lesser extent in the nucleus of the ipsilateral cortex
(Figs. 2E and 2M). A similar pattern was seen in the
ipsilateral hippocampus (data not shown). Active cas-
pase-3 (Fig. 2F) and TUNEL (Fig. 2N) labeling were
both found in the nucleus in both regions. Survivin co-
localization with active caspase-3 and TUNEL is shown
at high magnification in Figs. 2G and 20, respectively.
Confocal microscopy was used to ensure single-cell co-
localization of survivin, active caspase-3, and TUNEL
(Figa. 2H-2J and 2P-2R). These labeling patterns were
specific to the injury condition and were not observed in
naive (negative control) tissues (Fig. 28-2U).

Quantitative analysis revealed no significant differ-
ence between accumulation of active caspase-3 by sur-
vivin-positive cells and survivin-negative cells at 5 days
post-injury in either the cortex or hippocampus (Fig. 3).
A significantly higher proportion of TUNEL labeling
was, however, observed in survivin-negative cells com-
pared with survivin-positive cells in both regions
(P<0.01) (Fig. 3, Table 1a). At 7 days post-injury, there
was no significant difference between accumulation of
active caspase-3 and TUNEL labeling by survivin-posi-
tive and survivin-negative cells in either the cortex or
hippocampus (Table 1b).

To verify that caspase-3 activation does not neces-
sarily result in irreversible cell death, probably because
of survivin inhibition, quantification data were gathered
for cells that accumulate active caspase-3 and are
TUNEL label-positive and compared with data for ac-
tive caspase-3-positive cells that were not labeled with
TUNEL. Indeed, we found that the number of dual-
labeled active caspase-3 and TUNEL cells was not sta-
tistically different from the number of those cells labeled
with active caspase-3 only (Fig. 3). This finding further
supports the notion that several counteractive factors,
including survivin, may inhibit active caspase-3 and re-
duce cell death after TBI.
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Fig. 3 Survivin expression decreases the accumulation of TUNEL
but not active caspase-3. Cells were quantified and visualized as
described in detail under *Materials and methods”. The proportion
of cells expressing active caspase-3 and labeling with TUNEL was
compared in two cell populations, survivin-positive and survivin-
negative, in the ipsilateral cortex (A) and hippocampus (B). No
differences were found between the proportions of survivin-positive
and survivin-negative cells expressing active caspase-3 in either the
cortex (A, black bars) or hippocampus (B, black bars). Significantly
more survivin-negative than survivin-positive cells were TUNEL-
positive in both the cortex (P <0.01, A, white bars) and hippocam-
pus (P<0.001, B, white bars). No differences were found between
the proportions of TUNEL-positive (C. white bars) and TUNEL-
negative cells (C, gray bars) that also labeled with active caspase-3.
Each bar represents data from an n=4 (A, cortex) or 3 (B,
hippocampus) individual animals, analyzed using an unpaired
Student #-test and reported as mean = SEM

Astrocytes and neurons demonstrate cell specific
differences in active caspase-3 and TUNEL labeling

To determine the cell types that express active caspase-3
or positive TUNEL labeling after TBI, dual IHC was
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Table 1 Cell Quantification Data for Immunohistochemistry
Labeling Pairs. This table summarizes the results from all cell count
experiments investigating survivin IHC, active caspase-3 IHC, cell
type, and DNA fragmentation marker (TUNEL). The numbers
given are percentages calculated as described in the Materials and

methods. Each percentage represents data from an n =4 (cortex) or
n=3 (hippocampus) individual animals, analyzed using an un-
paired Student ¢ test and reported as mean + SEM at either five
days post-injury (A) or seven days post-injury (B)

Survivin( +) Survivin(—) GFAP(+) NeulN(+) TUNEL(+) TUNEL(-)
A
Active Caspase-3(+)  Cortex 37+£2 26+6 504 7HH T+1 51+6 49+6
Hippocampus 2145 2243 20+4 15+£2 45411 55+11
TUNEL(+) Cortex 25+2" 49+5 1127 4642
Hippocampus  30+4" 55+3 194027 60+3
B
Active Caspase-3(+)  Cortex 36+2 39411 36+ 3 11 48+4 52+4
Hippocampus 3742 22+6 313 1543 62+ 5% 38+5
TUNEL(+) Cortex 20+5 25+ 10 19+ |7 74435
Hippocampus 20+3 31£10 28 + 7H## 80+2

** p<0.01 versus survivin-negative cells

#p<0.01 versus NeuN-positive cells
#p <0.001 versus NeuN-positive cells

%5 <0.01 versus TUNEL-negative cells (unpaired Student 7 test)

performed with GFAP, a marker of astrocytes, and
NeuN, a marker of mature neurons.

Co-localization of GFAP was observed with both
active caspase-3 and TUNEL labeling in the ipsilateral
cortex (Figs. 4A and 4I, respectively) and ipsilateral
hippocampus (Figs. 4B and 4], respectively). The GFAP
is expressed in the cytoplasm (Figs. 4C and 4K) whereas
active caspase-3 (Fig. 4D) and TUNEL (Fig. 4L) are

GFAP/ Active Caspase-3

Fig. 4 Astrocytes express active caspase-3 and label with TUNEL
after TBI in rats. Double-fluorescent immunostaining for GFAP
(red) and active caspase-3 (green, A-H) or TUNEL (green, 1-P)
was performed in the ipsilateral cortex (A, I) and hippocampus (B,
J) at 5 days post-injury as described in detail under “*Materials and
methods™. The insets in A, B, I and J show reduced labeling of
active caspase-3 and TUNEL in craniotomy control tissue. GFAP
is expressed in the cytoplasm (C, F, K, and N, red) whereas active

expressed in the nucleus. Higher magnification photo-
micrographs of the ipsilateral cortex show a typical
astrocyte expressing active caspase-3 (Figs. 4C4E) or
labeling with TUNEL (Figs. 4K—4M). Co-localization
of these antibodies was confirmed by confocal micros-
copy on similar astrocytes (Fig. 4F—<4H and 4N—4P).
Modest accumulation of active caspase-3 and sub-
stantial labeling with TUNEL were observed for NeuN-

SFAP/ TUNEL

caspase-3 (D, G, green) and TUNEL (L, O, green) are expressed in
the nucleus. The white arrow indicates the typical focal co-
expression of GFAP and active caspase-3 (E. H) and TUNEL
(M, P) as shown in the merged images. Photomicrographs in A-E
and I-M were acquired using conventional fluorescent microscopy
whereas photomicrographs in F-H and N-P were acquired using
confocal microscopy. Magnification: 200 times, scale bar 50 pm (A,
B, I, and J); 200 times, scale bar 10 pm (C-H.,and K-P)
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Fig. 5 Neurons express active caspase-3 and label with TUNEL
after TBI in rats. Dual-fluorescent immunostaining for NeuN (red)
and active caspase-3 (green, A-H) or TUNEL (green, 1-P) was
performed in the ipsilateral cortex (A, I) and hippocampus (B, J) at
5 days post-injury as described in detail under *“Materials and
methods”. The insets in A, B, 1 and J show reduced labeling of
active caspase-3 and TUNEL in craniotomy control tissue. The
NeuN is expressed primarily in the nucleus but also in the
cytoplasm (C, F, K, and N, red), whereas active caspase-3

positive cells in the ipsilateral cortex (Figs. SA and 5I,
respectively) and ipsilateral hippocampus (Figs. 5B and
5J). Specifically, both active caspase-3 (Fig. 5D) and
TUNEL (Fig. SL) were present in neuronal nuclei
(Fig. 5C and 5K), which was indicated by co-localiza-
tion with NeuN in the ipsilateral cortex (Figs. SE and
5M). Confocal microscopy was used to ensure single cell
co-localization of NeuN with active caspase-3 and
TUNEL (Figs. SF-5H and 5N-5P).

Quantitative analysis revealed a substantially differ-
ent expression profile of active caspase-3 and TUNEL in
neurons and astrocytes. A significantly higher number of
astrocytes accumulated active caspase-3, compared with
neurons in the cortex (P <0.001), but this difference was
not statistically significant in the hippocampus (Table
la). Conversely, a significantly greater number of neu-
rons were labeled with TUNEL compared with astro-
cytes in both the cortex and hippocampus (P <0.001)
(Fig. 6, Table la). A similar expression profile of active
caspase-3 and TUNEL was observed in astrocytes and
neurons 7 days post-injury (Table 1b).

Discussion

Caspase-3 activation is a prominent feature of apoptosis
and its role in DNA fragmentation after TBI has been
well documented (Nicholson et al. 1995; Tewari et al.

(D. G, green) and TUNEL (L, O, green) are found in the nucleus.
The white arrow indicates the typical focal co-localization of NeuN
and active caspase-3 (E, H) and NeuN and TUNEL (M, P), as
shown in the merged images. Photomicrographs in A-E and I-M
were acquired using conventional fluorescent microscopy whereas
photomicrographs in F-H and N-P were acquired using confocal
microscopy. Magnification: 200 times, scale bar 50 um (A, B, I, and
J); 200 times, scale bar 10 pm (C-H.and K-P)

g 1% Cort Hi

S ! ortex ippocampus
% 80 - p<0.001
3 70 1 p<0.001 =
< 60 - ‘ I
o

+ 50 1 -

o 40

=

o 30 4

g 20 -

'_

X 04

Astrocytes Neurons Astrocytes Neurons
L L
TUNEL (+) TUNEL (+)

Fig. 6 TUNEL labeling is cell-specific after TBI in rats. Cells were
quantified and visualized as described in detail under “Materials
and methods”. The proportion of NeuN-positive (neurons) and
GFAP-positive (astrocytes) with TUNEL-positive labeling was
compared in the ipsilateral cortex and hippocampus. Significantly
more TUNEL labeling was seen in neurons (gray bars) than in
astrocytes (black bars) in both the cortex (P<0.001) and
hippocampus (P <0.001). Each bar represents an n=4 (cortex) or
3 (hippocampus) individual animals reported as mean+SEM and
analyzed using an unpaired Student /-test
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1995; Pike et al. 1998; Tang and Kidd 1998; Wolf et al.
1999; Beer et al. 2000; Buki et al. 2000; Clark et al.
2000). Survivin is an inhibitor of apoptosis protein
(IAP), which can inhibit active caspase-3 and thereby
modulate cell death in a variety of tissues, including the
CNS (Shankar et al. 2001; Sasaki et al. 2002; Van Haren
et al. 2004). No studies have investigated the potential
anti-apoptotic role of survivin in the adult brain after
TBI, however.

In this paper we characterize the relationship between
survivin expression and two apoptosis events—accu-
mulation of active caspase-3 and downstream DNA
fragmentation (as shown by TUNEL labeling) in rat
brain subjected to TBI. Although use of TUNEL
labeling alone cannot definitively confirm apoptosis,
TUNEL in conjunction with active caspase-3 is regarded
a reliable tool to assess apoptosis progression (Lei et al.
2004; Marciano et al. 2004; Nakase et al. 2004). The
appearance of active caspase-3 was time-dependent and
region-specific after injury (Fig. 1); the pattern was
similar to that of survivin expression after TBI. These
findings suggest that survivin may interact with active
caspase-3 after TBI and possibly reduce the deleterious
consequences of caspase-3-mediated cell death (Tamm
et al. 1998; Kobayashi et al. 1999; O’Connor et al. 2000;
Shin et al. 2001). Other IAPs, for example XIAP and
NAIP, are up-regulated in concert with caspase activa-
tion after brain injury (Keane et al. 2001). In addition,
survivin expression is up-regulated by the pro-survival
PI3-kinase/Akt pathway, which is activated after TBI
(Kitagawa et al. 1999; Xia et al. 2002; Kim et al. 2004).

Survivin-positive cells expressed active caspase-3 and
were labeled with TUNEL (Fig. 2), although there was
no significant difference between accumulation of active
caspase-3 in survivin-positive and survivin-negative cells
(Fig. 3). These data are in accordance with the ability of
survivin (Tamm et al. 1998) and other IAPs (Shankar
et al. 2001; Maier et al. 2002) to inhibit the activity, but
not the activation, of caspase-3. In contrast, fewer sur-
vivin-positive cells than survivin-negative cells exhibited
DNA fragmentation (TUNEL labeling) 5 days post-in-
Jury (Fig. 3). These data suggest that survivin expression
may attenuate the apoptotic cascade by inhibiting
cleavage of caspase-3-specific substrates that result in
DNA fragmentation. Furthermore, the finding that ac-
tive caspase-3 accumulation led to positive TUNEL
labeling in 51% of all active caspase-3-positive cells
(Fig. 3) is consistent with the observation that endoge-
nous factors, including survivin, may inhibit active cas-
pase-3 and attenuate DNA fragmentation after TBI. In
cancer cells, for example, survivin and other endogenous
factors play important roles in tumor survival (Lu et al.
1998; Altieri et al. 1999; Grossman et al. 1999; Jiang et al.
2001; Chiou et al. 2003). In addition, survivin antisense
treatment increases DNA fragmentation in neuroblas-
toma and oligodendroglioma (Shankar et al. 2001).

We next investigated the labeling patterns of active
caspase-3 and TUNEL in astrocytes and neurons.
Recent data show that a large majority of astrocytes, but

few neurons, express survivin after TBI (Johnson et al.
2004). In this work both astrocytes and neurons ex-
pressed active caspase-3 and TUNEL-positive labeling
post-injury, but the prevalence of this labeling was
dramatically different (Figs. 4 and 5). A higher propor-
tion of astrocytes accumulated active caspase-3, but
fewer astrocytes than neurons were labeled with TUN-
EL (Fig. 6). It is presently unclear why so few neurons
were labeled with active caspase-3 in these experiments
(Table 1). One possibility could be caspase-3-mediated
loss of NeuN antigenicity (Unal-Cevik et al. 2004), al-
though other groups have detected prominent caspase-3
activation in apoptotic neurons after TBI (Beer et al.
2000). Caspase-independent necrosis may also be a
major contributor to neuronal cell death after TBI
(Newcomb et al. 1999; Wennersten et al. 2003). Taken
together, these findings suggest an intriguing correlation
between accumulation of survivin and low levels of
DNA fragmentation. These phenomena seemed, more-
over, to be cell-specific —astrocytes frequently expressed
survivin and there was less evidence of DNA fragmen-
tation whereas for neurons there was more evidence of
DNA fragmentation and survivin was expressed less
frequently.

These studies also revealed that active caspase-3
immunoreactivity is found primarily, though not exclu-
sively, in the nucleus of both neurons and astrocytes
5 days post-injury. Although the cytoplasmic (Namura
et al. 1998; Beer et al. 2000; Clark et al. 2000) and nu-
clear (Velier et al. 1999; Kamada et al. 2005; Noyan-
Ashraf et al. 2005) distribution of active caspase-3 have
both been characterized, the ramifications of active
caspase-3 nuclear translocation and its role in apoptosis
after TBI are unknown. Studies are in progress to
determine the relationship between the nuclear translo-
cation of active caspase-3 and another pro-apoptotic
event, nuclear translocation of caspase-3 cleaved
DFF40.

Cell-specific survivin expression may explain the
lower incidence of TUNEL labeling in astrocytes than in
neurons (Fig. 6). Cell type-specific expression of IAPs
after TBI has been reported. For example, XIAP is ex-
pressed primarily by neurons (Lotocki et al. 2003) and a
subset of oligodendrocytes (Keane et al. 2001) after
brain injury. The NAIP is expressed in neurons after
ischemia (Xu et al. 1997) and TBI (Hutchison et al.
2001). Last, RIAP-2 is abundantly expressed in neurons,
as opposed to astrocytes, after kainic acid treatment
(Belluardo et al. 2002). Figure 7 shows a putative
mechanism for apoptosis inhibition by survivin. After
upstream caspase activation and cleavage of procaspase-
3 to active caspase-3, survivin acts to attenuate the
apoptotic cascade and consequent DNA cleavage by
inhibiting caspase-3 activity.

In conclusion, our data are consistent with other TBI
findings showing activation of apoptotic cascades,
including accumulation of active caspase-3, in both
neurons and astrocytes, with concurrent loss of cortical
and hippocampal tissues (Smith et al. 1997; Conti et al.
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Fig. 7 Putative mechanism of apoptosis inhibition by survivin after
TBI. The TBI induces activation of upstream caspases-8 and
caspases-9 that can process pro-caspase-3 to its active form. Once
activated, caspase-3 can cleave several intracellular substrates and
activate restrictases that may lead to DNA fragmentation.
Concomitant survivin expression is up-regulated in response to
the same TBI signals. Survivin inhibits the activity of active
caspase-3, which results in the attenuation of DNA fragmentation

1998; Newcomb et al. 1999; Raghupathi et al. 2000;
Larner et al. 2004). Our data also demonstrate for the
first time that accumulation of active caspase-3 in the rat
brain after TBI follows a similar timeframe, region, and
cell type expression pattern as survivin. These data
suggest that DNA cleavage may be attenuated by
expression of survivin protein, in a cell-specific fashion,
after TBI. Namely, astrocytes have significantly lower
TUNEL and more frequent survivin labeling than neu-
rons, suggesting a more robust anti-apoptotic role for
survivin in astrocytes. Taken together, these results
suggest that survivin may be a part of the counteracting
mechanisms reducing DNA fragmentation and cell
death after TBI in rats.
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ABSTRACT

We report the rapid discovery of putative protein biomarkers of traumatic brain injury (TBI) by
SDS-PAGE-capillary liquid chromatography-tandem mass spectrometry (SDS-PAGE-Capillary
LC-MS?). Ipsilateral hippocampus (IH) samples were collected from naive rats and rats subjected
to controlled cortical impact (a rodent model of TBI). Protein database searching with 15,558 un-
interpreted MS?2 spectra, collected in 3 days via data-dependent capillary LC-MS? of pooled cya-
nine dye-labeled samples separated by SDS-PAGE, identified more than 306 unique proteins. Dif-
ferential proteomic analysis revealed differences in protein sequence coverage for 170 mammalian
proteins (57 in naive only, 74 in injured only, and 39 of 64 in both), suggesting these are putative
biomarkers of TBI. Confidence in our results was obtained by the presence of several known bio-
markers of TBI (including all-spectrin, brain creatine kinase, and neuron-specific enolase) in our
data set. These results show that SDS-PAGE prior to in vitro proteolysis and capillary LC-MS? is
a promising strategy for the rapid discovery of putative protein biomarkers associated with a spe-
cific physiological state (i.e., TBI) without a priori knowledge of the molecules involved.

Key words: controlled cortical impact (CCI); differential in-gel electrophoresis (DIGE); sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE); tandem mass spectometry (MS?); traumatic brain
injury (TBI)

INTRODUCTION of $25 billion. Thus, accurate diagnosis following TBI is

crucial for appropriate clinical management of TBI pa-

TR!\UMA’I‘I(_‘. BRAIN INJURY (TBI), defined as brain dam-  tients and for reducing costs. Current assessment tools of
age due to mechanical force applied to the head, has  TBI include computed tomography and magnetic reso-

an incidence of approximately 2 million persons annu-  nance imaging. Despite the accuracy of these techniques,
ally in the United States with an annual economic cost  TBI survivors suffer long-term impairment due to late di-

ICenter of Neuroproteomics and Biomarkers Research, *Center for Traumatic Brain Injury Studies, Departments of *Psychia-
try and *Neuroscience, and *Interdisciplinary Center of Biotechnology Research University of Florida, Gainesville, Florida.

629



HASKINS ET AL.

agnosis and unguided clinical management. Therefore,
increased interest in the discovery of biomarkers that are
indicative of injury severity and anatomical localization
has been realized in recent years.

Several laboratories have examined a number of bio-
logical molecules in cerebral spinal fluid (CSF) and blood
from TBI patients in an effort to discover TBI-specific
molecules (Pike et al., 2002; Varma et al., 2003; Zemlan
et al.,, 2002; Berger et al., 2002; Raabe et al., 2003). For
example, our laboratory reported the discovery of non-
erythroid all-spectrin and its protease-specific degrada-
tion products as biomarkers of TBI (Pike et al., 2002).
However, a major limitation of currently described bio-
markers is a lack of TBI specificity and a poor under-
standing of the biochemical mechanisms of brain trauma.
Thus, the discovery of novel protein biomarkers of TBI
that serve as reliable indicators of injury severity would
be highly beneficial for predicting outcome and man-
aging patients (Denslow et al., 2003). Moreover, novel
biomarkers of TBI, particularly neurodegenerative and
neuroprotective proteins, provide insights on pathophys-
iology and may serve as therapeutic targets for various
neurological diseases.

Rapid discovery of protein biomarkers in complex
samples by state-of-the-art mass spectrometry methods,
capable of identifying thousands of proteins in a single
sample by protease-specific peptide sequences, is pre-
cluded by several limitations. “Shotgun™ capillary liquid
chromatography (LC)-tandem mass spectrometry (MS?)
methods (McDonald and Yates, 2002) require extended
analysis times for each sample (days) and information
about post-translational medifications (PTMs), particu-
larly protein degradation, is often lost during in vitre pro-
teolysis (e.g., trypsination). Liquid-phase protein separa-
tion (e.g., 2D gels and LC-LC) prior to in vitro proteolysis
and capillary LC-MS2, preserves more information about
PTMs, but can require 10-100-fold more sample and
even greater analysis times for complete characterization
(weeks). Reproducible replicate analysis, required for
preliminary biomarker validation, and limited resources
(e.g., mass spectrometer time) further compound these
problems.

Recently, the large dynamic range and high quantum
yield of cyanine dye-labeled proteins were combined
with 2D gels in order to improve gel-to-gel repro-
ducibility and reduce analysis time via sample mult-
plexing (Gharbi et al., 2002; Leimgruber et al., 2002;
Macdonald et al., 2001, Tonge et al., 2001). This tech-
nique, differential in-gel electrophoresis (DIGE), pro-
vides quantitative information complementary to isotope
coded affinity tag (ICAT)—capillary LC-MS? approaches
(Gygi et al., 1999), while preserving more information
about PTMs. DIGE also provides a reduction in analysis

time because only gel spots with a significant difference
in the ratio of their fluorescence signals need to be tar-
geted for protein identification by mass spectrometry
(Gharbi et al., 2002; Kernec et al., 2001; Shaw et al.,
2003; Tonge et al., 2001; Yan et al., 2002). However,
poorly resolved proteins elude identification, while well-
resolved, multiply labeled, proteins produce redundant
identifications. Given our emphasis on rapid analysis,
rather than more comprehensive characterization, we se-
lected the limited resolving power of SDS-PAGE as an
effective means to reduce redundant identifications and
accelerate the discovery of putative protein biomarkers.

In this report, we describe the application of a novel
differential analysis strategy, SDS-PAGE—capillary lig-
uid chromatography—tandem mass spectrometry (SDS-

PAGE-Capillary LC-MS?), to the discovery of putative | |

protein biomarkers of TBI in hippocampus tissue. Herein, |

protein database searching of uninterpreted MS? spectra,
collected via data-dependent capillary LC-MS? of pooled
cyanine dye-labeled samples separated by SDS-PAGE,
was combined with differential proteomic analysis. We
hypothesized that a subset of putative protein biomark-
ers of TBI, including some with PTMs, would be rapidly
revealed by comparing the protein sequence coverage of
naive and injured samples.

MATERIALS AND METHODS

Chemicals and Reagents

The chemicals and reagents used are described else-
where (Haskins et al., 2001). Tryptic digests were pur-
chased from Michrom Bioresources (Auburn, CA) for
use as quality control standards. Cyanine dye labeling
reagents were purchased from Amersham Biosciences
(Piscataway, NIJ).

Controlled Cortical Impact

The controlled cortical impact (CCI) device used to
model TBI in male Sprague-Dawley rats was described
in detail elsewhere (Pike et al., 2002). The magnitude
of injury used in these studies produces significant cor-
tical contusions and less overt injury that often extends
into the region of the hippocampus (Posmantur et al.,
1997; Dixon et al., 1991). Although overt hippocampal
damage is not usually associated with this model, there
is evidence of increased pathological calpain-mediated
proteolysis in the hippocampus following cortical im-
pact injury (Newcomb et al., 1997). Cortical impact in-
jury is usually associated with intraparenchymal hem-
orrhage and dural disruption, but extensive subdural
hemorrhage is not a primary feature of this model. The
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adult rats were anesthetized with 4% isoflurane in a car-
rier gas of 1:1 02/N-0O (4 min) followed by maintenance
anesthesia of 2.5% isoflurane in the same carrier gas.
Core body temperature was monitored continuously by
a rectal thermistor probe and maintained at 37 = 1°C
by placing an adjustable temperature controlled heating
pad beneath the rats. Animals were mounted in a stereo-
tactic frame in a prone position and secured by ear and
incisor bars. A midline cranial incision was made, the
soft tissues were reflected, and a unilateral (ipsilateral
to site of impact) craniotomy (7 mm diameter) was per-
formed adjacent to the central suture, midway between
bregma and lambda. The dura mater was kept intact over
the cortex. Brain trauma was produced by impacting the
right cortex (ipsilateral cortex) with a 5-mm-diameter
aluminum impactor tip (housed in a pneumatic cylin-
der) at a velocity of 3.5 m/sec with a 1.6-mm com-
pression and 150-msec dwell time (compression dura-
tion). Velocity was controlled by adjusting the pressure
(compressed N,) supplied to the pneumatic cylinder.
Velocity and dwell time were measured by a linear ve-
locity displacement transducer (Lucas Shaevitz™
model 500 HR, Detroit, MI) that produced an analog
signal that was recorded by a storage-trace oscilloscope
(BK Precision, model 2522B, Placentia, CA). At 48 h
post-injury, the animals were anesthetized with 4%
isoflurane in a carrier gas of 1:1 O2/N2O (4 min) and
subsequently sacrificed by decapitation. Hippocampus
samples were rapidly dissected, washed with saline so-
lution, snap-frozen in liquid nitrogen, and stored at
—80°C until further processing. Naive animals under-
went identical surgical procedures but did not receive
an impact injury. Appropriate pre- and post-injury man-
agement was maintained to insure compliance with
guidelines set forth by the University of Florida Insti-
tutional Animal Care and Use Committee and the Na-
tional Institutes of Health guidelines detailed in the
Guide for the Care and Use of Laboratory Animals.

Sample preparation. Hippocampus samples were ho-
mogenized in a glass tube with a Teflon dounce pestle in
15 volumes of ice-cold detergent-free buffer (50 mM
Tris-HCI, pH 7.4, 1 mM EDTA, 2 mM EGTA, 0.33 M
sucrose, | mM DTT) containing a broad-range protease
inhibitor cocktail (Roche Molecular Biochemicals, no. 1-
836-145) and sonicated. Samples were then centrifuged
at 9000g for 5 min at 4°C. The supernatant was stored at
—80°C. The protein concentration of each sample was
determined by DC protein assay (Biorad, Hercules, CA)
with albumin standards. Proteins were diluted to 5 pg/uL
in DIGE lysis buffer containing a 1% protease inhibitor
cocktail (P8340, Sigma, St. Louis, MO) to prevent pro-
teolysis during labeling.

SDS-PAGE. The Cyanine dye labeling reaction was
performed with minimal labeling conditions (50 pg of
protein at 5 pg/ul) per the manufacturer’s instructions
unless stated otherwise (Amersham, Piscataway, NJ). La-
beled proteins from pooled and individual (naive or in-
jured) samples were reduced with 5 mM DTT, alkylated
with 55 mM iodoacetamide, and heated to 95°C for 2 min
prior to separation with Tris-tricine SDS-PAGE gels
(10-20% polyacrylamide, Invitrogen, Carlsbad, CA) at
4°C. Fluorescence imaging was performed with 1-sec ex-
posure times (ProExpress, PerkinElmer, Boston, MA).
Alternatively, unlabeled proteins were separated with the
same gel system and stained with Coomassie blue. In both
cases, image analysis (Imagel, NIH) was performed to
target specific regions of the gel; however, 1.5 mm X 4
mm gel slices spanning the entire gel lane were excised
and stored at —80°C for trypsinization.

In vitro proteolysis. Excised gel bands were destained,
reduced with 5 mM DTT, and alkylated with 55 mM
iodoacetamide prior to overnight digestion with 400 ng
of trypsin (Trypsin gold, Promega, Madison, WI) in 100
mM NH,HCO;.

Preparation of capillary LC columns with integrated
electrospray emitters. The preparation of capillary LC
columns with integrated electrospray emitters is de-
scribed elsewhere (Haskins et al., 2001); however, 5 cm
of 3-pum C18 particles (Alltima C18, Alltech, Deerfield,
IL) and 50-pm-i.d. capillary LC columns were used in
this work.

Automated two-pressure capillary LC-MS? system.
The capillary LC-MS? system is described elsewhere
(Haskins et al., 2001). The system utilizes 2 six-port
valves to select the pump and flow path for preconcen-
tration, desalting, and separation/electrospray steps. Dur-
ing the preconcentration and desalting steps the high-
flow-rate pump was selected without splitting of the
sample in order to minimize the sample loading time.
During the separation/electrospray step, the low-flow-
rate pump was selected with splitting of the gradient in
order to maximize the separation and electrospray effi-
ciency and to minimize the delay time of the gradient,
respectively.

[n this work, 4.5 uL. from a 12-uL. sample of tryptic
peptides was transferred into a 2-pLL sample loop with
an autosampler and analyzed every 38 min by precon-
centrating/desalting at 600 nL/min and separating/elec-
trospraying at 60 nL/min. All measurements were made
with the following capillary LC-MS? parameters, unless
specified otherwise: preconcentration time = 3.3 min
(2.0 pL), desalting time = 3.3 min (2.0 (L), separa-
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tion/electrospray time = 30 min (10 min pump gradient
from 5% to 45% mobile phase B; mobile phase A = 2%
acetonitrile: 1% acetic acid; mobile phase B = 98% ace-
tonitrile: 1% acetic acid), re-equilibration time = 1.4
min. The mass spectrometer was a QIT (LCQ-Deca XP+,
ThermoFinnigan, San Jose, CA) with the following pa-
rameters, unless specified otherwise: automatic gain con-
trol (AGC) on, max AGC time = 300 msec, q = 0.25,
isolation width = 3 m/z, normalized collision energy =
35%, activation time = (.25 msec and the default num-
ber of microscans and target count values. Data-depen-
dent MS/MS spectra (MS, 4 X MS/MS) were collected
using a precursor ion window of m/z 400-1800 and a
product ion window calculated for z = +2.

Differential proteomic analysis. Protein database
searching (RefSeq 785,143 sequences (Pruitt and Ma-
glott, 2001) with uninterpreted MS? spectra and differ-
ential proteomic analysis of unmodified proteins were
performed with Sequest (Yates et al., 1998) and DTA-
Select (Tabb et al., 2002), respectively. The default pre-
cursor and product ion tolerances of 1.5 and 0.0 were se-
lected for Sequest, while only singly, doubly, and triply
charged tryptic peptide sequences with Xcorr > 1.8, 2.5,
and 3.5 were considered significant for DTASelect. No
molecular mass constraints were placed on protein iden-
tification by protein database searching. A TBI database
containing unmodified peptide and protein sequences that
were observed in naive only, injured only, or both con-
ditions was constructed in-house (from the DTASelect
files via Microsoft Access 2002) as a function of the 1D-
DIGE gel position (gel slices were numbered 1-50 from
high to low molecular mass). PTMs were investigated
with Mascot (Perkins et al., 1999) using the same pro-
tein database as Sequest but with the recommended pre-
cursor and product ion tolerances of 2.0 and 0.8, respec-
tively. PTMs were considered significant if the Mascot
score indicated homology with greater than 95% proba-
bility.

RESULTS
SDS-PAGE-Capillary LC-MS?

Naive and injured hippocampal protein samples were
processed and labeled with Cy-3 and Cy-5 dye separately.
Labeled proteins from pooled and individual samples
were separated side-by-side, and naive and injured sam-
ples were run on separate lanes (Fig. 1). Our results show
the consistency in protein loading, cyanine dye labeling,
and separation efficiency. Alternatively, unlabeled pro-
teins were separated with the same gel system and stained
with Coomassie blue (data not shown), In general, we did

Pooled
I N )|

Individual

250
160
105
75
50
35

30
25

15

10

FIG. 1. Cyanine-dye labeled proteins separated by SDS-
PAGE. Fluorescence image of 25 g of Cy3— and Cy5-labeled
proteins from naive (N) and injured (1) ipsilateral hippocampus
(IH) samples separated on a Tris-tricine SDS-PAGE gel
(10-20% polyacrylamide).

not find a significant advantage of cyanine-dye labeling
for our purposes. Fifty 1.5 mm X 4 mm gel slices span-
ning each (naive or injured) gel lane were excised,
trypsinized and subjected to automated capillary LC-
MS?2. We collected 15,558 uninterpreted MS? spectra in
3 days for pooled cyanine dye-labeled samples separated
by SDS-PAGE. Protein database searching identified
more than 306 unique proteins. Overall, we obtained
156 + 60 MS? spectra per gel slice and 1-3 tryptic pep-
tide sequences per protein. Figure 2 shows the cor-
relation between the database-derived molecular mass
(M;calc), and SDS-PAGE-predicted molecular mass
(M,o0bs). The migration of proteins in the SDS-PAGE gel
inversely correlates with M,calc for unmodified proteins
identified by capillary LC-MS? and database searching
(solid line), as expected. Accordingly, M,obs directly cor-
relates with M,calc. In addition, protein sequence cover-
age shows an inverse correlation with M;cale (dashed
line). That is, the higher the molecular mass of the pro-
tein, the less sequence coverage is obtained. However, it
is important to note that we have successfully identified
(by peptide sequences rather than by peptide masses)
more than 20 proteins of high molecular mass (150-300
kDa). In contrast, proteins in this molecular mass range
are almost impossible to visualize and identify by 2D gels
(Fountoulakis et al., 1999b).
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HASKINS ET AL.

TasLE 1. DIFFERENTIAL PROTEOMIC ANALYSIS OF MAMMALIAN PROTEIN

M, cale
RefSeq accession number Protein description (kDa) M.,.obs (kDa)
Protein appears in naive animals only
NM_022007 FXYD domain-containing ion transport regulator 7 8 13-17
[Mus musculus)
NM_181029 casein alpha-S1 [Bos taurus| 25 =250
NM_012966 heat shock 10 kDa protein | (chaperonin 10) 11 10-13
[Rattus norvegicus]
NM_017236 phosphatidylethanolamine binding protein 21 15-25
[Rartus norvegicus]
NM_018947 cytochrome ¢ [Homo sapiens) 12 <10
NM_057114 peroxiredoxin 1 [Rattus norvegicus| 22 15-25
NM_022511 profilin [Rattus norvegicus) 15 10-15
NM_174294 casein kappa [Bos raurus) 21 =250
NM_028207 dual specificity phosphatase 3 [Mus musculus] 20 15-25
NM_016956 hemoglobin, beta adult minor chain; beta min; 16 10-15
beta minor globin [Mus musculus)
NM_017169 thioredoxin peroxidase | [Rattus norvegicus] 22 15-25
NM_017055 transferrin [Rattus norvegicus| 76 50-75
NM_182839 RIKEN cDNA 290004 1A09 [Mus musculus] 23 17-27
NM_010471 hippocalcin [Mus musculus) 22 15-25
NM_023716 tubulin, beta [Mus musculus| 50 35-50
NM_021316 BMBSB8 antigen [Mus musculus) 15 15-25
NM_053511 neural F box protein NFB42 [Rattus norvegicus) 34 30-35
NM_009610 Actin, gamma 2 (smooth muscle) [Mus musculus] 42 40-60
NM_022922 triosephosphate isomerase 1 [Rattus norvegicus| 27 17-27
NM_019131 tropomyosin 1, alpha [Rattus norvegicus] 29 27-33
NM_012498 aldehyde reductase 1 [Rarrus norvegicus] 36 13-17
NM_000410 hemochromatosis protein 1 [Homo sapiens| 10 35-50
NM_017025 lactate dehydrogenase A [Rattus norvegicus] 36 27-33
NM_008617 malate dehydrogenase, mitochondrial [Mus musculus] 35 27-33
NM_023716 RIKEN cDNA 2410129E14 gene [Mus musculus) 50 35-50
NM_002634 prohibitin [Homo sapiens]| 30 1727
NM_011553 t-complex protein 10b [Mus musculus] 49 =250
NM_001069 tubulin, beta polypeptide [Homo sapiens) 50 35-50
NM_002301 lactate dehydrogenase C [Homo sapiens) 36 27-33
NM_012949 enolase 3, beta; [Rattus norvegicus] 47 35-50
NM_014364 glyceraldehyde-3-phosphate dehydrogenase, B 27-33
testis-specific [Homo sapiens]
NM_013506 cukaryotic translation initiation factor 4A2 [Mus musculus] 46 35-50
NM_133977 transferrin; hypotransferrinemia with hemochromatosis 77 50-75
[Mus musculus)
NM_003026 SH3-domain GRB2-like 2 [Homao sapiens] 40 3340
NM_139254 tubulin, beta 3 [Rattus norvegicus) 50 35-50
NM_022399 calreticulin [Rattus norvegicus| 48 35-50
NM_031140 vimentin [Rattus norvegicis) 54 35-50
NM_012497 aldolase C, fructose-biphosphate [Rattus norvegicus] 39 3340
NM_031034 guanine nucleotide binding protein (G protein) alpha 12 44 30-35
[Rattus norvegicus)
XM_236277 protein phosphatase PP2A [Rattus norvegicus] 65 50-75
NM_019225 solute carrier family 1, member 3 [Rattus norvegicus] 60 =250
NM_017009 glial fibrillary acidic protein [Rattus norvegicus] 50 35-50
NM_025407 ubiguinol-cytochrome ¢ reductase core protein | 55 35-50
[Mus musculus)
NM_145614 dihydrolipoamide S-acetyltransferase [Mus musculus] 68 50-75

634



RAPID DISCOVERY OF TBI PROTEIN BIOMARKERS

TABLE 1. DIFFERENTIAL PROTEOMIC ANALYSIS OF MAMMALIAN PROTEIN (CONTINUED)

M, cale
RefSeq accession number Protein description (kDa) M,obs (kDa)
NM_022229 heat shock protein 60 (chaperonin) [Rattus norvegicus] 61 40-60
NM_145518 NADH dehydrogenase (ubiquinone) Fe-S protein | 80 50-75
[Mus musculus)
NM_175199 heat shock protein 12A [Mus musculus] 75 50-75
NM_008449 kinesin heavy chain 5C, neuron-specific [Mus musculus] 109 80-130
NM_031715 phosphofructokinase, muscle [Rarrus norvegicus) 86 60-90
NM_145779 pregnancy-zone protein [Rattus norvegicus] 167 115-205
NM_013559 HSP105 [Mus musculus) 97 80-130
NM_031604 H™ transporting ATPase, lysosomal (vacuolar proton 96 >250
pump) [Rattus norvegicus)
NM_ 021343 spermatogenesis associated factor [Mus musculus] 97 75-105
NM_007804 cut-like 2 [Mus musculus) 155 35-50
NM_152296 ATPase, Na*/K* transporting, alpha 3 polypeptide 112 80130
[Homo sapiens)
NM_054004 TBP-interacting protein 120A [Rattus norvegicis) 136 105-160
NM_019167 beta-spectrin 3 [Ratrus norvegicus| 271 =250
Protein appears in injured animals only
NM_003509 H2A histone family, member C [Homo sapiens] 14 10-15
NM_080777 synuclein, beta [Rattus norvegicus] 15 10-15
NM_000976 ribosomal protein L12 [Homo sapiens] 18 15-25
NM_025562 RIKEN ¢cDNA 2010003014 [Mus musculus) 17 13-17
NM_016068 CGI-135 protein [Homo sapiens) 17 13-17
NM_025313 RIKEN cDNA 0610008F 14 [Mus musculus] 18 10-15
NM_026369 actin-related protein 2/3 complex, subunit 5 [Mus musculus) 16 13-17
NM_012038 visinin-like 1 [Mus musculus) 22 1525
NM_009923 cyclic nucleotide phosphodiesterase | [Mus musculies) 47 35-50
NM_133796 Rho GDP dissociation inhibitor (GDI) alpha [Mus musculus] 23 17-27
NM_014231] VAMP-1A; synaptobrevin [Homo sapiens] 13 10-15
NM_017101 peptidylprolyl isomease A (cyclophilin A) [Rattus norvegicus] 18 10-15
NM_009001 RAB3A, member RAS oncogene family [Mus musculus] 25 15-25
NM_000518 beta globin [Homo sapiens] 16 10-15
NM_024349 adenylate kinase [Rattus norvegicus) 21 15-25
NM_031603 14-3-3 epsilon [Rartus norvegicus) 29 15-25
NM_017051 superoxide dismutase 2, mitochondrial [Rartus norvegicus] 25 15-25
NM_026267 RIKEN ¢DNA 1200016B17 [Mus musculus) 30 30-35
NM_008907 peptidylprolyl isomerase A; cyclophilin A [Mus musculus] 18 13-17
NM_053610 peroxiredoxin 5 precursor [Rattus norvegicus] 22 13-17
NM_ 016131 ras-related GTP-binding protein RABI0 [Homo sapiens) 23 15-25
NM_011670 ubiquitin carboxy-terminal hydrolase L1; gracile axonal 25 15-25
dystrophy; protein gene product 9.5 [Mus musculus]
NM_019376 14-3-3 protein gamma [Rattus norvegicus] 28 17-27
NM_011739 14-3-3 theta [Mus musculus)| 28 17-27
NM_010312 guanine nucleotide-binding protein, beta-2 subunit 37 30-35
[Mus musculus)
NM_023200 protein phosphatase-1 regulatory subunit 7 [Mus musculus] 41 35-50
NM_019632 N-ethylmaleimide sensitive fusion protein attachment protein 34 27-33
beta; brain protein 147 [Mus musculus)
NM_017327 GTP-binding protein alpha o; RATBPGTPC 40 30-35
[Rattus norvegicus)
NM_026646 RIKEN ¢DNA 1300006L01 [Mus musculus] 35 30-35
NM_005163 aldolase C, fructose-bisphosphate; Aldolase C, fructose- 39 3340
bisphosphatase [Homo sapiens)
{continued)
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HASKINS ET AL.

TaBLE 1. DIFFERENTIAL PROTEOMIC ANALYSIS OF MAMMALIAN PROTEIN (CONTINUED)

M, cale
RefSeq accession number Protein description (kDa) M, obs (kDa)
NM_025942 RIKEN cDNA 2810409H0T [Mus musculus) 45 35-50
NM_019291 carbonic anhydrase 2 [Rattus norvegicus) 37 27-33
NM_017215 solute carrier family 1, member 2 [Rattus norvegicus] 62 =250
NM_005917 cytosolic malate dehydrogenase [Homo sapiens] 36 17-27
NM_006032 copine 6; neuronal copine; N-copine [Homo sapiens) 62 50-75
NM_006136 F-actin capping protein alpha-2 [Homo sapiens] 33 27-33
NM_002074 G protein, beta-1 subunit; transducin beta chain [1 37 30-35
[Homo sapiens]
NM_014203 adaptin, alpha A: [Homo sapiens] 108 80-130
NM_002635 phosphate carrier precursor 1soform 1b; mitochondrial 40 =250
[Homo sapiens)
NM_018754 stratifing 14-3-3 sigm [Mus musculus] 28 17-27
NM_(024221] pyruvate dehydrogenase (lipoamide) beta [Mus musculus] 39 30-35
NM_025899 ubiquinol cytochrome ¢ reductase core protein 2 48 35-50
[Mus musculus]
NM_002300 lactate dehydrogenase B [Homo sapiens] 37 27-33
NM_012570 glutamate dehydrogenase 1; memory related gene 2 61 40-60
[Rattus norvegicus|
NM_138828 apolipoprotein E [Ratius norvegicus) 36 27-33
NM_013681 synapsin 1T [Mus musculus] 52 40-60
NM_033235 malate dehydrogenase 1[Rattus norvegicus] 36 27-33
NM_011861 protein kinase C and casein kinase substrate in neurons | 51 40-60
[Mus musculus]
NM_004077 citrate synthase precursor; citrate synthase, mitochondrial 32 35-50
[Homao sapiens|
NM_007505 ATP synthase, H* transporting, mitochondrial F1 complex, 60 35-50
alpha subunit, isoform | [Mus musculus]
NM_057118 contactin 1 [Rattus norvegicus) 113 105-160
NM_010481 heat shock protein, A [Mus musculus] 74 50-75
NM_019703 phosphofructokinase [Mus musculus) 86 60-90
NM_012491 adducin 2, beta [Rattus norvegicus) 81 80-130
NM_003178 synapsin lIb [Homo sapiens) 52 40-60
NM_009947 copine VI; copine 6; neuronal copine [Mus musculus] 62 50-75
NM_011393 solute carrier family 1, member 2; glial high affinity 61 =250
glutamate transporter [Mus musculus]
NM_153781 brain glycogen phosphorylase [Mus musculus| 97 75-105
NM_006644 heat shock 105 kD [Homo sapiens] 92 80-130
NM_031783 neurofilament, light polypeptide [Rattus norvegicus| 61 50-75
NM_006950 synapsin la [Homo sapiens] 74 50-75
NM_013066 microtubule-associated protein 2 [Rattus norvegicus] 199 =250
NM_021979 heat shock 70 kDa protein 2 [Homo sapiens] 70 50-75
NM_012607 neurofilament, heavy polypeptide [Rattus norvegicus) 115 115-205
NM_181092 synaptic Ras GTPase activating protein | [Rartus norvegicus] 128 105-160
NM_005348 heat shock 90 kDa protein 1, alpha [Homo sapiens) 85 75-105
NM_010438 hexokinase 1; downeast anemia [Mus musculus] 106 80-130
NM_000477 albumin precursor [Homo sapiens) 69 10-15
NM_001385 dihydropyrimidinase [Homo sapiens] 57 50-75
NM_001127 Seta-adaptin [Homo sapiens] 105 80-130
NM_003334 ubiquitin-activating enzyme El [Homo sapiens]| 118 80-130
NM_001835 Clathrin, heavy chain [Homo sapiens] 179 115-205
NM_005657 tumor protein p53 binding protein, | [Homo sapiens] 214 15-25
NM_002374 microtubule-associated protein 2a [Homo sapiens) 199 =250
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RAPID DISCOVERY OF TBI PROTEIN BIOMARKERS

TaBLE 1, DIFFERENTIAL PROTEOMIC ANALYSIS OF MAMMALIAN PROTEIN (CONTINUED)

M, cale
RefSeq accession number Protein description (kDa) M, obs (kDa)
Higher sequence coverage in injured than naive (protein appears in both)
NM_005530 mitochondrial; isocitrate dehydrogenase (NAD™) alpha 40 30-35
[Homao sapiens)
NM_024398 mitochondrial aconitase [Rattus norvegicus] 85 60-90
NM_005566 lactate dehydrogenase A [Homo sapiens| 37 27-33
NM_057143 fertility protein SP22 [Rattus norvegicus| 200 15-25
NM_013083 heat shock 70 kD protein 5 [Rattus norvegicus) 72 50-75
NM_019169 synuclein, alpha [Rattus norvegicus] 15 10-15
NM_024398 mitochondrial aconitase [Rattus norvegicus| 85 60-90
XM_237718 tubulin alpha 6 [Rattus norvegicus) 50 35-50
NM_171983 alpha-spectrin 2 [Rattus norvegicus) 285 =250
NM_139325 enolase 2, gamma; neuronal [Rattus norvegicus) 50 35-50
NM_006597 heat shock 70 kDa protein 8 isoform 1 [Homo sapiens] 71 50-75
NM_015981 CaM kinase 11 alpha subunit; isoform | [Home sapiens| 55 40-60
NM_ 011738 14-3-3 eta [Mus musculus) 28 17-27
NM_017042 protein phosphatase 3 (calcineurin) subunit A beta 59 40-60
[Rattus norvegicus)
NM_005507 cofilin 1 (non-muscle) [Homo sapiens] 19 15-25
NM_ 146100 hypothetical protein MGC25352 [Mus musculus) 55 50-75
XM_217040 tubulin alpha-1 [Rartus norvegicus) 50 35-50
Same sequence coverage in naive and injured
NM_006870 destrin [Homo sapiens) 19 15-25
NM_173102 tubulin, beta 5 [Rattus norvegicus) 50 35-50
NM_006000 tubulin, alpha 1; testis-specific [Homo sapiens) 50 35-50
NM_001102 actinin, alpha | [Homo sapiens] 103 80-130
NM_008634 microtubule-associated protein 1b [Mus musculus) 270 27-33
NM_008084 elyceraldehyde-3-phosphae dehydrogenase [Mus musculus] 36 30-35
NM_023964 glyceraldehyde-3-phosphate dehydrogenase type 2 47 30-35
[Rattus norvegicus|
NM_153629 (NM_153629) heat shock 70 kDa protein 4 [Rattus norvegicus| 94 80130
NM_012529 (NM_0123529) creatine kinase, brain [Rattus norvegicus] 43 3340
NM_012734 hexokinase | [Rartus norvegicus) 103 75-105
NM_009497 vesicle-associated membrane protein 2; synaptobrevin 11 13 10-15
[Mus musculus)
NM_016774 ATP synthase, H" transporting mitochondrial FI complex, beta 58 35-50
subunit [Mus musculus)
NM_010777 (NM_010777) myelin basic protein; myelin deficient 27 10-27
[Mus musculus]
NM_031728 synaptosomal-associated protein (AP180) [Rattus norvegicus] 94 80-130
NM_000517 alpha 2 globin [Home sapiens] 15 10-15
NM_002965 S100 A9; calgranulin B [Homo sapiens] 13 I: =250,
N: 60-90
NM_030873 profilin 1l [Rattus norvegicus| 15 10-15
NM_012673 thymus cell surface antigen [Rattus norvegicus) 18 15-25
NM_012635 (NM_012635) pancreatic trypsin | [Ratius norvegicus] 26 75-105
NM_013177 Glutamate oxaloacetate transaminase 2 mitochondrial 27 3340
[Rattus norvegicus)
NM_012504 ATPase, Na"K ™" transporting, alpha 1 [Rattus norvegicus) 113 105-160
NM_010324 glutamate oxaloacetate transaminase 1, cytosolic 26 3340
[Mus musculus)
NM_080583 adaptor-related protein complex 2, beta 1 subunit; beta adaptin 105 75-105

[Rattus norvegicus)
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HASKINS ET AL.

TasrLe 1. DIFFERENTIAL ProTEOMIC ANALYSIS OF MAMMALIAN PROTEIN (CONTINUED)

M, cale
RefSeq accession number Protein description (kDa) M.obs (kDa)
NM_026508 (NM_026508) RIKEN cDNA 2410002K23 [Mus musculus] 80 75-105
NM_006310 puromycin-sensitive aminopeptidase; metalloproteinase 99 75-105
MP100 [Homo sapiens]
Higher sequence coverage in naive than injured (protein appears in both)
NM_030773 beta tubulin 1, class VI [Homo sapiens] 50 35-50
NM_019299 clathrin, heavy polypeptide (Hc) [Rattus norvegicus] 192 160-250
NM_003127 alpha-spectrin 2 (alpha-fodrin) [Homao sapiens] 284 =250
NM_013096 hemoglobin, alpha | [Rartus norvegicus] 15 10-15
NM_018753 14-3-3 protein beta [Mus musculus] 28 17-27
NM_000944 protein phosphatase 3 (calcineurin A alpha) [Homo sapiens] 59 40-60
NM_057213 ATPase, H* transporting, lysosomal beta 2 [Rattus norvegicus) 57 40-60
NM_138548 nucleoside diphosphate kinase (NM23A) [Rattus norvegicus] 17 10-15
NM_033234 Hemoglobin, beta [Rattus norvegicus| 16 10-15
NM_053543 neurochondrin [Rattus norvegicis] 79 50-75
NM_003406 14-3-3 zeta [Homo sapiens] 28 17-27
NM_031353 vollage-dependent anion channel | [Rattus norvegicus] 31 27-33
NM_138597 ATP synthase, H' transporting, mitochondrial F1 complex, 23 15-25
O subunit [Mus musculus)

NM_053291 phosphoglycerate kinase | [Rartus norvegicus| 45 35-50
NM_000034 aldolase A; fructose-biphosphate aldolase [Homo sapiens) 39 3340
NM_017245 translation elongation factor 2 [Rattus norvegicus| 95 75-105
NM_023119 enolase 1, alpha non-neuron [Mus musculus| 47 35-50
NM_005918 mitochondrial malate dehydrogenase [Homo sapiens] 36 27-33
NM_053297 /pyruvate kinase, muscle [Rattus norvegicus] 58 40-60
NM_080689 dynamin 1 [Rattus norvegicus) 96 75-105
NM_011123 myelin proteolipid protein [Mus musculus] 30 I, N: 15-30,

N: 105-160
NM_134326 albumin [Rarttus norvegicus) 69 50-75

The RefSeq (Pruitt and Maglott, 2001) accession number, protein description, database-derived molecular mass (Mcalc), and
SDS-PAGE-predicted molecular mass (M,obs) are shown for putative protein biomarkers of TBI.

e e
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" Differential proteomic analysis of the gel slices (high w0

low M,obs) revealed differences in protein sequence cov-
erage for 170 mammalian proteins (57 in naive only, 74
in injured only, and 39 of 64 in both) as listed in Table 1.
Inspection of the proteins falling into each of the three
categories of protein markers shows that several well-
studied proteins involved in TBI were observed in both
naive and injured samples, including brain creatine ki-
nase (CKB), eell-spectrin, neuron-specific enolase (NSE),
a-synuclein (a-Syn). microtubule associated protein 2a
and 2b (MAP2), neurofilament (NF), proteolipid protein
(PLP), and myelin basic protein (MBP). The injured-to-
naive ratio of protein sequence coverage suggests puta-
tive biomarkers that may exhibit significant differences
in protein concentration between naive and injured sam-
ples. However, protein sequence coverage is only a semi-
quantitative measure of protein concentration. This is par-
ticularly true for protein identifications based on single

tryptic peptide sequences, and it is even more pronounced
for degraded proteins. However, proteins observed only
in naive samples, or proteins observed with greater se-
quence coverage in naive samples than in injured sam-
ples, suggest a subset of putative biomarkers that are
down-regulated, released, or degraded during TBI. for ex-

ample, (all-spectrin (Pike et al., 2002), MAP2 (Huh pt [/

al., 2003), NF (Posmantur et al., 1996, 1998) and PI}P

(Banik et al., 1985; Domanska-Janik et al., 1992). Like- |

wise, proteins observed only in injured samples, or pro-
teins observed with greater sequence coverage in injured
samples than in naive samples, suggest a subset of puta-
tive biomarkers that are up-regulated, accumulated, or ag-
gregated during TBI, for example, NSE (Varma et al,
2003), amyloid precursor protein, amyloid 8 1-42, tau
(Franz et al., 2003), and «-Syn (Uryu et al., 2003; Bram-
lett and Dietrich 2003; Newell et al., 1999; Smith et al.,
2003). Since the fragments of degraded proteins, for ex-
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ample, breakdown products of all-spectrin (Pike et al.,
2002) may also be observed, it is important to relate M,.
cale to M;obs for putative protein biomarkers of TBI.

In order to evaluate whether any of our biomarkers
were fragments of degraded proteins rather than intact
proteins, we performed differential proteomic analysis as
a function of M,obs. Degraded protein biomarkers may
not be revealed by differences in protein sequence cov-
erage using current differential proteomic analysis tools,
even when proteins are separated prior to in vitro prote-
olysis and capillary LC-MS?, because M,obs. which is
encoded in SDS-PAGE—Capillary LC-MS? data, may not
be preserved during data reduction. For example, MBP
was identified by database searching (M,calc = 27 kDa)
in both naive and injured samples with a sequence cov-
erage of 13.6%, incorrectly suggesting that it is not a pu-
tative biomarker of TBI. However, the vertical line in
Figure 2 illustrates that MBP was observed in gel slices
35-41 (M;obs ~ 27 kDa to 10 kDa, respectively) in
injured (and not naive) samples, suggesting possible
degradation, as confirmed by Western blot (Liu et al., un-
published observations).

Classification of Putative Protein Biomarkers

of TBI :

Stratification of the putative protein biomarkers dis-

covered in this work, based on function and distributinn,'

suggests several classes of proteins are of interest (Figs.

3 and 4). Careful examination of the fraction of proteins |

from each class that were observed in naive only, injured

only, and both naive and injured samples highlights the |

most promising classes for biomarkers of TBI. For ex-
ample, Figure 3 shows that 10% of the putative bio-
markers observed only in injured samples were neuronal
proteins including: PLP, Syn (& and B). NSE, NF (light
and heavy), synapsin (I and II), vesicle associated mem-
brane protein 1, and apolipoprotein E. Other promising
classes of biomarkers observed only in injured samples
include heat shock proteins (e.g., chaperonin 10) and ki-
nases (e.g., calcium/calmodulin protein kinase I1). These
observations are reflected by peaks in the line plot shown
in Figure 4. Thus, neuronal proteins, heat shock proteins,
and Kinases are a promising class of biomarkers that are
up-regulated, accumulated, or aggregated during TBI. In
contrast, the valley for dehydrogenases (e.g., lactate de-

hydrogenase) only in naive samples indicates a promis- /

ing class of biomarkers that are down-regulated, released,
or degraded. A complete discussion of the putative pro-
tein biomarkers discovered in this work is beyond the

“scope of this paper. While some ambiguity is expected,

.t

for_example, glutamate dehydrogenase was observed

only“in injured samples while the neuronal protéin glial
/

"
/

fibrillary acidic protein (GFAP) was observed only in
naive samples, the classification of putative protein bio-
markers of TBI, combined with differential analysis
methods such as this one, provides direction for bio-
marker research.

Preliminary Validation

The relative concentration of several putative protein
biomarkers of TBI was investigated by targeted capillary
LC-MS? (Haskins et al., 2001) of selected tryptic pep-
tides (Fig. 4). Two- to ten-fold changes in tryptic peptide
concentration for injured versus naive samples reflect the
semi-quantitative differences in protein sequence cover-
age observed. For example, glutamate dehydrogenase
(memory related gene 2), shown in Figure 5C, was ~10-
fold higher in injured samples than in naive samples: cor-
responding to 2.9% protein sequence coverage in injured
samples and 0.0% protein sequence coverage in naive
samples (i.e., no tryptic peptides were observed in naive
samples). A high yield of sequence-specific b- and y-type
product ions was observed following isolation and frag-
mentation of selected tryptic precursor ions by collision-
induced dissociation. Absolute quantification (AQUA)
(Gerber et al., 2003) of these proteins can be readily
achieved by incorporating an isotopically labeled tryptic
peptide as an internal standard during trypsin digestion
(publication in preparation). Assuming that the analyti-
cal variability exceeds the biological variability in pooled
samples such as these, a false-positive rate as high as 30%
is expected for data-dependent capillary LC-MS? of com-
plex mixtures (unpublished work). While only a 29%

| overlap of proteins conserved between naive and injured
| samples underscores the need for higher-resolution pro-
| tein separation methods, this must be balanced with the
\need for faster results. Indeed, preliminary validation of
'_biomarkcrs is a significant bottleneck for proteomics as
the speed of discovery continues to outpace the speed of
validation (Bodovitz and Joos, 2004).

Comparison with Previous Work

This is the first report of SDS-PAGE-Capillary
LC-MS? for biomarker discovery. Several of the puta-
tive protein biomarkers described herein at 48 h post-in-
jury were suggested previously by a microarray- and

/ RNA-based gene expression experiment (Matzilevich et

" al., 2002) In 10 oligonucleotide array pairs. 261 of 8300
genes were significantly affected at 24 h post-injury, in-
cluding NF (light), MAP2, GFAP, and beta-tubulin.

More recently, a proteomics approach using 2D gels
and database searching ot 2D gel images (Fountoulakis
et al., 1999a) at 24 h post-injury was presented (Jenkins
et al., 2002). In that work, 50 (<95 kDa proteins) of
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~1500 protein spots were tentatively identified by
matching the 2D gel-derived molecular masses and iso-
electric points of the protein spots with a rat brain data-
base of 210 proteins. However, only six putative protein
biomarkers were revealed by significant changes across
six of six gel pairs (individual rather than pooled sam-
ples). Interestingly, an increase in the mitochondrial pro-
tein Cu/Zn superoxide dismutase, and a decrease in the
cytoskeletal proteins a- and B-tubulin, were also ob-
served in this work.

Confidence in previously reported putative biomark-
ers is significantly strengthened by sequence-specific dis-
covery of these proteins by SDS-PAGE-Capillary
LC-MS?. Protease-specific peptide sequences provide a
means to unambiguously identify putative protein bio-
markers and various PTMs (e.g., degradation) from large
protein databases (e.g., RefSeq 785,143 sequences)
(Pruitt and Maglott, 2001). In contrast, microarray ex-
periments suffer from our incomplete understanding of
the interaction between transcription and translation; that
is, RNA levels do not accurately reflect protein levels,
and database searching of 2D gel images suffers from a
low success rate for protein identification. Despite the
limitations of these techniques, the unambiguous identi-
fication of several previously reported putative biomark-
ers by SDS-PAGE-Capillary LC-MS? provides evidence
for the validity of this approach to biomarker discovery.

DISCUSSION

Using differential proteomic analysis, we revealed dif-
ferences in protein sequence coverage for 170 mam-
malian proteins (57 in naive only, 74 in injured only, and
39 of 64 in both). Our data suggest that these are puta-
tive biomarkers of TBI in hippocampus tissue, as these
are expected to either accumulate in the CSF and blood,
or form aggregate in the extracellular compartment of the
brain. However, we must further establish if these mark-
ers can distinguish TBI from various other brain diseases,
and the kinetics for their degradation and clearance from
tissue to CSF and blood must be favorable in order to ob-
tain reliable indicators of injury severity. A subset of the
putative protein biomarkers of TBI described herein, par-
ticularly the neuronal proteins, are expected to meet these
criteria for biomarker validation. In the meantime, these
biomarkers may also find use in the laboratory setting.
For example, B3-tubulin and GFAP are used to distin-
guish neuronal differentiation in stem cell research (Ko-
rnblum and Geschwind, 2001). Lastly, this work provides
proof-of-principle for more rapid and comprehensive se-
quence-specific biomarker discovery strategies incorpo-
rating protein separation prior to capillary LC-MS2,
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Abstract

Recent studies have demonstrated that the downstream
caspases, such as caspase 3, act as executors of the
apoptotic cascade after traumatic brain injury (TBI) in vivo.
However, little is known about the involvement of caspases in

the initiation phase of apoptosis, and the interaction between

these initiator caspases (e.g. caspase 8) and executor
caspases after experimental brain injuries in vitro and in vivo.
This study investigated the temporal expression and cell
subtype distribution of procaspase 8 and cleaved caspase 8
P20 from 1 h to 14 days after cortical impact-induced TBI in
rats. Caspase 8 messenger RNA levels, estimated by semi-
quantitaive RT-PCR, were elevated from 1 h to 72 h in the
traumatized cortex. Western blotting revealed increased
immunoreactivity for procaspase 8 and the proteolytically
active subunit of caspase 8, p20, in the ipsilateral cortex
from 6 to 72 h after injury, with a peak at 24 h after TBI.
Similar to our previous studies, immunoreactivity for the p18
fragment of activated caspase 3 also increased in the current
study from 6 to 72 h after TBI, but peaked at a later timepoint
(48 h) as compared with proteolyzed caspase 8 p20. Immuno-

histologic examinations revealed increased expression of
caspase 8in neurons, astrocytes and oligodendrocytes. Assess-
ment of DNA damage using TUNEL identified caspase 8- and
caspase 3-immunopositive cells with apoptotic-like morphol-
ogy in the cortex ipsilateral to the injury site, and immunohis-
tochemical investigations of caspase 8 and activated
caspase 3 revealed expression of both proteases in cortical
layers 25 after TBI. Quantitative analysis revealed that the
number of caspase 8 positive cells exceeds the number of
caspase 3 expressing cells up to 24 h after impact injury. In
contrast, no evidence of caspase 8 and caspase 3 activation
was seen in the ipsilateral hippocampus, contralateral cortex
and hippocampus up to 14 days after the impact. Our results
provide the first evidence of caspase 8 activation after
experimental TBI and suggest that this may occur in neurons,
astrocytes and oligodendrocytes. Our findings also suggest a
contributory role of caspase 8 activation to caspase 3
mediated apoptotic cell death after experimental TBI in vivo.
Keywords: apoptosis, astrocyte, caspase 8, neuron, oligo-
dendrocyte, traumatic brain injury.

J. Neurochem. (2001) 78, 862—873.

Traumatically evoked brain injury is a major cause of
morbidity and mortality (Thurman et al. 1999). Studies over
the last two decades have demonstrated that a significant
amount of CNS damage after traumatic brain injury (TBI)
occurs as a result of secondary autodestructive insults
(Hayes et al. 1992; Faden 1996;: McIntosh ef al. 1998).
Secondary injury involves a complex cascade of biochemi-
cal events that contributes to delayed tissue damage and cell
death (Kermer et al. 1999; Graham et al. 2000). Importantly,
recent research reported on a potential role for apoptosis in
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cell degeneration after cerebral and spinal cord ischemia
(Nitatori et al. 1995; Kato et al. 1997; Charriaut-Marlangue
et al. 1998), traumatic spinal cord injury (Crowe et al. 1997;
Liu et al. 1997), and TBI in vitre (Shah et al. 1997; Pike
et al. 2000) and in vive (Rink ef al. 1995; Conti er al. 1998;
Newcomb et al. 1999; Beer et al. 2000b).

Although a potential role for apoptosis in neuronal and
glial cell damage after TBI has been suggested, little is
known about the molecular mechanisms involved. However,
recent evidence implicates a distinct class of proteases,
referred to as caspases. So far, 14 mammalian caspases have
been described (Nicholson 1999). Based on their proteolytic
specifities, caspases further divide into three groups: the
inflammatory caspases (e.g. caspase 1), which mediate cyto-
kine maturation (Cerretti er al. 1992); the caspases involved
in apoptotic cell death, which segregate into initiator
enzymes, such as caspase 8 and caspase 9; executioner
caspases, such as caspase 3 (Cohen 1997; Cryns and Yuan
1998). Caspases are synthesized as inactive pro-enzymes
that contain three domains (Nicholson 1999), an N-terminal
prodomain (approximately 3-24 kDa), a large subunit
(approximately 17-21 kDa) and a small subunit (approxi-
mately 10—13 kDa). Depending on the cell type, procaspases
have been shown to reside in various subcellular localizations
(Qin et al. 2001; Shikama 2001) and are activated through
proteolytic processing and association of the large and small
subunits to form a catalytic heterotetramer (Walker et al.
1994).

Activation of the executioner caspase 3 has been shown
in numerous chronic and acute disorders of the nervous
system. For example, caspase 3 processing has been demon-
strated in Alzheimer’s (Stadelmann et al. 1999; Khan et al.
2000) and Parkinson’s disease (Mogi er al. 2000). Further,
caspase 3 mediated neuronal and glial cell degeneration has
been found in experimental models of cerebral and spinal
cord ischemia (Hayashi er al. 1998; Namura et al. 1998) and
spinal cord injury (Springer et al. 1999). Importantly, recent
data have also suggested a contributory role for activated
caspase 3 in apoptotic degeneration of neurons, astrocytes
and oligodendrocytes after TBI in wivo (Yakovlev et al.
1997; Beer et al. 2000b; Clark et al. 2000).

Current evidence also indicates that in receptor-triggered
apoptosis the main pathway for caspase 3 activation is direct
activation by caspase 8 (Scaffidi et al. 1998; Stennicke et al.
1998). Importantly, recent data suggest that receptor-
mediated apoptosis indeed occurs in acute CNS injuries
(Ertel et al. 1997; Felderhoff-Mueser et al. 2000). For
example, increased expression of Fas and caspase 8 has
been shown after experimental spinal cord ischemia
(Matsushita et al. 2000). In addition, increased Fas and
Fas ligand immunoreactivity (Beer er al. 2000a) and
caspase 3 activation have been reported following TBI in
the rat (Beer er al. 2000b; Clark et al. 2000), suggesting a
putative link between the activation of caspase 8 and
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caspase 3 after TBI in vivo. However, to our knowledge
no study to date has concurrently investigated changes in the
expression and activity of both caspase 8 and caspase 3 in
trauma-induced CNS degeneration.

To further investigate potential changes of caspase 8 and
caspase 3 expression after experimental TBI, rodents were
subjected to a widely used model of experimental brain
injury: lateral cortical impact injury (Dixon et al. 1991;
Franz et al. 1999; Beer et al. 2000a,b). The present study
employed semiquantitative RT-PCR and western blot ana-
lyses of procaspase 8, cleaved caspase 8 p20, and processed
caspase 3 to determine the relative temporal profile of
caspase 8 to caspase 3 expression and activation from 1 h to
14 days after experimental TBI. Immunohistochemical
examinations were performed to investigate the cell subtype
distribution of caspase 8 after impact injury in vivo. Further,
TUNEL was used to assess whether caspase 8 and caspase 3
immunopositive cells exhibit morphological features of
DNA damage consistent with apoptotic phenotype after TBI
in the rat.

Materials and methods

Rat model of traumatic brain injury

A controlled cortical impact device was used to induce a moderate
level of TBI, as previously described (Dixon et al. 1991; Franz et al.
1999). In brief, adult male Sprague—Dawley rats (250-350 g) were
intubated and anesthesized with 2% halothane in a 2 : 1 mixture of
N,0/05. Core body temperature was monitored continuously using
a rectal thermistor probe and maintained at 36.5-37.5°C by a
heating pad. Animals were mounted in a stereotaxic frame on the
injury device in a prone position secured by ear and incisor bars. A
midline incision was made, the soft tissues were reflected, and two
7-mm craniotomies were made adjacent to the central suture,
midway between lambda and bregma. The dura was kept intact over
the cortex. Injury was induced by impacting the right (ipsilateral)
cortex with a 6-mm diameter aluminum tip at a rate of 4 m/s. The
injury device was set to produce a tissue deformation of 2 mm.
Impact velocity was measured directly by a linear variable differ-
ential transformer (Shaevitz Model 500 HR; Shaevitz, Detroit, MI,
USA), which produces an analog signal that was recorded by a PC-
based data acquisition system for analysis of time/displacement
parameters of the impactor. This magnitude of injury has pre-
viously been associated with significant cell degeneration restricted
to the contusion site (Franz et al. 1999; Beer et al. 2000a,b). After
trauma, animals were extubated and immediately assessed for
recovery of reflexes (Dixon et al. 1991). Sham-injured animals
underwent identical surgical procedures but did not receive impact
injury. Naive animals were not exposed to any injury-related
surgical procedures. Ninety animals were used in this study (naive
rats, n = 10; sham-injured rats, n = 12; injured rats, n = 68).
Animal care and experimental protocols complied with the guide-
lines outlined in the Guide for the Care and Use of Laboratory
Animals, Austrian Department of Health and Science, and were
approved by the University of Innsbruck Medical School Animal
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Table 1 Systemic parameters

Prior to craniotomy

Post surgery

(n = 20) sham (n = 4) injured (n = 186)
MABP (mmHg) 101 £5 97 £ 8 103 = 6
pH 7.46 + 0.01 7.43 + 0.02 7.44 + 0.02
Pa0; (mmHg) 142 = 4 79 £12 85 +9
PaCQO, (mmHg) 43 £ 6 41 +3 42 + 5
Rectal temperature (°C) 371 0.2 37.3 +0.2 36.9 = 0.1

Values are mean + SD; MABP, mean arterial blood pressure.

Welfare Committee. Importantly, all efforts were made to minimize
animal suffering and to reduce the number of animals used.

Assessment of physiologic parameters

In a subgroup of animals (sham-injured rats, n = 4; injured rats,
n = 16) systemic parameters were monitored as described by
Dixon et al. (1991). Briefly, a 22-gauge Teflon catheter was
advanced into the abdominal aorta through a left femoral
arteriotomy for arterial blood pressure measurement and arterial
blood sampling. Blood samples (100 pL) were analyzed for pH,
arterial oxygen pressure (Pa0,), and arterial pressure of carbon
dioxide (PaCO;), (Table 1) using an AVL Omni 4 (Diamond
Diagnostics, Holliston, MA, USA) blood gas analyzer before
craniotomy and 5 min after surgery. All parameters were within the
normal physiological range (Table 1) (Krinke 2000).

Sample preparation

All animals were given a lethal dose of phenobarbital intra-
peritoneally (20 mg/kg; Tyrol Pharma, Kundl, Austria) and
subsequently killed by decapitation 6 h, 24 h, 48 h, 72 h, 7 days
and 14 days after TBI (n = 4 for each time after injury, n = 4 for
naive and sham-injured animals). Both cortices and hippocampi
(ipsilateral and contralateral to the injury site) were removed.
Excision of both cortices beneath the cramiotomies extended
~4-mm laterally, ~7-mm rostrocaudally, and to a depth extending
to the white matter. All samples were immediately frozen in liquid
nitrogen. The microdissected tissue was homogenized at 4°C in
ice-cold homogenization buffer containing 20 mm piperazine-N,N'-
bis(2-ethanesulfonic acid) (pH 7.1), 2 mm EGTA, 1 mm EDTA,
1 mm dithiothreitol, 0.3 mm phenylmethylsulfonylfluoride (PMSF),
and 0.1 mm leupeptin. Chelators and protease inhibitors (Sigma,
St Louis, MO, USA) were added to prevent endogenous in vitro
activation of proteases and subsequent artifactual degradation of
caspase 8 and caspase 3 during tissue processing.

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis,
immunoblotting and quantification

Protein concentrations were determined by bicinchoninic acid
microprotein assay (Sigma) with albumin standards. Protein-
balanced samples were prepared for polyacrylamide gel electro-
phoresis in two-fold loading buffer containing 0.25 M Tris
(pH 6.8), 0.2 M dithiothreitol, 2% sodium dodecyl sulfate, 0.005%
bromophenol blue and 5% glycerol in distilled water. Samples were
heated for 5 min at 95°C. Sixty micrograms of protein per lane was

routinely resolved on 16% Tris/glycine gels (Invitrogen, Groningen,
the Netherlands). After separation, proteins were transferred to
nitrocellulose membranes using western blotting with transfer
buffer made up of 0.192 M glycine and 0.025 M Tris (pH 8.3).
Coomassie blue (Bio-Rad, Hercules, CA, USA) and Ponceau red
(Sigma) stainings were performed to confirm that equal amounts of
protein were loaded in each lane. Five percent non-fat milk in
phosphate buffered saline (PBS) with 0.05% Tween 20 was used to
reduce non-specific binding. Immunoblots were probed with either
a mouse monoclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), reacting with the p20 subunit and precursor of
caspase 8, diluted 1 : 1000, or a rabbit polyclonal antiserum (CM1;
IDUN Pharmaceuticals, La Jolla, CA, USA; dilution 1 : 5000),
directed against the pl8 subunit of activated caspase 3. Specifity
and sensitivity of CMI has been described in detail in previous
investigations (Namura et al. 1998; Srinivasan et al. 1998; Beer
et al. 2000b). After incubation with primary antibodies overnight at
4°C, nitrocellulose membranes (Amersham Pharmacia Biotech,
Uppsala, Sweden) were incubated with secondary antibodies linked
to horseradish peroxidase (Amersham Pharmacia Biotech) for 1 h
at 20°C (automated climate control). Enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech) were used to visualize the
immunolabeling on X-ray film. In each blot, the constitutively
expressed protein w-tubulin (Sigma) was used as an internal
standard to further indicate that sample processing was carried out
correctly.

Semiquantitative RT-PCR

Total RNA was isolated from frozen ipsilateral and contralateral
cortex and hippocampus of naive (n = 2), sham-injured (n = 4),
and injured animals (1 h, 6 h, 24 h, 48 h and 72 h; n = 4 for each
time point after injury) with Trizol reagent (Life Technologies,
Rockville, MD, USA). Ten micrograms of total RNA was treated
with 1 U of amplification grade DNase I (Life Technologies) to
eliminate residual genomic DNA and was reverse transcribed into
first-strand ¢DNA using Superscript II reverse transcriptase (Life
Technologies) with oligo(dT) as primer. The resulting cDNAs were
diluted to 100 pL and subjected to PCR analysis. Each PCR
mixture contained equal amounts of diluted cDNA corresponding
to 200 ng of total RNA, 100 pm of each primer, 10 pm dNTPs,
onefold Ampli-Taq reaction buffer and 2.5 U Ampli-Tag-Gold
DNA polymerase (PE Biosystems, Foster City, CA, USA). All
c¢DNAs were amplified with primers specific for the housekeeping

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 78, 862-873



gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Gen-
Bank Acc. No. X02231; 5'-CCCACGGCAAGTTCAACGG-3' and
5'.CTTTCCAGAGGGGCCATCCA), and caspase 8 (GenBank
Ace. No. AF279308; 5'-ACTGGCTGCCCTCAAGTTCCTGTGC-3'
and 5'-TCCCTCACCATTTCCTCTGGGCTGC-3"). PCR amplifi-
cation was carried out for 34 cycles of 45 s at 94°C, 45 s at 60°C,
and 45 s at 72°C, followed by a final step of 10 min at 72°C in the
UNO II Thermocycler (Biometra, Gottingen, Germany). The number
of cycles and reaction temperature conditions were optimized to
provide a linear relationship between the quantity of input template
and the quantity of PCR product. PCR products were analyzed by
agarose gel electrophoresis in 2% NuSieve agarose gels (FMC
BioProducts, Rockland, ME, USA) and visualized by ethidium-
bromide staining. The identity of the PCR products obtained was
confirmed by Southern blot analysis using an internal oligonucleo-
tide as hybridization probe.

Immunohistochemistry

Prior to perfusion, animals from all treatment groups were given a
lethal injection of phenobarbital (20 mg/kg intraperitoneally). Rats
were transcardially perfused through the left ventricle (120 mL of
0.9% saline and 200 mL of 4% paraformaldehyde) at 6 h, 24 h,
48 h, 72 h, 7 days and 14 days after TBI (n = 4 for each time point
after injury; n = 4 for sham-injured and naive animals). The brains
were removed, grossly sectioned coronally at 2-mm intervals,
processed through graded alcohols and xylene substitute (Histo-
clear; National Diagnostics, Atlanta, GA, USA), and routinely
embedded in paraffin. Sections were cut at 3—4 um on a rotary
microtome, mounted on aminoalkylsilated glass slides, and
processed for immunohistochemistry as follows: deparaffinized
and rehydrated sections were microwaved in 10 mm sodium citrate
buffer, pH 6.0, and allowed to cool to room temperature.
Endogenous peroxidase was blocked by treatment with 0.3%
H,0, in methanol followed by incubation with 10% fetal calf
serum (FCS) in Tris-buffered saline (TBS) for 60 min. Rabbit
polyclonal antibodies against caspase 8 (The Burnham Institute, La
Jolla, CA, USA) and caspase 3 p18 (IDUN Pharmaceuticals) were
diluted 1 : 5000 in 10% FCS and permitted to bind overnight at
4°C.

Rabbit antiserum against caspase 8 was generated as previously
described (Krajewska er al. 1997) using recombinant catalytic
C-terminal fragment of human caspase 8 protein using construct
pET15b MGS Hg-Ser216-TAA. This protein was expressed in
BL 21 (DE3) cells by induction with 1 mm IPTG. After cell growth
and lysis, the clarified cell lysate was applied to an Ni-NTA column
and eluted with an imidazole gradient. The pooled caspase 8
fractions were dialyzed against 50 mm Tris at pH 8.8 and applied to
a FPLC Mono Q HR 10/10 column (Amersham Pharmacia
Biotech) and eluted with an NaCl gradient. New Zealand white
female rabbits were injected subcutaneously with a mixture of
recombinant protein (0.1-0.15 mg protein per immunization) and
0.5 mL Freund’s complete adjuvant with the dose divided over 10
injection sites, and then boosted three times at weekly intervals
followed by another 3-20 boostings at monthly intervals with
0.15 mg each of recombinant protein immunogen in Freund’s
incomplete adjuvant. Antiserum specificity was confirmed by pre-
absorption with full-length or fully cleaved caspase 8 protein,
respectively. This polyclonal antibody reacts with the unprocessed
zymogen form of caspase 8 and detects the processed large subunit
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(p20) of active caspase 8. In addition, specificity of the caspase 8
antiserum has been described recently (Stoka er al. 2001).

Biotinylated goat anti-rabbit (Vector Laboratories, Burlingame,
CA, USA) was then applied at a dilution of 1 : 200 in 3% rat serum
in TBS for 1 h at room temperature followed by avidin-peroxidase
(Sigma), diluted 1 : 100 in TBS, also for 1 h at room temperature.
The reaction was visualized by treatment with 0.05% 3,3'-diamino-
benzidine tetrahydrochloride solution in TBS containing 0.05%
H,0,. The color reaction was stopped with several washes of TBS.
Immunostaining results were confirmed by the use of pre-immune
serum from the same animals and by pre-absorption of the poly-
clonal antibodies with the relevant protein.

For double immunostaining using brightfield chromagens, sections
were pretreated with the rabbit polyclonal antiserum against
caspase 8 as described above. Sections were then incubated with
a mouse anti-neuron-specific nuclear protein (NeuN) antibody
(Wolf et al. 1996) (Chemicon, Temecula, CA, USA) for neuronal
staining. For staining of astrocytes, oligodendrocytes and micro-
glia, a mouse anti-GFAP (Debus et al. 1983) (Roche Molecular
Biochemicals, Mannheim, Germany), a mouse anti-CNPase
(Sprinkle 1989) (Sternberger Monoclonals Inc.. Lutherville, MD,
USA) and an anti-ED1 monoclonal antibody (Graeber et al. 1990)
(Serotec, Kidlington, Oxford, UK) were used. All antibodies were
diluted 1 : 500 in 10% FCS in TBS and allowed to bind overnight
at 4°C. After being rinsed, sections were incubated with a
biotinylated horse anti-mouse antibody (Vector Laboratories) at a
dilution of 1:200 for 1 h at room temperature followed by
incubation with an alkaline phosphatase avidin-biotin substrate and
then reaction with blue chromagen (Vector Blue; Vector Labora-
tories). Sections were dehydrated through graded ethanol, cleared
in a xylene substitute (Histoclear; National Diagnostics, Atlanta,
GA, USA), mounted in Permount (Fisher Scientific, Nepean,
Ontario, Canada) and coverslipped. Sections without primary
antibodies were similarly processed to control for binding of the
secondary antibodies. On control sections no specific immuno-
reactivity was detected.

Histochemical detection of DNA fragmentation (terminal
deoxynucleotidyl transferase-mediated deoxyuridine-biotin
nick end labeling)

To confirm the presence of cell degeneration by an apoptotic
mechanism, terminal deoxynucleotidyl transferase-mediated deoxy-
uridine-biotin nick end labeling (TUNEL) was performed as
described by Gavrieli er al. (1992) with minor modifications.
Briefly, for double-label experiments, dewaxed and rehydrated
sections of all animal groups from regions between — 1.5 and
— 3.4 mm bregma were stained with primary and secondary anti-
sera as described earlier. Immunohistochemical staining was
visualized by exposure to 3-amino-9-ethylcarbazole in N,N'-
dimethylformamide (Sigma). Sections were then rinsed thoroughly
and incubated with labeling mix (TdT buffer containing 100 U/mL
TdT and 20 nM/mL biotin-conjugated 16 deoxyuridine) in a
humidified chamber for 60 min at 37°C. After three washes in
TBS, slides were incubated in Converter alkaline phosphatase for
15 min in a humidified chamber at 37°C. All reagents were
purchased from Roche Molecular Biochemicals. The reaction was
visualized by treatment for 3 min with 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium substrate system (Dako Corpora-
tion, Carpinteria, CA, USA). Primary antibody, labeling mix or
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secondary antibody were omitted in control sections. Sections were
mounted using an aqueous mounting fluid (Dako Corporation) and
examined under the light microscope.

Statistical analysis

Semiquantitative evaluation of RT-PCR band density and of
immunoreactivity detected by western blotting was performed
using computer-assisted two-dimensional densitometric scanning
with a MacIntosh computer using the public domain NIH IMAGE
program (developed at the US National Institutes of Health and
available on the internet at http://rsb.info.nih.gov/nih-image/).
Relative band densities on RT-PCR and western blots (n = 1/
blot) were expressed as arbitrary densitometric units for each time
point. This procedure was performed for the data of four
independent experiments for a total of four different animals per
time point. Data acquired in arbitrary densitometric units were
transformed to percentages of the densitometric levels observed for
scans from sham animals on the same agarose gel (for RT-PCR
analysis) and same blot. Group differences were determined by
ANova and Tukey’s post hoc honestly significant difference (HSD)
test. Values given are means *+ SD of four independent experi-
ments. Differences were considered significant when p = 0.05. For
quantitative analysis of immunohistochemistry, the numbers of
caspase 8 and caspase 3 positive cells of three non-consecutive
sections (each separated by at least 50 wm) of four different
animals for each time point were counted by an independent
observer in the entire anatomic regions of the cortex from the
primary injury zone at bregma — 3.4 mm * 0.2 mm (Paxinos and
Watson 1997) using light microscopy at a magnification of 100x.
The total number of caspase 8- and caspase 3-immunopositive cells
was obtained for each section. Further, the numbers of cells labeled
with anti-caspase 8 antibody and NeuN, GFAP and CNPase were
counted on sections (three sections per animal) processed for
double-label immunohistochemistry. Values for each animal (four
animals per time point) were averaged to calculate the mean
number of immunopositive cells per time point (6—72 h after TBI).
Cell counts (caspase 8 vs. caspase 3 and double-labeled neurons vs.
double-labeled glia) were analyzed with aNova and Bonferroni’s
post hoc analysis for selected pairs of columns. Values given are
means * SD of four different animals. Differences were considered
significant when p = 0.05.

Results

Caspase 8 messenger RNA levels increase after TBI

Caspase 8 messenger RNA was detected by semiquantita-
tive RT-PCR analysis in cortical and hippocampal samples
(not shown) of sham and injured animals, respectively
(Fig. 1). Cortical impact injury resulted in an increase of
caspase 8 messenger RNA levels in the ipsilateral cortex
(Fig. 1). Starting at 1 h after injury, a significant increase in
caspase 8 messenger RNA levels was observed. Rising rapidly,
band intensity reached a maximum level by 6 h after the
trauma (386% increase relative to sham animals) and remained
thereafter at a steady-state level (332% increase relative to
sham animals) at 24 h after TBL. Caspase 8 messenger RNA
levels then declined thereafter to a level of approximately
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Fig. 1 RT-PCR analysis of caspase 8 mRNA in the ipsilateral cortex
following TBI. Cortical samples of single control animals (sham) and
single injured animals were prepared for RT-PCR at the indicated
times after TBI in vivo. Values are presented as percentages of the
densitometric levels observed on scans from sham animals visual-
ized on the same agarose gel. Data are mean * SD values of four
independent experiments. Levels of caspase 8 mRNA increased
within 1 h after TBI as compared with controls. Levels of caspase 8
mRNA peaked at 6 h after TBI and remained elevated as late as
72 h after the injury. ***p < 0.001.

two-fold (220% increase relative to sham animals) above
controls at 72 h after the impact. No statistically significant
increases in caspase 8 messenger RNA levels were observed in
cortical samples contralateral to the injury site and
hippocampal samples ipsi- and contralateral to the injury
site from 1 h to 72 h after the impact (data not shown).

Proteolytic processing of caspase 8 and caspase 3 occurs
after TBI

To determine whether caspase 8 and caspase 3 are activated
after TBI, brain extracts from cortex and hippocampus ipsi-
and contralateral to the injury site were examined for the
expression of the p55 subunit (procaspase 8), the p20
subunit (processed caspase 8) and of the pl8 subunit
(cleaved caspase 3) by western blotting. Cortical impact
injury resulted in an increase of p35 and p20 caspase 8
immunoreactivity in the ipsilateral cortex (Fig. 2a). The p55
and p20 caspase 8 immunoreactivity increased within 6 h
after TBI and peaked at 24 h after the impact (376%
increase relative to sham animals for p55, and 653%
increase as compared with sham animals for p20, respec-
tively), declining thereafter. After 7 and 14 days, no
significant increases were evident in the p55 and p20
fragments when compared with levels in sham-injured
control animals. Similar to a previous study (Beer er al.
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Fig. 2 Time-course of caspase 8 (a) and caspase 3 p18 (b) protein
expression after TBI. Samples from single control (sham) and single
injured animals were prepared for westemn blotting between & h and
14 days after TBI. Levels of protein are expressed as arbitrary den-
sitometric units. Data were transformed to percentages of the densito-
metric levels observed on scans from sham animals visualized on the
same blot. Values given are mean =+ SD of four independent experi-
ments. (a) Ipsilateral cortex: immunoblots demonstrated that procas-
pase 8 (p55) is constitutively expressed in sham-injured brains.
Following TBI, immunoreactivity of p55 (filled bars) (**p < 0.01) and

2000b), immunoreactivity for activated caspase 3 (p18)
increased within 6 h after TBI in the traumatized cortex
(Fig. 2b). However, the maximal increase of p1§ immuno-
reactivity was seen at later times (48 h after TBIL; 2850%
increase relative to sham animals), when compared with
caspase 8 p20. Caspase 3 pl8 immunoreactivity then
declined to a 2060% increase relative to sham at 72 h
after TBL Similar to proteolyzed caspase 8, no statistically
significant differences in caspase 3 pl8 immunoreactivity
were observed between cortical samples ipsilateral to the
injury site at 7 and 14 days after TBI and in cortical samples
from sham-injured animals. In addition, no significant
increases in p55, p20 and pl8 immunoreactivity were seen
between sham and injured animals in cortical samples
contralateral to the injury site and hippocampal samples
ipsi- and contralateral to the injury site between 6 h and
14 days after TBI (data not shown).

Caspase 8 is expressed in traumatized cortical neurons,
astrocytes and oligodendrocytes

Ipsilateral and contralateral cortical and hippocampal tissues
were examined rostrocaudally from +0.2 to —3.8 mm
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p20 (processed caspase 8; open bars) (" *p < 0.001) increased
significantly at 6 h after TBI and peaked at 24 h post injury. Immuno-
reactivity of p55 (*p < 0.05) and p20 (***p < 0.001) was still signif-
icantly increased up to 72 h post trauma. (b) Ipsilateral cortex: the
proteolytically active p18 fragment of caspase 3 increased signifi-
cantly within 6 h after TBI (*p < 0.05). p18 immunoreactivity peaked
at 48 h after TBI (*""p < 0.001) and was still significantly elevated at
72 h after impact injury (***p < 0.001). a-tubulin was used as an
internal standard.

bregma. No caspase 8 immunoreactivity was present in the
tissue from sham-injured (Fig. 3a) or naive (data not shown)
control rats, Positive immunoreactivity for caspase 8 was
found throughout the ipsilateral cortex at the primary injury
zone (from — 1.5 to — 3.4 mm bregma) from 6 h to 72 h
after the trauma (Figs 3b and c; time point = 24 h after
TBI; — 3.4 mm bregma). To further investigate if caspase 8
is expressed in glial and/or neuronal cells, we performed
double-labeling experiments for caspase 8 using the neuro-
nal cell specific marker NeuN, the astrocytic marker GFAP,
the microglial marker ED-1, and the oligodendroglial
marker CNPase. These immunohistochemical analyses
of caspase 8-positive cells from 6 to 72 h after TBI
(Figs 3i—k; time point = 24 h after trauma; —3.4 mm
bregma) identified labeling with NeuN, GFAP and CNPase,
and demonstrated the expression of caspase 8 in cortical
neurons (Fig. 3i), astrocytes (Fig. 3j) and oligodendrocytes
(Fig. 3k), respectively. Interestingly, immunoreactivity for
caspase 8 was observed to be mainly cytosolic in neurons
(Figs 3g and 1), but appeared rather nuclear in astrocytes
(Fig. 3j) and oligodendrocytes (Fig. 3k). No caspase 8

immunoreactivity was detected in microglial cells.
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Fig. 3 Cell subtype distribution of cas-

pase 8 in the traumatized cortex (— 3.4 mm
bregma) at 24 h after TBl. Sham injured
brains showed no specific caspase 8 immu-
nolabeling (a). Low (b}, intermediate (c) and
high magnification (g) photomicrographs
revealed specific caspase 8 expression in
the ipsilateral cortex following cortical
impact injury. Cells immunopositive for acti-
vated caspase 3 are found within similar
brain regions (d and h). Double immuno-
staining experiments with caspase 8 (brown
color; i, j and k) and NeuN (blue color; i),
GFAP (blue color; j), and CNPase (blue
color; k) provided evidence that caspase 8
is expressed in cortical neurons (i), astro-
cytes (j), and oligodendrocytes (k) after TBI.
Magnifications: (a) and (b), 40x; (c) and
(d), 100x; (e), 20x; (f), 40x; (g—k), 1000x.

Fig. 4 Appearance of caspase 8 and processed caspase 3 p18 in
TUNEL-positive cells. Combined immunchistochemistry for caspase 8
(red color; a) and TUNEL (dark blue color; a) (24 h after TBI) and
caspase 3 p18 (red color; b) and TUNEL (dark blue; b) (48 h after

TBI) demonstrated caspase & (a) and activated caspase 3 (b) in
cells with gross nuclear apoptotic-like morphology. TUNEL-positive
cells exhibited chromatin condensation and nuclear fragmentation
(arrows). Magnifications: (a) and (b), 200x; inserts, 1000x.
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Fig. 5 Quantification of caspase 8 and caspase 3 p18 positive cells
in the ipsilateral cortex after TBI (a) and quantification of caspase 8
cell subtype staining (b). Cells were counted in the entire anatomic
regions of the cortex at the primary injury zone (bregma — 3.4 mm).
(a) The number of caspase 8 positive cells (filled bars) was signifi-
cantly greater than that of caspase 3 p18 positive cells (open bars)
before 48 h after TBI. (b) Quantitative analysis was conducted of
caspase B and NeuN (filled bars), caspase 8 and GFAP (hatched
bars), and caspase 8 and CNPase (open bars) immunopositive

Caspase 8 immunoreactivity was absent in ipsilateral
hippocampal samples (Fig. 3e) and contralateral samples
of cortex (Fig. 3f) and hippocampus (data not shown) at all
times investigated.

Caspase 8- and caspase 3-immunopositive cells exhibit
nuclear apoptotic-like morphology

To verify further an apoptotic component of post-traumatic
cell death and to support the possibility that caspase 8 and
caspase 3 are associated with trauma-induced apoptosis,
sections immunopositive for caspase 8 and caspase 3 pl8
were stained with TUNEL to assess DNA damage. Double-
labeling experiments demonstrated that a substantial propor-
tion of TUNEL positive cells with shrunken morphology,
condensed nuclei and chromatin margination also expressed
caspase 8 (Fig. 4a) and activated caspase 3 (Fig. 4b) in
layers 2—5 of the injured parietal cortex after TBI. However,
cells with either caspase 8 or activated caspase 3 reactivity
or gross apoptotic-like morphology alone were also detected.

Quantification of caspase 8- and caspase 3-positive cells
and caspase 8 cell subtype staining after TBI

Activated caspase 3 was detected in the ipsilateral trauma-
tized cortex from 6 to 72 h after impact injury. Similar to
our findings for caspase 8, pl8 positive cells were seen
within cortical layers 2-5 at the primary impact zone
(Fig. 3d) (Beer et al. 2000b). In contrast to caspase 8,
the intracellular localization of activated caspase 3 was
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cells. Columns indicate double-labeled neurons (filled bars), double-
labeled astrocytes (hatched bars), and double-labeled oligodendro-
cytes (open bars) as percentages of caspése 8-positive cells from 6
to 72 h after TBI. Cell counts of caspase 8-positive neurons were
significantly higher as compared with caspase 8-positive glia (i.e.
astrocytes and oligodendrocytes at 6, 24, 48 and 72 h after TBI,
respectively). Cell counts were evaluated by anova with Bonferroni's
post hoc analysis (p < 0.01, ***p < 0.001). Values given are
mean =+ SD of four different animals per time point.

predominantly nuclear (Fig. 3h). Quantitative analysis of
caspase 8- and pl8-positive cells revealed that the number
of caspase 8- and p18-labeled cells increased up to 24 and
48 h after trauma, respectively, with the number of
caspase 8-positive cells being significantly higher until
24 h after TBI (Fig. 5a).

Quantification of caspase 8 and NeuN, GFAP and
CNPase revealed that the number of caspase 8-positive
neurons is significantly higher as compared with glia (ie.
astrocytes and mature oligodendrocytes) from 6 to 72 h after
injury, respectively (Fig. 5b).

Discussion

Our results provide the first evidence for caspase 8
expression and processing after experimental TBI. Proteo-
lyzed caspase 8 appeared in samples of the traumatized
cortex from 6 to 72 h after impact injury. Furthermore,
double labeling experiments revealed expression of cas-
pase 8 in neurons, astrocytes and oligodendrocytes after
experimental brain injury. Moreover, our data indicate that
expression of caspase 8 and cleaved caspase 3 pl8 is
associated with apoptotic-like cell death phenotypes
detected in TUNEL-positive cells. Finally, our results
suggest that caspase 8 may at least in part contribute to
caspase 3-mediated cell death after experimental TBI in the
rat.
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Reverse transcription PCR and western blotting data
revealed increased expression of caspase 8 messenger RNA
and increased immunoreactivity for procaspase 8 and
caspase 8 p20 in the ipsilateral cortex from 1h to 72 h
after the impact. Similar to our results, current data also
suggest that caspase 8 messenger RNA, procaspase 8 and
activated caspase 8 are over-expressed at early time points
after experimental spinal cord ischemia (Matsushita er al.
2000) and focal cerebral ischemia (Harrison et al. 2001) in
the mouse. Moreover, increased expression of proteolyzed
caspase 8 has also been described after experimental focal
ischemia in the rat up to 48 h after the insult (Velier er al.
1999). In this regard, it is noteworthy that cortical impact
injury may produce focal ischemia in the cortex ipsilateral to
the injury site (Bryan et al. 1995). Thus, reduced cerebral
blood flow may have also contributed to activation of
caspase 8 in our experiments. Taken together, these data
demonstrate that caspase 8 is up-regulated and activated as
an early event after various acute CNS injuries in vivo.

Previous reports on the cell subtype distribution have
found increased immunoreactivity for caspase 8 in neurons
after focal ischemia in the rat (Velier er al. 1999). In
addition, recent data provided evidence that caspase 8 is
also over-expressed in neurons following experimental
spinal cord ischemia in the mouse (Matsushita et al. 2000)
and in oligodendrocytes undergoing staurosporine-induced
apoptosis in vitro (Gu et al. 1999). These findings indicate
that whereas caspase 8 has been reported only to be weakly
expressed in normal brain parenchyma (Velier et al. 1999),
the brain readily over-expresses caspase 8 after a variety of
pathological stimuli. Our immunohistochemical results, how-
ever, are the first to show that caspase 8 is over-expressed in
neurons, astrocytes and oligodendrocytes after experimental
brain injury in wivo. Moreover, our findings suggest that
caspase 8 expression is mainly cytosolic in neurons, but has a
rather nuclear distribution in astrocytes and oligodendrocytes
after TBI in wivo. In this regard it is noteworthy that
caspase 8 can be expressed in both the nuclear and cytosolic
compartment (Xerri et al. 2000). Therefore, future studies
are needed to further investigate the significance of
caspase 8 expression in different subcellular compartments
of CNS cells after experimental brain injuries in vivo.

The exact mechanisms leading to the activation of
caspase 8 after CNS injuries have yet not been determined.
Recent data suggest that caspase 8 may be activated by
receptor-mediated mechanisms including the tumor necrosis
factor receptor type-1 (TNF-R1) (Schulze-Osthoff et al.
1998) and Fas signaling pathways (Muzio et al. 1996;
Medema et al. 1997). For example, it has been reported that
over-expression of o-TNF and Fas ligand may induce
apoptosis after experimental cerebral ischemia and brain
trauma in vivo (Kokaia er al. 1998; Shohami et al. 1996;
Martin-Villalba er al. 1999). Moreover, increased Fas
expression has been implicated in glutamate-induced

apoptotic cell death of CNS neurons in vitro (Li et al.
1998). Importantly, excessive excitatory amino acid release
with subsequent neurotoxicity also has been described after
TBI in vivo (for review see Globus et al. 1995). Finally,
recent data by Beer e al. (2000a) indicate that the Fas/Fas
ligand system is also up-regulated in similar brain regions
and at similar times after TBI as caspase 8 expression seen
in our study (cortical layers 25, and 15 min to 72 h after
impact injury, respectively). Taken together, these results
suggest that excitatory amino acids and the Fas/Fas ligand
system may indeed participate in activation of caspase 8
after TBI. In this regard, it is noteworthy that coexpression
of Fas and caspase 8 has been observed in spinal cord
neurons after experimental spinal cord ischemia in vivo
(Matsushita et al. 2000).

Recent data suggest that cell loss induced by traumatic
spinal cord injury and TBI may be attributed in part to
apoptotic mechanisms (for a review see Beattie er al. 2000;
Raghupathi er al. 2000). Moreover, several in vivo and in
vitro studies have documented the significance of caspases
in apoptotic cell degeneration following acute CNS injuries
(for reviews see Eldadah and Faden 2000; Mattson
et al. 2000). In addition, it has also been reported that
caspase 3 is activated after experimental cerebral ischemia
(Namura et al. 1998; Velier et al. 1999), fluid percussion
(Yakovlev et al. 1997), and cortical impact models of TBI
(Beer et al. 2000b; Clark ez al. 2000). Our western blotting
data also indicate that caspase 3 is activated after TBI, and
our double-labeling immunohistochemical studies using
TUNEL and p18 antiserum demonstrated caspase 3-positive
cells with gross DNA damage in the traumatized cortex,
suggesting a mechanistic link between caspase 3 activation
and apoptosis.

Recent evidence from in witro studies suggests that
caspase 3 can be activated directly by caspase 8 (Stennicke
et al. 1998). However, coexpression of caspase 8 and
activated caspase 3 after various CNS injuries in vivo has
not been studied extensively. One recent report indicated
that caspase 8 and activated caspase 3 are coexpressed
within CNS cells after experimental spinal cord ischemia up
to 24 h after the insult (Matsushita ez al. 2000). Our present
findings provide further evidence of expression of both,
caspase 8 and activated caspase 3 in multiple cortical CNS
cell populations after TBI in wivo. Importantly, the expres-
sion of caspase 8 and activated caspase 3 in similar cortical
brain regions suggests that caspase 8 may participate in
caspase 3 activation in cortical CNS cells after TBI. More-
over, the greater number of caspase 8 positive cells (com-
pared with caspase 3 immunoreactive cells) at early time
points (6 and 24 h post trauma) followed by a greater number
of caspase 3 positive cells (compared with caspase 8 positive
cells) at later time points (48 h and 72 h post trauma)
supports the hypothesis that caspase 8 may indeed be
upstream of caspase 3. However, it was of interest that
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caspase 8 immunoreactivity is found also in cells with
evidence of DNA damage as indicated by TUNEL. In this
regard it is noteworthy that caspase 8 may also function as
an amplifying executioner caspase in drug-induced
apoptosis in wvitro (Engels et al. 2000). Therefore, future
studies have to investigate the exact role of caspase 8 in
the activation and/or execution phase of the apoptotic
cascade after acute CNS injuries in wvivo. This also
implicates the need for further investigations on the
significance of caspase 8 independent activation of
caspase 3, including the mitochondrial pathway (Eldadah
and Faden 2000).

Our study failed to detect increased expression of
caspase 8, activated caspase 3 and apoptotic CNS morphol-
ogy in the hippocampus ipsilateral to the injury site from 6 h
to 14 days after the trauma. This is in contrast to previous
reports, which clearly describe features of apoptotic
neuronal degeneration in the hippocampus following fluid
percussion injury (Yakovlev er al. 1997; Conti et al. 1998)
and cortical impact injury (Clark et al. 2000; Colicos and
Dash 1996). However, previous studies from our laboratory
(Franz et al. 1999; Beer et al. 2000a,b) have shown that
cortical impact injury may not necessarily be associated
with hippocampal neuronal degeneration. Probable reasons
for discrepancies in the appearance of hippocampal damage
may be subtle methodological differences in animal models
of TBI. For example, differences in angulation and velocity
of the impact devices could account for the presence or
absence of hippocampal cell degeneration.

In conclusion, our results provide evidence for induction
of caspase 8 expression in cortical neurons and glial cells
after TBI in vivo. Moreover, our data raise the possibility
that caspase 8 may contribute to caspase 3 activation after
impact injury in the rat. In addition to these in vivo findings,
we also provided evidence that caspase 8 and activated
caspase 3 may participate in mechanisms of apoptotic
CNS cell degeneration in the traumatized cortex. However,
future studies are needed to further elucidate the precise role
of caspase 8 and activated caspase 3 for cellular CNS
degeneration after TBI, including the significance of
apoptotic cell death on functional outcome after acute brain
injuries in vivo.
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The history of numerous failed clinical trials designed to identify therapeutic agents
to assist in improving outcomes after traumatic brain injury points to the critical im-
portance of understanding biochemical markers of injury. Such biomarkers should be
readily accessible, provide information specific to the pathologic disruptions occurring
in the central nervous system, and allow improved monitoring of the progression of
secondary damage. Additionally, these biomarkers should may provide investigators
a window on the individual patient’s response to treatment, and should contribute
to prediction of outcome. Most research on this topic to date has focused on neuron-
specific enolase (NSE) and S-100 proteins but these have not proven to be satisfactory
for a variety of reasons. A different approach is provided by the study of 2 important
proteases, caspase-3 and calpain. This paper reports the current state of knowledge
concerning caspase and calpain as specific markers of TBI, and discusses all-spectrin,
a principal substrate for both caspase and calpain, as well as initial findings regarding

neurofilament 68 protein (NF-68).

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 repre-
sents a major problem to military care, ac-
counting for 25% of all combat casualties
and is the leading cause of death (approach-
ing 50% incidence) among wounded sol-
diers reaching Echelon I medical treatment
(10). In civilian life, the incidence of brain
injury and resultant long-term disabilities
caused by traumatic insults (eg, automobile
accidents, gunshots, sports) and ischemic
events (eg, strokes, cerebral hemorrhage,
cardiac arrest) are several orders of magni-
tude 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 hospitaliza-
tions, 50 000 deaths and 80 000 disabilities.
Among all age groups, the top 3 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,

Brain Pathol 2004;14:202-209.

have increased in recent years (111). The
current estimate is that 5.3 million Ameri-
cans live with a TBI-related disability. TBI
is the greatest cause of death and disability
in young people less than 24-years-old (2).

With the exception of supportive mea-
sures, there are currently no approved drug
treatments for TBI (76). There have been a
large number of clinical trials studying po-
tential thcrapics for traumatic brain injury
(TBI) that have resulted in negative find-
ings with a cost of over $200 million (17,
31). Many investigators have pointed out
that the absence of biochemical markers of
injury could have contributed to these fail-
ures (76, 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 TBI to provide physicians
with quantifiable neurochemical markers
to help determine the seriousness of the in-
jury, the anatomical and cellular pathology
of the injury, and to guide implementation
of appropriate triage and medical manage-
ment.
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CRITERIA FOR BIOCHEMICAL/
SURROGATE MARKERS

In the course of research on biomarkers,
our laborarories 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 pos-
sess high sensitivity and specificity, have a
rapid appearance in blood and be released
in a time-locked sequence after injury. Ide-
ally, biomarkers should employ biological
substrates unique to the CNS and provide
information on injury mechanisms, a crite-
rion often used to distinguish biochemical
markers from surrogate markers of injury,
which usually do not provide informartion
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 appli-
cations 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 in-
juries. Accurate diagnosis in acute care en-
vironments can significantly enhance deci-
sions about patient management including
decisions whether to admit or discharge,
or administer other time consuming and
expensive tests including computer tomog-
raphy (CT) and magnetic resonance imag-
ing (MRI) scans. Biomarkers could have
important prognostic functions especially
in patients suffering mild TBI, which make
up an estimated 80% of the 2.5 to 6.5 mil-
lion individuals who suffer from lifelong
impairment as a result of TBI (3, 82). Ac-



curate 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. Bio-
markers could provide major opportunities
for the conduct of clinical research includ-
ing confirmation of injury mechanism(s)
and drug target identification. The tempo-
ral 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 read-
ily than conventional neurological assess-
ments, thereby significantly reducing the
risks and costs of human clinical trials.
Relevant, easily available biomarkers are
needed in order ro maximize chances of
success in developing long awaited effective

drugs for TBI (76).

CURRENT STATUS OF RESEARCH ON
MARKERS OF TRAUMATIC BRAIN INJURY

Analysis of specific biochemical markers
has provided useful information on the
mechanism and diagnosis of 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 ro assess and clinical
examinations are of restricted value dur-
ing 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 detect diffuse brain
damage, and the availability of MRI is
limited (60, 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 devel-
opment (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-100B. The specific-
ity of NSE for brain is high (49) , sex- and
age-related variability is low (30, 51, 74,
85,97, 120, 121, 134), and NSE is rapidly
detectible in serum after TBI (129). How-
ever, 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 sep-
arate patients from controls (12, 44, 108,
132). Thus, NSE is predominantly used
as a marker for tumors (24). NSE is also
released in the blood by hemolysis, which
could be a major source of error (24).

‘The §-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 that S-100p se-
rum levels correlate to GCS scores, neuro-
radiologic findings at admission and long-
term outcomes (98, 99, 130). However,
investigators have recently raised questions
about the utility of S-100B reporting that
high serum levels of S-1008 are detectible
in trauma patients not having head injuries,
a factor not adequately controlled for in
earlier studies (4). In addition, serum levels
of S-100 following mild TBI do not show
strong correlations with neuropsychologi-
cal 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 (136) following brain in-
jury.

Investigators have also generally rec-
ognized the need for more objective as-
sessments of outcome following stroke,
including biochemical markers (29, 68).
The approval of tPA as a treatment for acute
stroke has additionally highlighted the po-
tential utility of biochemical markers. Use
of t(PA may be hindered by diagnostic
concerns because neurological deficits ac-
companying 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 thrombolytic
agents for acute stroke (41, 50).
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Previously reported biomarkers of cere-
bral ischemia include NSE, brain specific
creatine kinase enzyme (CPK-BB), S-1008
and inflammatory cytokines such as IL-
6 (88). NSE and S-100B have been the
most studied. After cardiac arrest, NSE
elevations in serum and CSF have been
correlated with neurological recovery (28,
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 (26, 27, 42). In clinical tri-
als, peak serum NSE values also predicted
infarct volumes as shown by CT. Corre-
lating serum NSE values with functional
outcome was less successful (26, 27, 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 (5, 113, 128). However, many of
these reports do not include careful stud-
ies of neurological outcome, and several
investigators have recently criticized the
diagnostic utility of S-1008 during cardiac
surgery (4).

PROTEOLYTIC DAMAGE AND THE
PATHOBIOLOGY OF TRAUMATIC BRAIN
INJURY

After TBI, brain cells can deteriorate
by more than one pathway, and many
genes and proteins may be involved. Pro-
grammed cell death is an evolutionarily
conserved form of cell suicide that occurs
widely throughout development (15).
This type of cell death often has the mor-
phological appearance of apoptosis (119).
Apoptosis occurs following TBI in animals
(22, 59, 131) and humans (18, 19). 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 (13, 16, 100), cell type (38,
57) and stimulation/antagonism of specific
receptors (16, 21, 25, 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 (83), kinases (133),
phosphatases (75), and proteases (7, 80), all
of which can modulate post-TBI cytoskel-

203



ctal protein loss. Caspase-3 is a member of
the caspase family of cysteine proteases. Ac-
tivated caspase-3 has many cellular targets
that, when interrupted and/or activated,
produce the morphologic features of apop-
tosis (20). Calpains are calcium-activarted,
neutral cysteine proteases with relative
selectivity for proteolysis of a subset of cel-
lular proteins. Calpain activation has been
implicated in different models of apoptosis
and in different cell types, including neu-
rons (92). Understanding of the contribu-
tions of calpains and caspases to cell injury/
death following TBI may have important
diagnostic and therapeutic implications.

CONTRIBUTIONS OF CASPASE-3 AND
CALPAINTO CELL DEATH FOLLOWING
TRAUMATIC BRAIN INJURY

Numerous studies from our own (8, 90,
92) and other laboratories (32, 36, 73)
have provided evidence that the caspase
family of cysteine proteases is an impor-
tant 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, 77, 78, 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 caspase-3 processing of
a-spectrin to the apoprotic-linked 120-
kDa fragment 24 hours after moderate, but
not mild or severe injury (8). In vivo studies
have provided evidence of caspase-3 activa-
tion following TBI. First, Clark et al dem-
onstrated cleavage of capsase-3 to its p18
and p12 subunits in humans (19). Yakovlev
et al reported that TBI increased caspase-3,
but not caspase-1 activity (131). Caspase-
3 inhibition reduced DNA fragmentation
and TUNEL staining and improved behav-
ioral 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 breakdown
products (BDP’s) to all-spectrin were ab-
sent in the cortex but showed significant
increases in hippocampus and striatum
early after TBI (91). Immunohistochemical
examinations revealed increased expres-
sion of the proteolitically active subunit

of caspase-3, pl8, in neurons, astrocytes,
and uligudcndrocytes from 6 to 72 hours
F()lluwing controlled cortical impact injury.
Moreover, concurrent assessment of nuclear
histopathology using hemartoxylin identi-
fied p18-immunopositive cells exhibiting
apoptotic-like morphological profiles in the
cortex ipsilateral to the injury site (8).

Calpains are Ca*" activated cysteine pro-
teases that have been implicated in a variety
of neuropathological conditions (55, 127).
Intracellular substrates of activated calpain
include cytoskeletal proteins, calmodulin-
binding proteins, enzymes involved in
signal transduction, membrane proteins
and transcription factors (110, 118, 126).
While calpain activation has historically
been associated with necrotic cell death
(81), calpain activation has also been impli-
cated in different models of apoptosis and
in different cell types, including neurons
(9, 52,77, 117, 123). Research in our own
and other laboratories have documented
calpain activation following TBI in vivo
(55). TBI results in altered Ca?* homeo-
stasis (135) and activates several Ca’'-de-
pendent enzymes including the calpains.
Opveractivation of calpains occurs in many
neurodegenerative diseases and injuries to
the CNS (6, 55, 127). Increased calpain
activity following TBI has been inferred
by a variety of techniques (54, 80, 93, 96),
including protection by calpain inhibitors
(94, 109).

Pathological calpain activation is be-
lieved to occur when intracellular free
calcium levels surpass a certain threshold.
Importantly, increases in free calcium via
voltage and receptor gated calcium chan-
nels have been reported in CNS trauma
in vivo (21, 48, 56). Calpains are located
throughout the neuron, in somatoden-
dritic 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
funcdon.

Cytoskeletal ~alterations after experi-
mental 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)(34), and neurofilament proteins (22, 23,
84, 105). Increased degradation of MAP2
(33, 131), the neurofilament triplet pro-

204  Biomarkers of Proteolytic Damage Following Traumatic Brain Injury—Pineda et al

teins (53, 86) and spectrin (79) have been
reported in cerebral ischemia. In addition,
loss of MAP-2 (62), neurofilament 68 (NF
68) and neurofilament 200 (NF 200)(93-
95) have been reported following TBI in
vivo. Additional evidence that calpain is
activated in neurons following experimen-
tal brain injury has been provided by the
use of antibodies which bind specifically
to calpain mediated BDP’s of cyroskeletal
proteins in models of TBI (80).

all-SPECTRIN DEGRADATION-A PROTO-
TYPE BIOMARKER
Our research program to de-
velop biomarkers for TBI has focused on
a-spectrin degradation as a prototypical
biochemical marker (35, 103). all-spec-
trin (280 kDa) is the major structural
component of
cytoskeleton and is particularly abundant
in axons and presynaptic terminals (37,
102). Importanty, all-spectrin is a major
substrate for both calpain and caspase-3
cysteine proteases (125). Our laboratory
has provided considerable evidence that
all-spectrin is processed by calpains and/or
caspase-3 to signature cleavage products in
vivo after TBI (8, 14, 80, 91) and also in
vitro after mechanical stretch injury (90).
Calpain produces 2 major all-spectrin
breakdown pruducts of 150 kDa and
145 kDa (SBDP150 and SBDP145) in a
sequential manner. On the other hand, cas-
pase-3 initially produces a 150 kDa SBDP
that is further cleaved into a 120 kDa frag-
ment (SBDP120)(124). Immunoblots of
all-spectrin degradation thus provide con-
current information on the activation of
calpain and caspase-3, potentially impor-
tant regulators of cell death following TBIL
The calcium sensitivity and low basal levels
of calpain optimize its utility as a marker
of cell injury. Although not found in eryth-
rocytes and thus robust to confounding by
blood contamination, all-spectrin is not
specific to the CNS (89). Following injury,
native all-spectrin protein was decreased in
brain tissue and increased in CSF from 24
hours to 72 hours after injury. Calpain-spe-
cific breakdown products increased in both
brain and CSF after injury. Caspase-3-spe-
cific breakdown products increased in some
animals, but to a lesser degree (89).
Recent efforts in our laboratory have
expanded our studies of the potential clini-
cal udlity of all-spectrin degradation as a
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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 one 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.

biomarker for TBI (Figure 1). These studies
focused on determining whether changes in
all-spectrin breakdown products in CSF
could be useful indicators of the magnitude
of brain injury. Our studies have provided
the first evidence that protein degradation
of a structural cytoskeletal protein can be
a reliable marker of CNS injury. Equally
important, our data suggests that there may
be a critical period following injury during
which these markers predict injury magni-
tude. Our laboratory has also provided the
first human data on the potential utility
of all-spectrin as a biomarker (Figure 2).
These preliminary studies indicate that
all-spectrin degradation is also detected
in brain injury patients but not in chronic
hydrocephalic controls. Equally important,
our data suggests that secondary increases

in levels of breakdown products in CSF
may reflect secondary deterioration in
the clinical status of the patient. Thus,
biomarkers such as all-spectrin degrada-
tion may provide useful information for
management of head injury patients in
critical care environments. However, it
is not known whether BDP’s and other
biomarkers that discriminate magnitudes
of injury at the biochemical level (ie, mag-
nitude differences in CSF/serum levels of a
biomarker) will be useful as predictors of
clinically relevant measures of outcome.
That is, 2 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

Biomarkers of Proteolytic Damage Following Traumatic Brain Injury—Pineda et al

Activation of
proteases

Accumulation of
parent protein
and BDP's

Blood

D=

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 breakdown 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.

clinical outcome measures. Thus, biomark-
ers that do not correlate with clinically rel-
evant outcome measures will not be useful
for assessment of functional ability, func-
tional recovery, or for gauging effects of
therapy on outcome. In addition, prelimi-
nary results from our laboratories suggest
that there is a spontancous susceptibility of
cytoskeletal protein degradation by calpain
in aging rats (11). 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 BIOMARK-
ERS

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 activ-
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ity of specific proteases such as p-calpain
Importantly, 2-D  gel
electrophoresis studies have suggested that
dephosphorylation of NF-68 may be asso-
ciated with NF protein loss following TBI,
a post translational modification that could
have significance for biomarker develop-
ment (80, 96). This important biomarker
could provide important information on

and m-calpain.

the pathophysiology of both dendritic and
axonal damage after TBI (95). Importantly,
NF-68 has been used to quantify axonal
injury in closed head injury models (101).
Since diffuse axonal injury (DAI) is pres-
ently considered one of the most common
types of primary lesions in patients with
severe closed head injury (87), a biomarker
that provides information on axonal injury
could potentially have clinical utility.

FUTURE DIRECTIONS

The pathology of TBI is extremely com-
plex. As our understanding of the numerous
biochemical cascades involved continues ro
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 the sever-
ity of their injury, better monitoring of the
progression of secondary damage, response
to treatment/intervention, and prediction
of outcome. Although the initial charac-
terization of biomarkers will be mainly
based on spinal fluid analysis, methods for
measurement of such biomarkers in blood
(plasma or serum) will be developed. The
development of accessible and reliable bio-
markers is likely to change the way clinical
studies of head injury are conducted,
resulting in more mechanism driven, opti-
mally timed therapies.
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Temporal Relationships Between De Novo
Protein Synthesis, Calpain and Caspase
3-Like Protease Activation, and DNA
Fragmentation During Apoptosis in
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Caspase 3-like proteases are Kkey executioners in
mammalian apoptosis, and the calpain family of
cysteine proteases has also been implicated as an
effector of the apoptotic cascade. However, the influ-
ence of upstream events on calpain/caspase activation
and the role of calpain/caspase activation on subse-
quent downstream events are poorly understood. This
investigation examined the temporal profile of apopto-
sis-related events after staurosporine-induced apopto-
sis in mixed glial-neuronal septo-hippocampal cell
cultures. Following 3 hr exposure to staurosporine
(0.5 uM), calpain and caspase 3-like proteases pro-
cessed a-spectrin to their signature proteolytic frag-
ments prior to endonuclease-mediated DNA fragmen-
tation (not evident until 6 hr), indicating that
endonuclease activation is downstream from calpain/
caspase activation. Cycloheximide, a general protein
synthesis inhibitor, completely prevented processing
of a-spectrin by calpains and caspase 3-like proteases,
DNA fragmentation and cell death, indicating that de
novo protein synthesis is an upstream event necessary
for activation of calpains and caspase 3-like proteases.
Calpain inhibitor II and the pan-caspase inhibitor
Z-D-DCB each inhibited their respective protease-
specific processing of a-spectrin and attenuated endo-
nuclease DNA fragmentation and cell death. Thus,
activation of calpains and caspase 3-like proteases is
an early event in staurosporine-induced apoptosis,
and synthesis of, as yet, unknown protein(s) is neces-
sary for their activation. J. Neurosci. Res. 52:505-520,
1998. @ 1998 Wiley-Liss, Inc.

Key words: a-spectrin; fodrin; CPP32; cysteine prote-
ases; brain; rat; trauma

© 1998 Wiley-Liss, Inc.

INTRODUCTION

Apoptosis is a genetically regulated type of cell
death that is fundamental to embryonic development,
serving to eliminate unnecessary cells in a variety of
organs and tissues. This active process of cell eradication
is characterized by morphologic features that are pre-
served across different cell types. These morphologic
alterations include cell body shrinkage and plasma mem-
brane blebbing which are followed by nuclear chromatin
condensation, segmentation and migration of nuclear
fragments to the nuclear membrane and the disintegration
of the nucleus into discrete membrane bound fragments
(Bredeson, 1995; Wyllie, 1980). Other features of at least
some forms of apoptosis include internucleosomal DNA
fragmentation by endonucleases into 180 base pair inter-
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vals (Cohen and Duke, 1984; McConkey et al., 1989;
Wyllie et al., 1980) and sensitivity to protein synthesis
inhibitors (Cohen and Duke, 1984; McConkey et al.,
1989; Wyllie et al., 1980). Recently, investigations have
focused on a potential contributory role of apoptosis in
various neuropathological conditions including hypoxia-
ischemia (Johnson et al., 1995; Linnik et al., 1993, 1996;
Shigeno et al., 1990), neurodegenerative diseases (For-
loni et al., 1993; Loo et al., 1993) and traumatic brain
injury (Colicos and Dash, 1996; Conti et al., 1996;
Eldadah et al., 1996; Newcomb et al., 1997; Pravdenkova
et al., 1996; Rink et al., 1995; Yakovlev et al., 1997).

The majority of studies of apoptosis have involved
either regional and temporal descriptions of the appear-
ance of apoptotic morphology after various in vivo
models of neuronal pathology or in vitro characteriza-
tions of the effects of initiating triggers for apoptosis
(e.g., serum and/or K* deprivation, glucocorticoids, irra-
diation, staurosporine) on genetic regulators of apoptosis
(e.g., Bax, Bel-2, Ced-3, Myc, p53, Ras) or on terminal
phase events that produce the hallmark apoptotic pheno-
type. Although apoptosis may be initiated via numerous
physiological triggers, different models of apoptosis all
share a final common pathway of DNA fragmentation
and/or characteristic morphological alterations (Squier et
al., 1994). Thus, identification of intracellular regulators
common to several apoptotic model systems and cell
types could provide fundamental insights into critical
mechanisms of apoptotic cell death.

Calpains are calcium-activated cysteine proteases
that have been implicated in a variety of neuropathologi-
cal conditions (Kampfl et al., 1997, Wang and Yuen,
1994; Yuen and Wang, 1996). Intracellular substrates for
activated calpain include cytoskeletal proteins, calmodu-
lin-binding proteins, enzymes involved in signal transduc-
tion, membrane proteins, and transcription factors (for
reviews see Saido et al., 1994; Suzuki et al., 1995; Wang
et al., 1989). Several recent investigations have impli-
cated calpains as candidate intracellular regulators of
apoptosis (Nath et al., 1996a,b; Martin et al., 1995; Squier
et al., 1994). Importantly, calpain activation has been
implicated in different models of apoptosis and in differ-
ent cell types, including neurons (Behrens et al., 1995;
Jordan et al., 1997; Nath et al., 1996a,b; Squier et al.,
1994). In addition, members of the caspase family of
cysteine proteases have also been implicated as important
intracellular effectors of apoptosis in various cell lines
and apoptotic models (Eldadah, et al., 1997; Fraser and
Evan, 1996; Miura et al., 1993; Nath et al.,, 1996a,b;
Zhivotovsky et al., 1997). The role of caspase 1 (ICE),
caspase 3 (CPP32/YAMA/apopain), and caspase 3-like
(caspase 3, 6,7, 8,9, 10) proteases has been the focus of a
number of investigations. While the contribution of
caspase | to apoptosis in the CNS is less clear (Cohen,

1997; Zhivotovsky et al., 1997), the caspase 3 family is of
particular interest. For instance, caspase 3-like proteases
have been shown to cleave a variety of cytoplasmic and
nuclear proteins during apoptosis including non-erythroid
a-spectrin (Martin et al., 1995; Nath et al., 1996a,b;
Vanags et al., 1996), poly(ADP-ribose)polymerase (PARP)
(Lazebnik et al., 1994), DNA-PK¢s (Waterhouse et al.,
1996), the 70 kD protein component of the Ul nuclear
ribonucleoprotein (Casciola-Rosen et al., 1994), lamin A
(Lazebnik et al., 1995), SREBP-1 and SREBP-2 (Na et
al., 1996), protein kinase C & (Ghayur et al., 1996), and
gelsolin (Kothakota et al., 1997). Importantly, few studies
(e.g., Nath et al., 1996) have systematically examined the
role of these two major families of cysteine proteases in
models of neuronal apoptosis.

Although the general protein kinase inhibitor stauro-
sporine [which has recently been found to act by inducing
cytochrome ¢ release from mitochondria (Kluck et al.,
1997; Yang et al., 1997)] has been shown to induce
apoptosis in a wide variety of in vitro cell systems
(Bertrand et al., 1994), the effects of staurosporine on
primary septo-hippocampal cells have not been exam-
ined. The hippocampus is a brain region particularly
vulnerable to numerous CNS insults in vivo, including
ischemia (Jenkins et al., 1989), brain trauma (Lyeth et al.,
1990), and epilepsy (Sloviter, 1996). In addition, mount-
ing evidence suggests that the hippocampus may also be
prone to apoptotic cell death in various brain injury
models (Honkaniemi et al., 1996; Nitatori et al., 1995;
Colicos and Dash, 1996; Conti et al., 1996; Rink et al.,
1995; Yakovlev et al., 1997). Thus, the use of primary
septo-hippocampal cultures in vitro can enhance the
understanding of various biochemical processes relevant
to CNS neuropathology, including apoptotic cell death.

This investigation examined calpain and caspase
3-like proteolysis of the cytoskeletal protein wa-spectrin
and caspase 3-like processing of PARP in mixed rat
glial-neuronal septo-hippocampal cell cultures following
exposure to the pro-apoptotic compound staurosporine.
In neuronal cells undergoing apoptosis, «-spectrin is
cleaved by calpains and caspase 3-like proteases to yield
unique proteolytic fragments that are specific to each
family of cysteine proteases (Nath et al., 1996a,b; Roberts-
Lewis et al., 1994). This study provides the first system-
atic evidence that: (1) both calpain and caspase 3-like
activation, inferred by proteolysis of the cytoskeletal
protein a-spectrin, are downstream events from de novo
protein synthesis, but upstream from endonuclease DNA
fragmentation, (2) de novo protein synthesis is a require-
ment for activation of both calpains and caspase 3-like
proteases, and (3) both calpain and caspase 3-like activa-
tion contribute to staurosporine-induced apoptosis, and
co-administration of calpain and caspase inhibitors pro-
vides better protection against a-spectrin proteolysis,



DNA fragmentation and cell death than either inhibitor
alone. In addition, this study provides evidence that
staurosporine-induced cell death occurs primarily in
neurons rather than in astroglia in mixed neuronal-glia
primary septo-hippocampal co-cultures.

MATERIALS AND METHODS
Septo-Hippocampal Cultures

Eighteen-day-old rat fetuses were removed from
deeply anesthetized dams. Septi and hippocampi were
dissected in a dissection buffer (HBSS, with 4.2 mM
bicarbonate, 1 mM pyruvate, 20 mM HEPES, 3 mg/ml
BSA, pH 7.25). After rinsing in DMEM-DM, tissue was
dissociated by trituration through the narrow pore of a
flame-constricted Pasteur pipette. The dissociated cells
were then resuspended in DMEM with 10% fetal calf
serum (DMEM-10S) and plated on 24-well poly-L-lysine
coated plastic culture plates or 12 mm of German glass
(Erie Scientific Co.) at a density of 4.36 X 10° cells/mL.
Cultures were maintained in a humidified incubator in an
atmosphere of 5% CO; at 37°C. After 5 days of culture,
the media was changed to DMEM-DM. Subsequent
medium changes were carried out three times a week. By
day 10 in vitro, astrocytes formed a confluent monolayer
beneath morphologically mature neurons.

Pharmacological Treatment
of Septo-Hippocampal Cells

Staurosporine. Ten-day-old septo-hippocampal
cultures were challenged with 0.05-2.0 uM of staurospo-
rine in DMEM-DM and cell viability was monitored at
various post-injury time points. Staurosporine was added
directly to the media for the entire duration of experi-
ments. Following staurosporine challenge, cells were
fixed for staining, or protein or DNA extraction was
performed.

Calpain, caspase, and protein synthesis inhibi-
tors. Sister cultures were pretreated with either 37.5
uM calpain inhibitor II (CalpInh-II) (Boehringer Mann-
heim, cat. no. 1-086-103), 30 uM of the pan-caspase
inhibitor Z-D-DCB (Parke-Davis Warner Lambert), or 1
ug/mL of the protein synthesis inhibitor cycloheximide 1
hr prior to staurosporine challenge. The inhibitor concen-
trations used have been previously shown to provide
optimal inhibition of calpains (Kampfl et al., 1996),
caspase 3-like proteases (Nath et al., 1996a,b), and
protein synthesis (Koh et al., 1995; Martin et al., 1988).
As pointed out below, experimental procedures allowed
independent confirmation that the concentrations of Calp-
Inh-II and Z-D-DCB used in this study potently inhibit
calpains and caspase 3-like proteases. Following each
experiment, cells were fixed for staining, or protein or
DNA extraction was performed.
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Morphological Assessments of Cell Damage

Fluorescein diacetate and propidium iodide as-
say of cell viability. Fluorescein diacetate (FDA) and
propidium iodide (PI) dyes were used to assess cell
viability at 3 hr and 6 hr after staurosporine incubation.
FDA enters normal cells where it is cleaved by esterases
and emits a green fluorescence. Once cleaved, FDA can
no longer permeate cell membranes. Propidium iodide is
an intravital dye that is normally excluded from cells.
After injury, PI penetrates cells and binds to DNA in the
nucleus and emits a red fluorescence. This technique is
commonly used to quantitate cell injury (Jones and Senft,
1985). Per Jones and Senft (1985), a stock solution of
FDA (20 mg/ml) was dissolved in acetone. A PI stock
solution was prepared by dissolving 5 mg/mL in 1 X
PBS. The FDA and PI working solutions were freshly
prepared by adding 10 pLL of the FDA and 3 pL of PI stock
to 10 mL of Dulbecco’s phosphate buffered saline (DPBS).
Two hundred microliters per well of FDA/PI working
solution was added directly to the cells. The cells were
stained for 3 min at room temperature and then put on ice.
Stained cells were examined with a fluorescence micro-
scope equipped with epi-illumination, band pass 450-490
nm exciter filter, 510 nm chromatic beam splitter, and a
long pass 520 nm barrier filter. This filter combination
permitted both green and red fluorescing cells to be seen
simultaneously. The percent of viable cells in control
cultures and following staurosporine insult (with or
without protease and protein synthesis inhibitors) at
different time points was determined from three separate
experiments using FDA/PL. The cell viability can be
determined since this procedure results in the nuclei of
dead cells fluorescing red while the cytoplasm of living
cells fluoresces green. Cell loss was calculated in 100X
fields (five sequential 100X fields were counted and
averaged per well) for three wells in each experiment as a
percent of total cell number.

Hoechst staining of apoptotic nuclei. Following
overnight fixation in 4% paraformaldehyde (PFA) at 4°C,
cells grown on German glass were washed three times
with PBS and labeled with 1 pg/mL of the adenine-
thymine-base-pair-specific DNA dye Hoechst 33258 (bis-
benzimide; Sigma) in PBS for 5-10 min at room tempera-
ture, using enough solution to cover the cells completely.
The cells were rinsed twice with PBS and then mounted
with crystal-mount medium (Biomeda). Cells were ob-
served and photographed on a phase and fluorescence
microscope with a UV2A filter.

DNA Fragmentation Assay

DNA gel electrophoresis was done as described in
Gong et al. (1994). Briefly, cells were collected in the
same manner as for immunoblotting. Cells in each
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treatment condition were collected by centrifugation and
fixed in suspension in 70% cold ethanol and stored in the
fixative at —20°C (24-72 hr). Cells were then centrifuged
at 800¢ for 5 min and the ethanol was thoroughly
removed. The cell pellets were resuspended in 40 pL of
phosphate-citrate buffer consisting of 192 parts of 0.2 M
Na,HPO, and 8 parts of 0.1 M citric acid (pH 7.8) at room
temperature for 1 hr. After centrifugation at 1,000g for 5
min, the supernatant was transferred to new tubes and
concentrated by vacuum in a SpeedVac concentrator for
15-30 min. Three microliters of 0.25% Nonidet NP-40 in
distilled water was then added, followed by 3 pL of a
solution of DNase-free RNase (1 mg/mL). After 30 min
incubation at 37°C, 3 pL of a solution of proteinase K (1
mg/mL) was added and the extract was incubated for
additional 30 min at 37°C. After the incubation, 1 uL of
6 X loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol FF, 30% glycerol in water) was added and
the entire content of the tube was transferred to a 1.5%
agarose gel and electrophoresis was performed in 1 X
TBE (0.1 M Tris, 0.09 M boric acid, 1 mM EDTA, pH
8.4) at 40 V for 2 hr. The DNA in the gels was visualized
and photographed under UV light after staining with
5 pg/mL of ethidium bromide.

Assessment of a-Spectrin and PARP Degradation

SDS-polyacrylamide gel electrophoresis and im-
munoblotting. At the end of an experiment, cells were
harvested from five identical culture wells and collected
in 15 ml centrifuge tubes. The medium was removed and
the pellet cells were rinsed with 1 X PBS. Cells were
lysed in ice cold homogenization buffer [20 mM Tris-HCl
(pH 7.6), 5 mM EDTA, 5 mM EGTA, 1 mM DTT, 0.5
mM PMSF, 10 ug/mL AEBSF, 5 pg/mL Leupeptin] for 30
min, and sheared through a 1.0 mL syringe 15 times with
a 25 gauge needle. Protein content in the samples was
assayed by the Micro BCA method (Pierce, Rockford,
IL). For protein electrophoresis, equal amounts of total
protein (30 ug) were prepared in twofold loading buffer
containing 0.25 M Tris (pH 6.8), 0.2 M DTT, 8% SDS,
0.02% Bromophenol Blue, and 20% glycerol, and heated
at 95°C for 10 min. Samples were resolved in a vertical
electrophoresis chamber using a 4% stacking gel over a
7% acrylamide resolving gel for 1 hr at 200 V. For
immunoblotting, separated proteins were laterally trans-
ferred to nitrocellulose membranes (0.45 uM ) using a
transfer buffer consisting of 0.192 M glycine and 0.025
Tris (pH 8.3) with 10% methanol at a constant voltage of
100V for 1 hr at 4°C. Blots were blocked overnight in 5%
non-fat milk in 20 mM Tris, 0.15 M NaCl, and 0.005%
Tween-20 at 4°C. Comassie blue and Panceau red (Sigma,
St. Louis, MO) were used to stain gels and nitrocellulose
membranes (respectively) to confirm that equal amounts
of protein were loaded in each lane.

Antibodies and immunolabeling. Immunoblots
were probed with an anti-a-spectrin monoclonal antibody
(Affiniti Research Products, UK; cat. no. FG 6090, clone
AAG6) that detects intact a-spectrin (240 kD) and 150,
145, and 120 kD SBDPs. The 150 kD SBDP has been
reported to be a spectrin cleavage product of calpain and
caspase proteases (Nath et al., 1996a,b). However, the
145 kD SBDP is a specific proteolytic fragment of calpain
(Nath et al., 1996a,b). In addition, the 120 kD SBDP is
reported to be a specific proteolytic fragment of caspase
3-like activation (Nath et al., 1996a,b). Following incuba-
tion with the primary antibody (1:4,000 dilution) for 2 hr
at room temperature, the blots were incubated in peroxi-
dase-conjugated sheep anti-mouse IgG for 1 hr (dilution,
1:10,000). Enhanced chemiluminescence reagents (ECL,
Amersham) were used to visualize the immunolabeling
on Hyperfilm (Hyperfilm ECL, Amersham). Following
ECL reaction, nitrocellulose membranes were stripped of
their primary and secondary antibodies by submerging
membranes in 100 mM 2-mercaptoethanol, 2% SDS,
62.5 mM Tris (pH 6.7) and incubated at 60°C for 30 min.
Membranes were then reprobed with an antibody (Ab38;
1:1,000) that recognizes the calpain-specific 150 kD
SBDP (Roberts-Lewis et al., 1994), or with anti-
poly(ADP-ribose) polymerase (PARP; 1:1,000; BioMol,
Plymouth Meeting, PA, cat. no. SA-252). PARP is an
enzyme involved in DNA repair and in the regulation of
Ca’*/Mg?*-dependent endonuclease (Nelipovich et al.,
1988). PARP is cleaved preferentially by caspase 3-like
proteases (Rosen and Casciola-Rosen, 1997) from a 116
kD form to a 85 kD fragment (Nicholson et al., 1995), and
PARP cleavage is a common occurrence in numerous
apoptotic systems (Cohen, 1997). The PARP antibody
also labeled a non-specific band at approximately 120 kD.
Because the PARP antibody was raised against human
PARP, the reactivity is a non-specific cross-species inter-
action. Ab38 was a generous gift of Dr. Robert Siman,
Cephalon Inc., West Chester, PA. GFAP (polyclonal;
Sigma) and MAP-2 (monoclonal; Sternberger) were used
for immunocytochemistry.

Hoechst 33258 Staining in Glial
or Neuronal Cell Types

To determine the effects of staurosporine on as-
troglial and neuronal cell types, cultures were labeled
immunocytochemically with GFAP (for astroglia) or
MAP-2 (for neurons) and counterstained with Hoechst
33258. Cultures were fixed in 4% PFA for 1 hr at 4°C and
washed and stored in 1 X PBS. The cultures were
permeabilized with 0.3% Triton X-100 for 30 min and
blocked with 1% normal horse or goat serum at room
temperature for 1 hr, followed by incubation with GFAP
(1:1,000) or MAP-2 (1:1,000) antibody overnight at 4°C.
The cultures were then washed three times in 1 X PBS
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Fig. 1. Concentration and time course assays of staurosporine-induced cell death. A: LDs, for
staurosporine was 0.5 pM after 72 hr of incubation. B: Percent cell death following exposure to
0.5 uM of staurosporine for various durations. The 0.5 uM concentration was used for all

subsequent experiments.

and incubated in horseradish peroxidase conjugated goat
anti-rabbit IgG (for GFAP) or sheep anti-mouse IgG (for
MAP-2) (Cappel, 1;1,000) for 1 hr. Cultures were washed
three times in 1 X PBS and diaminobenzidine (DAB)
(Vector) was used to visualize the reaction. Following
incubation in DAB, the reaction was stopped in tap water
and the cultures were counterstained with Hoechst 33258
for 5 min. Following a final wash, the cells were mounted
and coverslipped with Cytoseal 280 mounting medium
(Stephens). Each slide was observed and photographed in
the same field using light (for immunolabeled cells) and
fluorescence (for Hoechst 33258 labeled cells) micros-
copy. A phase contrast microscope (axiovert 135) was
used to distinguish glial and neuronal cell types based on
immunocytochemical staining and/or phenotypical char-
acteristics.

Statistical Analyses

Each experiment was performed three times and
data were evaluated by analysis of variance (ANOVA)
with a post hoc Tukey test. Values are given as mean
SEM. Differences were considered significant if P <
0.05.

RESULTS

Effects of Staurosporine on Septo-Hippocampal
Glial-Neuronal Co-Cultures

Dose- and time-dependent cell death. An initial
dose-response assay was performed to determine the
concentration of staurosporine to be used for all subse-
quent experiments. Propidium iodide and fluorescein

diacetate were used to assess cell death and membrane
integrity. Exposure of septo-hippocampal cultures to
0.05-2.0 pM of staurosporine induced dose-dependent
cell death with an D5 for 0.5 uM staurosporine at 72 hr
(Fig. 1A). The 0.5 uM concentration was used for all
experiments, and this concentration has been used to
induce apoptosis in other cell systems (Bertrand et al.,
1994; Nath et al., 1996a). The percentage of cells that
stained for PI following exposure to 0.5 uM staurosporine
was 3,5, 13, 32,42, 50, and 87% at 1 hr, 3 hr, 6 hr, 24 hr,
48 hr, 72 hr, and 120 hr (respectively) (Fig. 1B).

Morphological response to staurosporine chal-
lenge. Staurosporine-treated septo-hippocampal cul-
tures underwent morphological alterations in cell struc-
ture that are characteristic of apoptosis (Falcieri et al.,
1993). For example, at 1 hr following 0.5 uM staurospo-
rine, blebbing of the cytoplasmic membrane was apparent
with no significant nuclear uptake of PI. Following
exposure to staurosporine for increasingly longer dura-
tions, the number of cells demonstrating membrane
blebbing and nuclear uptake of PI increased (Fig. 2).

In order to confirm the apoptotic response of
staurosporine on septo-hippocampal cultures, Hoechst
33258 was used to stain nuclear chromatin. Hoechst
33258 staining detected chromatin condensation along
the periphery of the nuclear envelope, followed by
fragmentation of the nucleus into dense micronuclear
bodies (Fig. 3). High magnification (100X objective)
fluorescence microscopy did not reveal any nuclear
morphological alterations at 1 hr. After 3 hr, some nuclei
demonstrated alterations in nuclear shape with slight
condensation of chromatin (Fig. 3B,G). However, by 6 hr,
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Fig. 2. Fluorescein diacetate (FDA) and propidium iodide (PI)
staining of septo-hippocampal cultures undergoing apoptosis.
A: Control cultures. Note normal somal structure in cells that
take up FDA (green fluorescence) and the lack of PI uptake.
B,C: By 24 hr of staurosporine challenge, numerous cells have
lost retention of FDA and bind PI to their nucleus (red
fluorescence). In addition. membrane blebbing is evident in

most cells staining for FDA, indicating a preserved integrity of

the plasma membrane characteristic of apoptosis. C: Curved
arrow, membrane blebbing; closed arrow, nuclear uptake of PI;
open arrow, apoptotic nucleus. Scale bars = 10 um (B) and
5 um (C).

condensation and migration of chromatin to the nuclear
envelope was evident in some cells (Fig. 3C,H). By 24 hr,
numerous cells were observed to be in various stages of
nuclear disassembly, including nuclear condensation,
migration of chromatin to the periphery of the nucleus,
and the formation of dense apoptotic bodies (Fig. 3D,I).
By 72 hr, there was a faded and diffuse fluorescence of
Hoechst 33258, indicating digestion of the chromatin,
possibly by endonucleases and/or by phagocytes (Fig.
3E.F).

DNA fragmentation. Condensation and aggrega-
tion of chromatin at the nuclear membrane may occur
independent of endonuclease activation (Oberhammer et
al., 1993). Thus, a DNA fragmentation assay was used to
assess whether the apoptotic response to staurosporine in
septo-hippocampal cultures, indicated by Hoechst 33258
staining, was associated with endonuclease activity. Fig-
ure 4A shows the characteristic pattern of nucleosomal
sized DNA fragments following exposure to 0.5 uM
staurosporine. Although Hoechst 33258 revealed migra-
tion of chromatin to the nuclear envelope at 3 hr, there
was no DNA ladder at this time point (Fig. 4B). However,
a pronounced ladder of fragmented DNA was evidenced
at 6, 24, and 72 hr following staurosporine administration
(Fig. 4A).

Staurosporine induces selective neuronal apopto-
sis in septo-hippocampal cultures. To identify the
kind of cell (i.e., astroglial vs. neuronal) committed to
apoptosis, cultures were stained with Hoechst 33258 and
with GFAP (for astrocytes) or with MAP-2 (for neurons).
The neuronal layer stained with MAP-2 (or identified
morphologically in the absence of MAP-2 labeling)
demonstrated a dramatic loss of MAP-2 immunolabeling.
Loss of MAP-2 immunoreactivity preceded neuronal
chromatin condensation revealed by Hoechst 33258 stain-
ing. This finding suggests that calpain and/or other
protease activation (responsible for MAP-2 processing) is
an event upstream from nuclear chromatin condensation
(Fig. 5A.B). In contrast, exposure to high concentrations
of staurosporine (2.0 pM: data not shown) for as long as
72 to 120 hr produced widespread, but reversible alter-

Fig. 3. Course of nuclear morphologic alterations during
staurosporine-induced apoptosis. A,F: Hoechst 33258 nuclear
stain of normal control cultures. B,G: Staurosporine, 3 hr:
alterations in nuclear shape and slight chromatin condensation
are evident. C,H: Staurosporine, 6 hr: increased condensation
and migration of chromatin to nuclear envelope. D,I: Staurospo-
rine, 24 hr: numerous cells in various stages of nuclear
disassembly, including chromatin condensation, migration, and
formation of dense apoptotic bodies. E,J: Staurosporine, 72 hr:
faded and diffuse fluorescence of Hoechst 33258 indicating
digestion of the chromatin by endonucleases and/or phagocytes.
Scale bars = 10 pm (A,B,C.D,E) and 1 um (F.G,H,LI).



Figure 3.
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Fig. 4. Time course oligonucleosomal sized fragmentation of
DNA by endonucleases and inhibition by CalpInh-II, Z-D-
DCB, and cycloheximide. A: Staurosporine-induced apoptosis
is associated with DNA laddering on agarose gels at 6, 24, and
72 hr, but not at 1 or 3 hr (A,B). B: Endonuclease DNA

ations in astrocyte morphology (i.e., vacuolization) and
only limited astrocytic cell death (data not shown).
However, concentrations of staurosporine below 2.0 uM
did not kill astrocytes or alter the pattern of GFAP
staining (Fig. 5C). In addition, phase contrast microscopy
revealed that the astrocytic cell layer was completely void
of overt chromatin condensation or segmentation at all time
points following staurosporine administration (Fig. 5D).

Calpain and Caspase 3-Like Proteolysis
of «-Spectrin and PARP

In addition to causing apoptosis, exposure to 0.5
uM staurosporine caused a time dependent proteolysis of
neuronal a-spectrin by calpain and caspase 3-like prote-
ases (Fig. 6A,B). At 3 hr following staurosporine admin-
istration, there was an increase in caspase 3-like specific
120 kD SBDP (Fig. 6A) and calpain-specific 150 kD
SBDP (Fig. 6B). At 6 hr following staurosporine adminis-
tration, the native 240 kD a-spectrin protein was undetect-
able on immunoblots while further processing of
a-spectrin to the caspase 3-like specific 120 kD SBDP
(Fig. 6A) and the calpain-specific 150 kD SBDP (Fig. 6B)
was evident (Fig. 6A). Additionally, processing of PARP
(116 kD) to a 85 kD fragment by caspase 3-like proteases
was readily detected at 3 hr (Fig. 6C). Importantly,
although proteolysis of a-spectrin by calpain and caspase
3-like proteases, and PARP by caspase 3-like protease

staurosporine: 3 hours Staurosporine: 6 hours

fragmentation is differentially attenuated by CalpInh-II, Z-D-
DCB, CalpInh-II + Z-D-DCB, and cycloheximide with cyclo-
heximide and the combined inhibitors producing the most
marked effect.

was evident by 3 hr following staurosporine administra-
tion, DNA laddering was not evident at this time point
(Fig. 4B). These results indicate that processing of
a-spectrin by calpain and caspase 3-like proteases and
processing of PARP by caspase 3-like protease are events
initiated at some time prior to endonuclease activation
and subsequent DNA fragmentation.

Effects of CalpInh-II, Z-D-DCB, or Cycloheximide
on a-Spectrin and PARP Proteolysis, DNA
Fragmentation, and Cell Viability

To investigate the relative contributory effects of
calpain and/or caspase 3 or caspase 3-like proteases on
staurosporine-induced cell viability, a-spectrin and PARP
proteolysis, and on the apoptotic response in primary
septo-hippocampal cultures, the effects of a calpain
inhibitor (CalpInh-II), a pan-caspase inhibitor (Z-D-
DCB), or a non-selective inhibitor of protein synthesis
(cycloheximide) were examined. In addition, the co-
administration of CalpInh-II and Z-D-DCB was also
investigated.

a-Spectrin and PARP proteolysis. Three hours
following staurosporine-induced apoptosis in primary
septo-hippocampal cultures, 37.5 uM Calplnh-II slightly
increased the level of native 240 kD a-spectrin (Fig. 6A)
and almost completely blocked the formation of the
calpain-specific 150 kD SBDP (Fig. 6B). CalpInh-II had



Fig. 5. Apoptosis in neuronal but not astroglial cell types in
mixed glial-neuronal septo-hippocampal cultures. Phase-
contrast light microscopy of double labeled neurons stained
with MAP-2 (A) and Hoechst 33258 (B), or astroglial cells
double labeled with GFAP (C) and Hoechst 33258 (D). Neurons
underwent a dramatic loss in MAP-2 immunolabeling that
preceded chromatin condensation revealed by the Hoechst
stain. Neurons stained with MAP-2 (straight arrow, A) were
only weakly positive for Hoechst 33258 (straight arrow, B).
Apoptotic neurons that have lost MAP-2 immunoreactivity but

no effect on the caspase 3-like specific 120 kD SBDP. In
contrast, 30 pM Z-D-DCB had no effect on the calpain-
specific 150 kD SBDP. However, Z-D-DCB almost
completely blocked the accumulation of the caspase
3-like specific 120 kD SBDP and resulted in an increased
level of the non-specific 150 kD SBDP. The protein
synthesis inhibitor, cycloheximide (1 pg/mL), completely
prevented the accumulation of all SBDPs regardless of
the antibody employed. In addition, accumulation of the
caspase 3-like specific 85 kD fragment to PARP was
blocked by Z-D-DCB and cycloheximide at 3 hr after
staurosporine administration (Fig. 6C).

Six hours following staurosporine-induced apopto-
sis in primary septo-hippocampal cultures, CalpInh-II

n
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demonstrate a neuronal phenotype (curved arrow, A) show
increased Hoechst staining (curved arrow, B) and morphology
characteristic of membrane blebbing. In contrast, astroglial
morphology is well preserved (C) and astroglial nuclei show
little or no staining for Hoechst 33258 (D). Closed arrowheads
(C.D) indicate neurons that are not immunoreactive for GFAP
but are Hoechst 33258 positive. Open arrowheads (C,D)
indicate GFAP positive astroglia that are not positive for
Hoechst 33258. Scale bar = 3 pm.

almost completely blocked the formation of the calpain-
specific 150 kD SBDP and had no effect on the caspase
3-like specific 120 kD SBDP (Fig. 6A,B). However,
CalpInh-IT was unable to preserve any detectable levels
of the native 240 kD w-spectrin protein (Fig. 6A). In
contrast, Z-D-DCB almost completely blocked the forma-
tion of the caspase 3-like specific 120 kD SBDP and had
no effect on the calpain-specific 150 kD SBDP (Fig.
6A.B). As with Calplnh-II, Z-D-DCB was unable to
preserve any detectable levels of the native 240 kD
a-spectrin protein (Fig. 6A). However, the combination
of CalpInh-II + Z-D-DCB was able to attenuate loss of
native 240 kD a-spectrin (Fig. 6D). The protein synthesis
inhibitor, cycloheximide, completely prevented the accu-
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Fig. 6. Calpain and caspase 3-like protease activation occurs
downstream from protein upregulation. Proteolysis of
a-spectrin into caspase 3-like specific 120 kD (A) and calpain-
specific 150 kD (B) SBDPs was blocked by Z-D-DCB and
Calplnh-II (respectively) at both 3 and 6 hr of staurosporine
exposure. Cycloheximide completely prevented accumulation
of SBDPs to each protease and prevented loss of intact levels of
o-spectrin, suggesting that expression of protein(s) are neces-

mulation of all SBDPs regardless of the antibody em-
ployed, and prevented the loss of the native 240 kD
a-spectrin protein (Fig. 6A,B). Interestingly, by 6 hr of
staurosporine administration, PARP protein (116 kD) was
no longer detectable on immunoblots. In addition, the
caspase 3-like specific 85 kD PARP fragment was barely
detectable on Western blots, suggesting that the 85 kD
fragment was further digested by one or more other
proteases. However, administration of Z-D-DCB was
observed to partially preserve the level of PARP and the

-116 kD

-85 kD

-150 kD (non-specific)
-120 kD (caspase 3-like specific)

sary for calpain and caspase activation (A,B). Caspase cleavage
of PARP 3 hr following staurosporine treatment was also
inhibited by Z-D-DCB and cycloheximide, but not by Calp-
Inh-IT (C). D: Combined administration of Calplnh-IT +
Z-D-DCB was more effective than either inhibitor alone,
providing greater preservation of intact a-spectrin protein
levels.

85 kD fragment (Fig. 6C). Cycloheximide completely
prevented processing of PARP at 6 hr (Fig. 6C).

DNA fragmentation. As discussed above, there
was no visualization of a DNA ladder following agarose
gel electrophoresis at 3 hr of staurosporine incubation,
nor was there any evidence of a DNA ladder in CalpInh-
II, Z-D-DCB, or cycloheximide treated cells (Fig. 4B).
By 6 hr of staurosporine incubation, DNA fragmentation
into nucleosomal ladders was evident on agarose gels.
The protease inhibitors CalpInh-II, Z-D-DCB, and
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B Calpinh-Il + Z-D-DCB

[ Cycloheximide ( 1 pg/ml)
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staurosporine: 3 hours

Fig. 7. Preservation of cell viability by CalpInh-11, Z-D-DCB,
or cycloheximide. After 3 hr of staurosporine incubation,
cycloheximide or the co-administration of CalpInh-IT + Z-D-
DCB attenuated PI uptake compared to staurosporine-chal-
lenged cultures treated with media. After 6 hr of staurosporine
incubation, Calplnh-II, Z-D-DCB, Calplnh-1I + Z-D-DCB, and
cycloheximide each attenuated PI uptake with cycloheximide >

CalpInh-Il + Z-D-DCB each attenuated the intensity of
DNA fragmentation observed on agarose gels with
Calplnh-II having the weakest inhibitory effect and with
the combination of CalpInh-II + Z-D-DCB having the
largest inhibitory effect. Only cylcoheximide was ob-
served to completely prevent DNA fragmentation by
endonucleases (Fig. 4B).

Cell viability measurements. Propidium iodide
(PI) and fluorescein diacetate (FDA) were used to assess
cell viability at 3 and 6 hr following staurosporine and/or
-administration of Calplnh-II, Z-D-DCB, Calplnh-II +
Z-D-DCB, or cycloheximide (Fig. 7). Nuclear uptake of
PI was almost absent from control cultures at 3 hr. In
addition, fluorescein diacetate staining was uniformly
distributed among cells indicating cellular membrane
integrity. In contrast, a significant (P < 0.001) percentage
(5.0%) of cells stained for PI at 3 hr in staurosporine
treated cultures compared to controls. In the presence of

e

staurosporine: 6 hours

CalpInh-II + Z-D-DCB > Z-D-DCB > Calplnh-II. Cyclohexi-
mide was able to completely prevent cell death after staurospo-
rine challenge, By 6 hr, Calplnh-II + Z-D-DCB was not
statistically significant from Z-D-DCB alone. ***P < 0.001
compared to media-treated; #P < 0.05 and ##P < 0.001
compared to Calplnh-II; #¢4P < 0.001 compared to Z-D-
DCB.

staurosporine, neither CalpInh-II nor Z-D-DCB signifi-
cantly reduced the percentage of PI stained cells com-
pared to media treated cells (4.0% and 3.8%, respec-
tively) (Fig. 7). In contrast, cycloheximide or the co-
administration of CalpInh-II + Z-D-DCB was found to
significantly attenuate PI uptake at 3 hr (P < 0.001). In
addition, cycloheximide, but not Calplnh-II + Z-D-DCB,
completely ameliorated PI uptake compared to normal,
unchallenged controls.

Six hours following staurosporine administration,
the percentage of cells stained for PI increased to 20%.
The percentages of PI stained cells for the CalpInh-II,
Z-D-DCB, Calplnh-II + Z-D-DCB, and cycloheximide
conditions were 15.0, 11.5, 8.0, and 2.3%, respectively
(Fig. 7). Thus, each of the inhibitors, including the
combination of calpain and caspase inhibitors, signifi-
cantly reduced nuclear uptake of PI (P < 0.001) follow-
ing 6 hr of staurosporine challenge. In addition, Z-D-
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DCB and Calplnh-1I + Z-D-DCB provided significantly
more protection than did CalpInh-IT (P < 0.05 and P <
0.001). Although there was a trend toward an additive
protective effect of CalpInh-II + Z-D-DCB compared to
Z-D-DCB alone, this effect was not statistically signifi-
cant (P > 0.05). Cycloheximide provided the greatest
level of protection as compared to CalpInh-II or Z-D-
DCB (£ < 0.001 for each comparison).

DISCUSSION

The results of this investigation indicate that stauro-
sporine (0.5 pM) induces selective neuronal apoptosis
and eventual cell death in mixed glial-neuronal septo-
hippocampal cultures. During staurosporine-induced apop-
tosis, the submembrane cytoskeletal protein a-spectrin
was processed by both calpains and caspase 3-like
proteases prior to endonuclease DNA fragmentation.
Administration of a calpain inhibitor (CalpInh-II) or a
pan-caspase inhibitor (Z-D-DCB) potently prevented
protease specific processing of a-spectrin and attenuated
endonuclease DNA fragmentation and nuclear uptake of
PIL These findings are in accord with other recent papers
that have implicated calpain as a potential effector of the
apoptotic cascade (Behrens et al., 1995; Jordan et al.,
1997; Nath et al., 1996a,b; Squier, 1994). However, no
previous studies have suggested that both families of
cysteine proteases could additively and independently
contribute to neuronal apoptotic cell death. An additional
novel finding of this investigation was that inhibition of
protein synthesis (by cycloheximide) completely pre-
vented both calpain and caspase 3-like protease activa-
tion, placing de novo protein synthesis upstream from
calpain and caspase 3-like activation.

Staurosporine-Induced Apoptosis in Primary
Septo-Hippocampal Cultures

Staurosporine, a non-specific protein kinase inhibi-
tor, induces apoptosis in a wide variety of cell lines (e.g.,
MOLT-4, HL-60, CA46, HT-29, SUEDHL6, SH-SY5Y,
Jurkat T-) and primary culture systems (cerebellar granule
neurons, mixed cortical cultures) (Bertrand et al., 1994
Cagnoli et al., 1996; Falcieri et al., 1993; Koh et al., 1995
Nath et al., 1996a.b), suggesting that staurosporine
activates a common biochemical pathway that may be
important for elucidating critical components of the
apoptotic cascade (Bertrand et al., 1994). In this invest-
gation, we have extended the generality of stauro-
sporine-induced apoptosis to include mixed glial-neuronal
septo-hippocampal primary cell cultures. In primary
septo-hippocampal cultures, staurosporine (0.5 pM) pro-
duced characteristic apoptotic morphological alterations
in cell membrane and nuclear structures, endonuclease
DNA fragmentation, and eventual cell death. Consistent

with Koh et al. (1995), staurosporine-induced apoptotic
alterations occurred primarily in neurons whereas as-
troglial cells were largely unaffected by staurosporine.
Characterization of apoptotic responses in primary septo-
hippocampal cultures is an important feature of this
investigation since the hippocampus is particularly vulner-
able to various CNS injuries in vivo, including cerebral
ischemia (Jenkins et al., 1989) and traumatic brain injury
(Lyeth et al., 1990). In addition, an increasing number of
reports have demonstrated apoptotic cell death in the
hippocampus following cerebral ischemia (Honkaniemi
et al., 1996; MacManus et al., 1993; Nitatori et al., 1995)
and traumatic brain injury (Colicos and Dash, 1996:
Conti et al., 1996: Rink et al., 1995; Yakovlev et al.,
1997). Thus, primary septo-hippocampal cell cultures
provide an efficient in vitro tool for the investigation of
biochemical alterations relevant to in vivo CNS neuropa-
thologies.

Effects of Cycloheximide on Apoptotic Morphology
and DNA Fragmentation

The protein synthesis inhibitor, cycloheximide,
blunted calpain and caspase 3-like activation and apop-
totic cell death. De novo expression of several mamma-
lian gene products (e.g., bak, bax, bcl-xs, p53) as well as
the protective effect of protein synthesis administration
following global ischemia suggests that death regulatory
proteins play an important role in apoptotic cell death
(Chopp et al., 1992; Krajewski et al., 1995; Shigeno et al.,
1990; Papas et al., 1992). However, de novo synthesis of
death regulatory proteins is not a requisite step for
apoptosis to occur in some model systems (Bertrand et
al., 1994; Raff et al., 1993; Squire et al., 1994). In the
present investigation, protein synthesis inhibition com-
pletely prevented apoptosis and DNA fragmentation,
suggesting that protein upregulation is a major compo-
nent of staurosporine-induced apoptosis in primary septo-
hippocampal cultures. This observation is consistent with
the findings of Koh et al. (1995), who also demonstrated a
protective effect of cycloheximide following staurospo-
rine challenge in neuronal cortical cell cultures. An
important and novel finding of this investigation is the
observation that cycloheximide prevents calpain and
caspase 3-like activation. This finding suggests a causal
link between de novo protein synthesis and the subse-
quent activation of at least two families of cysteine
proteases, calpains and caspases, in staurosporine-
induced apoptosis. The identity of this newly synthesized
protein(s) is currently unknown. However, since one
recent paper has reported that neuroprotective concentra-
tions of cycloheximide can induce expression of the
antiapoptotic gene product Bel-2 in rat hippocampal cell
cultures (Furukawa et al., 1997), further studies must
clarify mechanisms by which cycloheximide exerts its
neuroprotective effects.



De Novo Protein Synthesis Is a Requirement for
Calpain and Caspase 3-Like Protease Activation

The pattern of a-spectrin processing by calpains
and caspase 3-like proteases, and the effects of cyclohexi-
mide, CalpInh-II, and Z-D-DCB reveal a temporal se-
quence of events that occur prior to DNA damage and
significant morphological alterations. The results of this
investigation indicate that protein synthesis occurs prior
to, and is a requirement for, activation of both calpains
and caspase 3-like cysteine proteases in staurosporine-
induced apoptosis of septo-hippocampal cells. This argu-
ment is supported by the observation that: 1) calpain- and
caspase 3-like specific fragments to a-spectrin, and
caspase 3 processing of PARP, occur prior to any
evidence of DNA fragmentation, and 2) cycloheximide
completely prevents the accumulation of a-spectrin and
PARP cleavage products as well as completely preventing
processing of intact a-spectrin and PARP for up to 6 hr
following staurosporine administration. The absence of
calpain and caspase 3-like cleavage products to
a-spectrin and PARP indicate that these proteases do not
become active if protein synthesis is prevented from
occurring. Although it could be argued that cyclohexi-
mide itself inhibits protease activity, cycloheximide does
not have any inhibitory properties on proteases where
protein synthesis is not a requirement for cell death
(Cohen, 1991). For example, we have recently found that
in septo-hippocampal cultures exposed to the Ca2* chan-
nel agonist maitotoxin, which produces non-apoptotic
cell death, cycloheximide was not effective in preventing
a-spectrin degradation or cell death. In contrast, Calp-
Inh-II attenuated both a-spectrin fragmentation and cell
death after exposure to maitotoxin (unpublished data).

Effects of Calpain and Caspase
Inhibitors During Apoptosis

The calpain inhibitor CalpInh-II and the pan-
caspase inhibitor Z-D-DCB were each found to attenuate
apoptotic morphological alterations (indicated by Hoechst
33258), endonuclease activation (indicated by electropho-
retic DNA fragmentation), and cell death (PI staining)
following staurosporine challenge. The co-administration
of CalpInh-II with Z-D-DCB was found to produce the
most robust inhibitory response to staurosporine regard-
less of the outcome measure employed. No previous
studies have suggested that both calpain and caspase
3-like proteases could contribute independently to neuro-
nal apoptosis. In addition, few reports (Nath et al.,
1996a,b; Vanags et al, 1996) have investigated the
relative roles of the calpain and caspase families of
cysteine proteases during apoptosis. In accord with Nath
et al. (1996b), CalpInh-II and Z-D-DCB were both found
to significantly attenuate staurosporine-induced apoptosis
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and cell death. The present investigation found that
Z-D-DCB was able to prevent DNA fragmentation and
cell death to a greater degree than CalpInh-II (Figs. 4b,
Ta,b). Importantly, this investigation provides indepen-
dent confirmation that both CalpInh-1I and Z-D-DCB
potently inhibited calpain and caspase 3-like activation at
the concentrations used in this study, further confirming
that calpains and caspase 3-like proteases independently
regulate cellular events that contribute to staurosporine-
induced apoptosis.

Caspase 3-like proteases are known to attack numer-
ous cytoplasmic and nuclear proteins, including «-spectrin
(Nath et al., 1996a,b; Martin et al., 1995; Vanags et al.,
1996) and poly(ADP-ribose) polymerase (PARP) (Lazeb-
nik et al., 1994). Because Z-D-DCB is a pan-caspase
inhibitor, use of Z-D-DCB could inhibit multiple caspase
family members linked to apoptosis, including the caspase
3-like proteases, caspase 6 (Mch2), caspase 7 (Mch3/ICE-
LAP3/CMH-1), and caspase 8 (MACH/FLICE/Mch5)
(Cohen, 1997; Zhivotovsky et al., 1997). In addition,
Z-D-DCB may also have inhibitory control over the
caspase 1 family. However, recent reports indicate that
caspase l-like proteases, caspase 1 (ICE), caspase 4
(Ich-2/TX/ICE11), and caspase 5 (ICEIII/TY) may not
be involved in apoptotic responses (Cohen, 1997; Elda-
dah et al., 1997; Nath et al., 1996a; Zhivotovsky et al.,
1997). For example, Nath et al. (1996b) found no
evidence of a pro-caspase 1 (ICE) signal or any autolytic
fragments to caspase 2 (ICH-1) in apoptotic rat cerebellar
granule cells or human SH-SYSY cells. In contrast, the
Nath et al. study did observe fragmentation of the
pro-caspase 3 (CPP32) protein (32 kD) to the active
isoform (17 kD) and found the 120 kD SBDP to be
preferentially produced by caspase 3-like proteases. Simi-
larly, Eldadah et al. (1997) found that the caspase 1-like
inhibitor z-Y VAD-fmk was not protective against apopto-
sis produced by serum/K' deprivation in cerebellar
granule cells, whereas the caspase 3-like inhibitor
z-DEVD-fmk potently inhibited the apoptotic response.

Calpain activation has also been implicated in
several models of apoptosis (Nath et al., 1996a,b; Squier
etal., 1994; Vanags et al., 1996). However, a contributory
role of calpain to apoptosis has largely been inferred from
calpain inhibition studies. The general unavailability of
inhibitors specific to calpain preclude determination of
calpain’s definite involvement in apoptosis. For example,
commonly employed inhibitors of calpain, e.g., calpain
inhibitor I, calpain inhibitor II, and MDL 28,170, demon-
strate cross reactivity with other cysteine proteases like
cathepsin B and cathepsin L. In this investigation, we
examined and found no evidence that calpain inhibition
had any inhibitory effects on caspase 3-like activity.
However, the development of more selective and potent
calpain inhibitors, such as the specific nonpeptide deriva-
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tives of alpha-mercaptoacrylic acid (Wang et al., 1996),
will by uvseful for elucidating a more definite role of
calpains in apoptosis.

Calpain and Caspase 3-Like Proteolysis
of a-Spectrin During Apoptosis

Identification of key substrates cleaved during apop-
tosis has been the focus of intensive research. It has
recently been demonstrated that cleavage of a-spectrin
occurs during apoptosis induced by numerous stimuli,
including staurosporine (Martin et al., 1995; Vanags et al.,
1996; Nath et al., 1996a,b). Cleavage of cytoskeletal
proteins such as a-spectrin during apoptosis may contrib-
ute to cell shrinkage, membrane blebbing, and alter cell
signalling systems (Cohen, 1997). Although «-spectrin is
a preferred substrate of calpains and caspase 3-like
cysteine proteases, dissociation of the relative contribu-
tions of calpain and caspase processing of «-spectrin
during apoptosis has not been well characterized. This is
due to the fact that both calpains and caspase 3-like
proteases cleave a-spectrin to a 150 kD fragment on
immunoblots. Although calpains can further cleave the
150 kD fragment to a calpain-specific 145 kD fragment
(Nath et al., 1996a,b), the 145 kD band has not usually
been detected on immunoblots obtained from in vitro
apoptotic systems (Kluck et al., 1997, Martin et al., 1995;
Vanags et al., 1996; however, see Nath et al., 1996a,b).
This is probably due to preferential cleavage of the 150
kD fragment by caspase 3-like proteases to the caspase
3-like-specific 120 kD fragment. The few studies that
have used o-spectrin proteolysis to examine calpain and
caspase 3-like activity during apoptosis have relied on a
single monoclonal antibody that is non-specific for the
calpain- and caspase 3-like-mediated 150 kD fragment.
Thus, dissociation of calpain or caspase contribution to
a-spectrin fragmentation is not easily detected if the
calpain-specific 145 kD fragment is not detected. In the
present investigation, we have employed multiple antibod-
ies to label non-specific 150 kD as well as calpain-
specific 150 kD a-spectrin fragments, and the caspase
3-like 120 kD fragment, to conclusively demonstrate that
a-spectrin is cleaved by both calpains and caspase 3-like
proteases during staurosporine-induced apoptosis. Impor-
tantly, this investigation also demonstrates that a calpain
inhibitor (CalpInh-II) and a caspase inhibitor (Z-D-DCB)
potently inhibit their respective a-spectrin cleavage prod-
ucts and that calpain or caspase inhibition attenuates
endonuclease DNA fragmentation and cell death. That
calpain inhibition provided protection against a-spectrin
fragmentation, endonuclease DNA fragmentation, and
apoptotic cell death is further evidence that this protease
may be an important effector of the apoptotic cascade.
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ABSTRACT

Traumatic brain injury (TBI) results in numerous central and systemic responses that complicate
interpretation of the effects of the primary mechanical trauma. For this reason, several in vitro mod-
els of mechanical cell injury have recently been developed that allow more precise control over in-
tra- and extracellular environments than is possible in vivo. Although we recently reported that cal-
pain and caspase-3 proteases are activated after TBI in rats, the role of calpain and/or caspase-3
has not been examined in any in vitro model of mechanical cell injury. In this investigation, vary-
ing magnitudes of rapid mechanical cell stretch were used to examine processing of the cytoskele-
tal protein a-spectrin (280 kDa) to a signature 145-kDa fragment by calpain and to the apoptotic-
linked 120-kDa fragment by caspase-3 in septo-hippocampal cell cultures. Additionally, effects of
stretch injury on cell viability and morphology were assayed. One hour after injury, maximal re-
lease of cytosolic lactate dehydrogenase and nuclear propidium iodide uptake were associated with
peak accumulations of the calpain-specific 145-kDa fragment to a-spectrin at each in jury level. The
acute period of calpain activation (1-6 h) was associated with subpopulations of nuclear morpho-
logical alterations that appeared necrotic (hyperchromatism) or apoptotic (condensed, shrunken nu-
clei). In contrast, caspase-3 processing of a-spectrin to the apoptotic-linked 120-kDa fragment was
only detected 24 h after moderate, but not mild or severe injury. The period of caspase-3 activation
was predominantly associated with nuclear shrinkage, fragmentation, and apoptotic body forma-
tion characteristic of apoptosis. Results of this study indicate that rapid mechanical stretch injury
to septo-hippocampal cell cultures replicates several important biochemical and morphological al-
terations commonly observed in vivo brain injury, although important differences were also noted.
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INTRODUCTION

TRAUMATIC BRAIN INJURY (TBI) results in numerous
pathological central and systemic responses that can
contribute independently or additively to neuronal cell
death and dysfunction. For example, primary mechanical
head injury results in a host of secondary insults such as
anoxia, ischemia, hypertension, edema, inflammation, or
increased cerebral perfusion pressure that complicate in-
terpretation of the effects of the initial injury. The brain’s
intimate interaction with the circulatory system is an ad-
ditional source of interpretive complication due to cere-
bral hemorrhage, metabolite removal and delivery, and
as a host for neutrophil infiltration. As a result of these
complications, several in vitro approaches to study neu-
rotrauma have been developed that model different bio-
mechanical or neurochemical insults associated with TBI
which allow more precise control over intracellular and
extracellular environments than possible in vive (for re-
views, see Morrison et al., 1998b; Murphy and Horrocks,
1994). The most commonly employed in vitro insults in-
clude glutamate toxicity (Choi et al., 1987), hypo-
glycemia (Monyer et al., 1989), hypoxia (Goldberg et al.,
1988), ischemia (i.e., hypoglycemia + hypoxia; Nath et
al., 1998), and axonal and dendritic lesions (Gross et al.,
1993; Lucas et al., 1990). In addition, in vitro models of
mechanical cell injury have been developed that replicate
important biomechanical stresses commonly associated
with traumatic brain injury in vive (Ellis et al., 1995;
LaPlaca et al., 1997; Morrison et al., 1998a; Mukhin et
al., 1998; Shepard et al., 1991). For example, a major
biomechanical force encountered by the brain during con-
cussive head injury is that of rapid deformation and ten-
sile strain, or stretch injury (Gennarelli and Thibault,
1985; Margulies et al., 1990). Several in vitro systems
have been designed to model this sort of mechanical in-
jury by culturing cells onto deformable substrates that are
then exposed to an applied load (Cargill and Thibault,
1996; Ellis et al., 1995; Morrison et al., 1998a). Ellis and
coworkers (1995) have developed and characterized a
model of stretch injury and have reported a number of
stretch-induced cellular alterations including mitochon-
drial swelling, increased plasma membrane permeability
(Ellis et al., 1995), influx of extracellular Ca?* (Rzi-
galinski et al., 1996), phospholipase C activation, arachi-
donic acid release (Lamb et al., 1997), and membrane de-
polarization (Tavalin et al., 1995, 1997). However, the
effects of stretch-injury on numerous other biochemical
and morphological variables related to in vivo brain in-
jury are not known.

The cysteine proteolytic enzymes calpain and caspase-
3 have received a great deal of attention as important me-
diators of cell injury/death in a variety of central nervous

system (CNS) insults. The calpains have been implicated
in CNS damage after traumatic brain injury (Kampfl et al.,
1997; Newcomb et al., 1997; Pike et al., 1998a; Posman-
tur et al., 1997; Saatman et al., 1996), spinal cord injury
(Banik et al.,, 1997; Li et al., 1995), and cerebral
ischemia in vivo (Hong et al., 1994; Lee et al., 1991;
Roberts-Lewis et al., 1994; Seubert et al., 1989). Although
the calpains are generally thought to be associated with
necrotic cell death, mounting evidence now indicates a role
for calpains in apoptotic cell death as well (Linnik et al.,
1996; Nath et al., 1996b; Pike et al., 1998b). Caspase-3 is
regarded as a critical executioner of apoptosis in several
in vitro cell culture systems (Nicholson and Thornberry,
1997) and caspase-3 activation has been observed in vivo
after TBI (Pike et al., 1998a; Yakovlev et al., 1997) and
cerebral ischemia (Chen et al., 1998; Endres et al., 1998;
Kitagawa et al., 1998; Namura et al., 1998). Apoptotic cell
death has also been observed in animal models of TBI
(Colicos and Dash, 1996; Conti et al., 1998; Eldadah et
al., 1996; Newcomb et al., 1999; Pravdenkova et al., 1996;
Rink et al., 1995), spinal cord injury (Crowe et al., 1997;
Kato et al., 1997; Katoh et al., 1996; Liu et al., 1997), and
cerebral ischemia (Charriaut-Marlangue et al., 1998). Our
laboratory has recently reported apoptotic cell death (New-
comb et al., 1999) and independent or concurrent activa-
tion of calpains and caspase-3 proteases (Pike et al., 1998a)
in various brain regions following lateral cortical impact
traumatic brain injury in rodents.

Although calpains or caspase-3 protease activation is
widely reported after CNS injury, few investigations have
assessed concurrent activation of these proteases (Nath
et al., 1996a,b; Pike et al., 1998b). In addition, TBI re-
sults in calpain and caspase-3 activation and necrotic and
apoptotic cell death. Because calpains are associated with
necrosis and apoptotic cell death while caspase-3 is as-
sociated only with apoptotic cell death, elucidation of the
relative contribution of these two protease families to cell
death after CNS injury is important. For instance, we have
demonstrated that both calpains and caspase-3 proteases
contribute to apoptotic cell death in staurosporine-in-
duced apoptosis (Pike et al., 1998b), whereas calpain but
not caspase-3 contributes to maitotoxin-induced necrotic
cell death in septo-hippocampal primary cell cultures
(Zhao et al., 1999). The present investigation is the first
to examine cell death phenotypes and protease activation
after in vitro mechanical insult.

MATERIALS AND METHODS

Septo-Hippocampal Cultures

Primary glial-neuronal cultures were prepared as pre-
viously reported (Pike et al., 1998b). Briefly, septi and
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hippocampi were dissected from gestational day 18 fetal
Sprague-Dawley rats in Hank’s balanced salt solution
(HBSS) supplemented with 4.2 mM sodium bicarbonate,
1 mM pyruvate, 20 mM HEPES, and 3 mg/mL bovine
serum albumin (BSA), pH 7.25. Tissue was washed in
Dulbecco’s modified Eagle’s medium (DMEM) and trit-
urated through the narrow pores of serial flame con-
stricted Pasteur pipettes in DMEM. Dissociated cells
were transferred to fresh DMEM with 10% fetal bovine
serum (DMEM-108) and plated onto collagen- and poly-
L-lysine-coated 25-mm-diameter Flex Plate wells (Flex-
cell International, McKeesport, PA) at a density of
4.36 X 103 cells/mL. Cultures were maintained in a hu-
midified incubator in an atmosphere of 5% CO, at 37°C
and media was replenished every 2 days. After day 5 in
vitro, medium was changed to DMEM-DM with 5%
horse serum. By day 10 in vitro, astrocytes formed a con-
fluent monolayer beneath morphologically mature neu-
rons.

All protocols have been approved by the University of
Florida’s Animal Care and Use Committee and are con-
sistent with National Institutes of Health (NIH) guide-
lines detailed in the Guide for the Care and Use of Lab-
oratory Animals and the Animal Welfare Act. Methods
of euthanasia are consistent with recommendations of the
Panel on Euthanasia by the American Veterinary Med-
ical Association.

Biomechanical Stretch Injury

Ten-day-old septo-hippocampal cultures were injured
as previously described with a model 94A Cell Injury
Controller (Ellis et al., 1995). Briefly, cells grown on
silastic membranes of Flexcell plates were rapidly
stretched (50 msec duration) by applying a positive pres-
sure pulse of compressed nitrogen gas that allowed for a
controlled deformation and rebound of the silastic mem-
brane. Deformations of 5.7, 6.5, and 7.5 mm were used
in these experiments. Following initial injury-response
assays, we classified these injuries as mild, moderate, and
severe, consistent with the original observations of Ellis
et al. (1995).

Characterization of Cell Injury

Lactate dehydrogenase release. Assessment of cell in-
jury was performed by measuring the release of lactate
dehydrogenase (LDH) into the culture medium at vari-
ous intervals after stretch injury. LDH is a stable large
molecular weight cytoplasmic enzyme that is present in
all cells and is rapidly released into the culture medium
upon disruption of the plasma membrane (Murphy and
Horrocks, 1994). LDH release into culture medium was
determined spectrophotometrically using an LDH assay

kit purchased from Boehringer Mannheim. One hundred
microliters of cell culture medium was transferred to a
96-well microplate and diluted with an equal volume of
the LDH assay reagent. A BioRad 450 microplate reader
was used to measure the optical density at 490 nm.

Propidium iodide uptake and fluorescein diacetate
loss. Cell injury was also qualitatively assessed by ex-
amining nuclear uptake of propidium iodide (PI) and so-
mal loss of fluorescein diacetate (FDA) as previously de-
scribed (Jones and Senft, 1985; Pike et al., 1998b). PI is
an intravital dye that is excluded from cells with intact
plasma membranes, but rapidly permeates cells with
damaged membranes, staining nuclei with a red fluores-
cence. FDA readily permeates plasma membranes where
esterases in the cytosol cleave the acetate from fluores-
cein causing a green fluorescence. Once cleaved, FDA
can no longer permeate intact membranes. A stock solu-
tion of FDA (20 mg/mL) was dissolved in acetone, and
a PI stock solution was dissolved in PBS (5 mg/mL).
Working solutions of FDA/PI were freshly prepared by
adding 10 uL of FDA and 3 pl PI stock to 10 mL of
HBSS. At various time-points after injury, the culture
medium was aspirated and cells were bathed in the
FDA/PI solution. Cells were stained for 3 min at room
temperature and examined with a Zeiss Axiovert 135 in-
verted fluorescence microscope equipped with epi-illu-
mination, band pass 450-490-nm exciter filter, 510-nm
chromatic beam splitter, and a long-pass 520-nm barrier
filter. This filter combination permitted both red and
green fluorescing cells to be seen simultaneously. Thus,
cell viability can be monitored by comparing the relative
magnitude of viable (green fluorescence) versus nonvi-
able (red fluorescence) cells.

Morphological Assessment of Neuronal and
Astroglial Cells

Immunocytochemistry. To determine the effects of
stretch injury on neuronal and astroglial cell types, cul-
tures were labeled immunocytochemically with antibod-
ies against neuronal nuclear protein (NeuN; monoclonal;
Chemicon) and microtubule associated protein—2
(MAP2; monoclonal Sternberger) (for neurons) or against
glial fibrillary acidic protein (GFAP; polyclonal; Sigma)
(for astroglia). Because MAP2 is rapidly degraded by cal-
pain (Fischer et al., 1991), neurons were double labeled
with NeuN to provide a more stable marker of neuronal
cell populations after injury. At various intervals after in-
jury, culture medium was aspirated, cells were washed
2X in PBS and fixed in 4% paraformaldehyde for 5 min
at room temperature. After 2X wash in PBS cells were
permeabilized with 0.5% Triton X-100 (in PBS) for 5
min and blocked with 10% goat or horse serum in PBS
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for 1 h at room temperature. Cells were then incubated
in appropriate primary antibodies (1:1,000) in PBS con-
taining 1% horse or goat serum. After 2X wash in
PBS/0.05% Tween-20, cells were incubated in horserad-
ish peroxidase-conjugated goat anti-rabbit IgG (for
GFAP) or sheep anti-mouse IgG (for MAP2 and NeuN;
1:1,000) for 1 h. Cells were washed 3X in PBS, and di-
aminobenzedine (DAB; Sigma) or SG substrate (Vector)
was used to visualize the reaction. Following incubation
in DAB or SG, the reaction was stopped by washing cells
with distilled H,O. To visualize stained cells with the mi-
croscope, the 2-mm-thick silastic membranes from 6 well
stretch plates were gently removed and trimmed to fit on
standard microscope slides.

Alterations in nuclear morphology. Nuclear alterations
were examined with the adenine-thymine base-pair-spe-
cific DNA dye Hoechst 33258 (bis-benzimide; Sigma).
This dye was used to identify characteristics of necrotic-
or apoptotic-like morphological alterations. Nuclei of
normal cells can be identified by a homogenous and dif-
fuse fluorescent chromatin whereas apoptotic cells fluo-
resced intensely and were characterized by highly con-
densed chromatin, visibly shrunken and often eccentric
shaped nuclei, and by the separation of the nucleus into
discrete nuclear fragments (apoptotic bodies; Purnanam
and Boustany, 1999; Schemechel, 1999). In contrast,
necrotic cells fluoresce brightly with pyknotic chromatin
where nuclei have maintained their basic morphology or
have become rounded or swollen in appearance (Pur-

ET AL.

nanam and Boustany, 1999; Schmechel, 1999). Using
these criteria, the number of necrotic and apoptotic
Hoechst stained nuclei were quantified in control cultures
and at each time point after stretch injury.

Calpain and Caspase-3 Activation Inferred by
Proteolysis of a-Spectrin Protein

SDS-polyacrylamide gel electrophoresis and im-
munoblotting. At various intervals after injury, cells were
collected from three identically manipulated culture wells
by gentle scraping in ice cold lysis buffer containing ion
chelators and a protease inhibitor cocktail (20 mM
HEPES, pH 7.6,2 mM EGTA, | mM EDTA, 1 mM DTT,
0.5 mM PMSF, 50 ug/mL leupeptin, and 10 pg/mL each
of AEBSF, aprotinin, pepstatin, TLCK, and TPCK). To
facilitate cell lysis, samples were frozen (—70°C),
thawed, and sheared through a 1.0-mL syringe 10 times
with a 25-gauge needle. Protein content in the samples
was assayed by the Micro BCA method (Pierce, Rock-
ford, IL). For protein electrophoresis, equal amounts of
total protein (20 ug) were prepared in twofold loading
buffer containing 0.25 M Tris (pH6.8), 0.2 M DTT, 8%
SDS, 0.02% Bromophenol Blue, and 20% glycerol, and
heated at 95°C for 10 min. Samples were resolved in a
vertical electrophoresis chamber using a 4% stacking gel
over a 6.5% acrylamide resolving gel for 1 h at 200 V.
For immunoblotting, separated proteins were laterally
transferred to nitrocellulose membranes (0.45 wM) using
a transfer buffer consisting of 0.192 M glycine and 0.025
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FIG. 1. Mechanical deformation of cultured septo-hippocampal cells causes graded and sustained increases in lactate dehydro-
genase (LDH) release in culture medium. At all injury magnitudes (5.7, 6.5, and 7.5 mm), the largest increase in LDH release
was observed at 1 h after injury. LDH levels were observed to decrease over the ensuing hours but were still significantly ele-

vated 24 h after injury. *p < 0.05, **p < 0.01, ***p < 0.001.
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Tris (pH 8.3) with 10% methanol at a constant voltage then blocked overnight in 5% nonfat milk in 20 mM Tris,
of 100 V for 1 h at 4°C. Nitrocellulose membranes were 0.15 M NaCl, and 0.005% Tween-20 at 4°C.

stained with Panceau red (Sigma) to insure even transfer

of all samples to the membranes and to confirm that equal Antibodies and immunolabeling. Tmmunoblots were
amounts of protein were loaded in each lane. Blots were  probed with an anti-a-spectrin monoclonal antibody

FIG. 2. FDA/PI and Hoechst 33258 staining after mechanical stretch injury (6.5 mm). (A) Control cultures grown on flex plates
demonstrate normal somal integrity, indicated by retention of intracellular FDA (green fluorescence) and lack of nuclear PI up-
take. Note confluent astroglial cell layer (open arrow, a) beneath mature neuronal cell phenotypes (closed arrow, n). (B) Increased
PI uptake (red fluorescence) is evident 1 h after injury. (C) At 24 h after injury, fewer cells stained for PI, and there was a slight
reduction in the number of neuronal cell phenotypes. (D) Hoechst 33258 staining of control cell nuclei 24 h after stretch injury
to sister cells. Note homogenous, diffuse Hoechst staining in healthy unstretched cells. (E) At 1 h after injury, the nuclei of nu-
merous cells appeared hyperchromatic and fluoresced brightly. Some cells maintained their normal nuclear size and shape, but
had hyperchromatic nuclei that were characteristic of necrotic cell death (thick arrow). Hyperchromatic nuclei of other cells were
visibly shrunken and characteristic of apoptotic cell death (thin arrow). (F) By 24 h after injury, all hyperchromatic nuclei ap-
peared shrunken and in various stages of nuclear disassembly including nuclear fragmentation (open arrows) and formation of
discrete apoptotic bodies (curved arrows). Bar = 50 um.
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(Affiniti Research Products, U.K.; catalogue no. FG
6090, clone AA6) that detects intact a-spectrin (280 kDa)
and 150-, 145-, and 120-kDa cleavage fragments to a-
spectrin. A cleavage product of 150 kDa is initially pro-
duced by calpains and caspase-3 proteases; thus, the band
cannot be used to discriminate calpain versus caspase ac-
tivity (Nath et al., 1996a,b; Wang et al., 1998). However,
the 145-kDa SBDP is a specific proteolytic fragment of
calpain (Harris et al., 1988; Nath et al., 1996a,b). In ad-
dition, the 120-kD SBDP has been identified as being a
specific apoptotic-linked proteolytic fragment of caspase-
3 (Nath et al., 1998; Wang et al., 1998). Following in-
cubation with the primary antibody (1:4,000 dilution) for
2 h at room temperature, blots were incubated in perox-
idase-conjugated sheep anti-mouse IgG for 1 h (dilution,
1:10,000). Enhanced chemiluminescence reagents (ECL,
Amersham) were used to visualize immunolabeling on
Hyperfilm (Hyperfilm ECL, Amersham).

Statistical Analyses

Each experiment was performed at least three times,
and data were evaluated by ANOVA with Tukey post
hoc comparisons. Values are given as mean * SEM. Dif-
ferences were considered significant if p < 0.05. Semi-
quantitative evaluation of protein levels detected by im-
munoblotting was performed via computer-assisted
one-dimensional densitometric scanning (Alphalmager
2000 Digital Imaging System, San Leandro, CA). Data
were acquired as integrated densitometric values and
tranformed to percentages of the densitometric levels ob-
tained on scans from control cultures visualized on the
same blot. Transformed data was evaluated by ANOVA
and post hoc comparisons as described above.

RESULTS

Effects of Stretch Injury on Septo-Hippocampal
Cultures

Lactate dehydrogenase release. Initial injury-re-
sponse assays were performed to determine the effects
of various stretch deformations (5.7, 6.5, and 7.5 mm)
on LDH release into the culture medium. Consistent
with Ellis et al. (1995), increasing levels of mechanical
stretch were reliably associated with significantly in-
creased release of LDH into the culture medium as com-
pared to nonstretched control wells (p < 0.01 for each
injury level; Fig. 1). At all three injury magnitudes,
LDH levels were highest at 1 h after injury. LDH lev-
els were markedly elevated at each injury magnitude for
the first 6 h after injury, and a lower but significant re-
lease of LDH was still detected at 24 h after stretch in-
jury (Fig. 1).

Propidium iodide uptake and fluorescein diacetate
loss. Consistent with LDH release, stretch injury resulted
in a rapid increase in the number of PI stained nuclei that
was positively related to increased injury magnitude.
With each injury magnitude (5.7, 6.5, 7.5 mm) the num-
ber of Pl-stained nuclei was greatest at 1 h after injury.
All subsequent time points revealed a decreased number
of PI staining compared to the 1 h time point (for profile
of the 6.5 mm injury, see Fig. 2). At 24 h after injury,
only a few scattered cells were observed to stain for PIL.
FDA staining indicated that there was a noticeable re-
duction in the number of neuronal cell types (based on
phenotypic profile) while the number of astroglial cells
appeared unaltered after 6.5-mm injury (Fig. 2). How-
ever, the 7.5-mm injury magnitude was clearly associ-
ated with both neuronal and astroglial cell loss indicated
by a large loss in the number of FDA stained cells and
by increased areas of cell detachment from the Silastic
membranes (data not shown).

Morphological Assessment of Neuronal and
Astroglial Cells

Dendritic perturbation and neuronal cell loss after
stretch injury. Examination of MAP2, a structural soma-
todendritic protein found in neurons, and NeuN, a neu-
ronal-nuclear protein, revealed a typical staining pattern
of neuronal dendrites and nuclei in nonstretched cells.
Nonstretched neurons were characterized by large nuclei,
ovoid-shaped cell bodies, and by the appearance of num-
rous, long and smooth multipolar dendritic processes
(Fig. 3A). However, after stretch injury, there was a tem-
porally progressive decrease in the number and length of
dendritic processes related to injury magnitude. For in-
stance, within the first hour after moderate to severe in-
Jjury (6.5-7.5 mm), many processes appeared fragmented
with numerous punctate swellings or beads (varicousi-
ties) along distal portions of the dendrites (Fig. 3B). By
24 h after stretch injury (6.5 and 7.5 mm), most neurons
had lost their multipolar dendritic arbor and extended
only unipolar or bipolar processes (Fig. 3C). In addition,
there was an overt reduction in the number of NeuN-
stained neurons between 6 and 24 h after 6.5- and 7.5-
mm stretch injury.

In contrast to the marked alterations in MAP2 im-
munoreactivity observed after moderate or severe levels
of stretch injury, mild stretch injury (5.7 mm) resulted in
transient dendritic varicousities localized along distal, but
not proximal dendrites. In addition, there was no overt
loss of neuronal cell phenotypes indicated by NeuN or
FDA staining (data not shown).

Astroglial perturbations after stretch injury. To assess
the astrocytic reaction to stretch injury, astroglial cells
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FIG. 3. Mechanical cell stretch induces alterations in neuronal and astrocyte cell morphology (representative photomicrographs
from 6.5 mm injury level). Dendritic perturbation and neuronal cell loss after stretch injury (left column): (A) Examination of
MAP2 (gray-black color; in soma/dendrites) and NeuN (brown color; in nucleus) revealed a typical staining pattern of neuronal
dendrites and nuclei in nonstretched cells. Note long-smooth dendrites typical of healthy cells (arrowhead). (B) After stretch in-
jury, there was a temporally progressive decrease in the number and length of dendritic processes. Acutely after injury, many
processes appeared fragmented with numerous punctate swellings or beads (varicousities) along distal portions of the dendrites
(arrowheads). (C) By 24 h after stretch injury, MAP2 immunoreactivity was markedly reduced or was absent along distal processes
and an increased number of large varicousities were detected along proximal dendrites (arrowheads). In addition, most neurons
had lost their multipolar dendritic arbor and extended only unipolar or bipolar processes. Note increased somal staining of MAP2
(arrow) that may be attributable to interrupted dendritic transport of MAP. Astroglial perturbations after stretch injury (right col-
umn): (D) Astrocytes (gray color) in nonstretched wells formed a confluent monolayer beneath neurons (brown color) and stained
weakly with antiserum to GFAP. (E) At 1 h after stretch injury, there was an obvious increase in astrocytic hypertrophy (arrows)
and GFAP immunoreactivity was increased. Hypertrophied astrocytes had enlarged irregularly shaped stellate cell bodies and ex-
tended numerous enlarged cytoplasmic processes. (F) At 24 h after injury, the majority of astrocytes appeared reactive and were
characterized by increased GFAP immunoreactivity. Astrocyte processes revealed numerous punctate varicousities. Bar = 50 wm.

o
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Neuronal and Astrocytic Alterations After
Stretch Injury

Alterations in neuronal microtubule associated protein
2 (MAP2) and astrocyte glial fibrillary acidic protein
(GFAP) are commonly observed following a variety of
in vitro and in vivo CNS insults. MAP2 is a principle
component of neuronal dendritic microtubules that is
thought to contribute to microtubule assembly and to reg-
ulate interactions with other cytoskeletal components.
Phosphorylation of MAP2 by calcium/calmodulin-de-
pendent kinases may be an important event in neuronal
neurotransmitter signaling (DeCamilli et al., 1984) and
trauma-induced disruption of dendritic MAP2 organiza-
tion may impair neuronal function. Several investigations
have reported decreased MAP2 immunoreactivity and
protein levels after traumatic brain injury in rats (Folk-
erts et al.,, 1998; Hicks et al., 1995; Lewen et al., 1996;
Posmantur et al., 1996a,b; Saatman et al., 1998; Taft et
al.,, 1992, 1993). However, the present investigation is
the first to examine MAP2 immunoreactivity and den-
dritic morphology after mechanical stretch injury. Im-
portantly, our investigation demonstrates the typical pat-
tern of MAP2 loss and associated dendritic derangements
commonly described after numerous neuronal insults, in-
cluding excitotoxic lesions in vitro (Park et al., 1996) and
after cerebral ischemia (Matesic and Lin, 1994) and trau-
matic brain injury (Folkerts et al., 1998; Lewen et al.,
1996; Posmantur et al., 1996a,b) in vive. These results
indicate that mechanical tensile strain is sufficient to in-
duce MAP2 cytoskeletal degradation.

MAP?2 is a known substrate of calpain (Fischer et al.,
1991; Johnson et al., 1991), and calcium-dependent cal-
pain activation has been closely associated with MAP2
loss after traumatic spinal cord injury (Springer et al.,
1997) and in rodent brain after excitotoxic lesions (Siman
and Noszek, 1988). After mild to severe stretch injury to
CNS cultures, intracellular free calcium concentrations
and extracellular glutamate levels have been reported to
be transiently elevated (Rzigalinski et al., 1997, 1998).
Thus, stretch-induced glutamate efflux and loss of intra-
cellular Ca®* homeostasis could result in increased cal-
pain activation and subsequent proteolysis of calpain sub-
strates such as MAP2 and a-spectrin. In support of this
hypothesis, a preliminary report from our laboratory has
shown that the NMDA receptor antagonist MK-801 (50
uM) attenuated LDH release (by 26%) and calpain-me-
diated processing of a-spectrin after moderate stretch in-
jury in neuronal + glial septo-hippocampal cultures
(Zhao et al., 1998).

Resting astrocytes typically proliferate in response to
injury and display a hypertrophied morphology charac-
terized by enlarged, irregularly shaped cell bodies and

extension of numerous processes that express increased
GFAP intermediate filaments (Malhotra et al., 1990).
This process of reactive gliosis is one of the most sensi-
tive assays of neuronal injury in vive (O’ Callaghan, 1993)
and has been frequently characterized in various models
of rodent traumatic brain injury (e.g., Cortez et al., 1989;
Hill et al., 1996). However, the present investigation is
the first to examine GFAP immunoreactivity and reac-
tive gliosis after mechanical stretch injury in glial-neu-
ronal cell cultures. Stretch injury resulted in a graded re-
sponse of astrocytes to various injury levels (5.7-, 6.5-,
and 7.5-mm injury; data for 5.7- and 7.5-mm injury not
shown). Astrocyte morphology after stretch injury was
stereotypical of the classic reactive astrocyte response to
injury, and these results indicate that mechanical tensile
strain is sufficient to induce reactive gliosis in astrocytes.

CONCLUSION

Mechanical stretch injury to septo-hippocampal cell
cultures induces a variety of pathological responses that
have been observed after clinical and experimental trau-
matic brain injury. These alterations included increased
membrane permeability, astrocyte hypertrophy and in-
creased GFAP levels, loss of neuronal-dendritic MAP2,
rapid calpain activation, caspase-3 activation, necrosis,
and apoptotic cell death. However, one important differ-
ence between in vitro mechanical stretch injury and in
vivo traumatic brain injury was that calpain processing
of a-spectrin was confined to the period of acute injury
response (1-6 h) after stretch injury, whereas calpain pro-
cessing of a-spectrin after traumatic brain injury can en-
dure for as long as 2 weeks after injury (Pike et al.,
1998a). Nonetheless, mechanical stretch injury (tensile
strain) is a simple and reliable method for the study of
mechanically induced CNS pathology.
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Abstract: Studies examined the phenotypic characteristics of
glutamate-induced cell death and their relationship to calpain
and caspase-3 activation. Cell viability was assessed by fluo-
rescein diacetate and propidium iodide staining and lactate de-
hydrogenase release. Calpain and caspase-3 activity was in-
ferred from signature proteolytic fragmentation of a-spectrin.
Characterization of cell death phenotypes was assessed by
Hoechst 33258 and DNA fragmentation assays. Exposure of
septohippocampal cultures to 1.0, 2.0, and 4.0 mmol/L gluta-
mate induced a dose-dependent cell death with an LDs, of 2.0
mmol/I. glutamate after 24 hours of incubation. Glutamate
treatment induced cell death in neurons and astroglia and pro-
duced morphological alterations that differed from necrotic or
apoptotic changes observed after maitotoxin or staurosporine

exposure, respectively. After glutamate treatment, cell nuclei
were enlarged and eccentrically shaped, and aggregated chro-
matin appeared in a diffusely speckled pattern. Furthermore, no
dose of glutamate produced evidence of internucleosomal DNA
fragmentation. Incubation with varying doses of glutamate pro-
duced calpain and caspase-3 activation. Calpain inhibitor II
(N-acetyl-Leu-Leu-methionyl) provided protection only with a
narrow dose range, whereas carbobenzoxy-Asp-CH,-OC(0)-
2,6-dichlorobenzene (Z-D-DCB; pan-caspase inhibitor) and
MK-801 (N-methyl-p-aspartate receptor antagonist) were po-
tently effective across a wider dose range. Cycloheximide did
not reduce cell death or protease activation. Key Words: Glu-
tamate—Calpain—Caspase-3—Proteases.

Previous studies have reported that excitotoxicity is
associated primarily with necrosis (Choi et al., 1987;
Siman and Card, 1988). More recent studies have main-
tained that both necrotic and apoptotic mechanisms are
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activated after excessive stimulation of various gluta-
mate receptor subtypes (Bonfoco et al., 1995). However,
the precise mode of excitotoxic neuronal cell death re-
mains controversial. Inconsistent reports of cell death
phenotypes produced specifically by glutamate toxicity
in vitro have no doubt contributed to this controversy.
For example, a number of investigators have reported
glutamate-induced apoptotic-like cell death characteris-
tics in culture (Bonfoco et al., 1995; Cebers et al., 1997;
Du et al., 1997; Kure et al., 1991). In contrast. other
investigators have concluded that glutamate toxicity does
not produce apoptotic cell death profiles (Ikeda et al.,
1996; MacManus et al., 1997). Comparison of data from
these studies is complicated by the use of different cul-
ture systems, different criteria for defining apoptotic cell
death phenotypes, and different glutamate dosing regi-
mens. Equally important, and with few exceptions (Du et
al., 1997; Nath et al., 1998), the possible contribution of
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calpains and caspases as proteolytic mediators of ne-
crotic and apoptotic cell death has not been characterized
in models of glutamate toxicity.

Caspases, members of the cysteine protease family,
are important intracellular effectors of apoptosis in vari-
ous cell lines and apoptotic models (Nath et al., 19964, b;
Pike et al., 1998h; Zhivotovsky et al., 1997). The role of
caspase-1, caspase-3, and caspase-3-like (caspase-3, -6,
and -7) proteases has been the focus of numerous inves-
tigations. Although the contribution of caspase-1 to ap-
optosis in the central nervous system has not been well
established (Nath et al., 19964,b; Wang et al., 1998; Zhi-
votovsky et al., 1997), a number of studies have impli-
cated caspase-3-like proteases in neuronal apoptotic cell
death (Nath et al., 1996a,b; Pike et al., 1998h: Wang et
al., 1998). In fact, some studies suggest that caspase-3-
like proteases are activated only in apoptosis but not in
necrosis (Wang et al., 1996b). Calpains are calcium-
activated, neutral, cytosolic cysteine proteases (Nath et
al., 1996b). Although investigators have historically as-
sumed that calpain activation resulted in necrotic cell
death, several recent investigations have suggested that
calpains can also contribute to apoptosis (Nath et al.,
1996a; Pike et al., 1998h; Squier et al., 1994). Impor-
tantly, calpain activation has been implicated in different
models of apoptosis in different cell types including neu-
rons (Nath et al., 19964; Pike et al., 1998b; Squier et al.,
1994). A recent study provided evidence of increased
calpain and caspase-3 activity in rat cortical and cerebel-
lar granule neurons challenged with excitotoxins N-
methyl-D-aspartate (NMDA), 2-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid, and kainate, although
they provided no data on cell death phenotypes (Nath et
al., 1998). Similarly, Du et al. (1997) reported that acti-
vation of caspase-3-related proteases is required for glu-
tamate-mediated apoptosis in rat cerebellar granule neu-
rons. However, these authors did not examine calpain
activity.

To address these inconsistencies in studies of excito-
toxic cell death pathways, our laboratory has systemati-
cally characterized the phenotypic characteristics of
apoptotic cell death produced by staurosporine (Pike et
al., 1998h) and necrotic cell death produced by maito-
toxin (Zhao et al., 1999) in primary cultures of septohip-
pocampal neurons. We chose this culture system because
the hippocampus is preferentially vulnerable to a number
of acute insults including ischemia (Jenkins et al., 1989)
and mechanical trauma (Lyeth et al., 1990). The present
study represents the first characterization of apoptotic
and necrotic cell death after glutamate toxicity in relation
to activation of calpain and caspase-3 proteases. Recog-
nizing that criteria for cell death phenotypes are subject
to controversy (Portera-Cailliau et al., 1997), we incor-
porated a number of widely utilized morphological, bio-
chemical, and molecular criteria to describe cell death

characteristics in neurons and glia after glutamate expo-
sure. Results of this investigation indicate that glutamate
can elicit an apoptotic biochemical response not associ-
ated with apoptotic cell morphology. This result has im-
portant implications for pharmacological treatment of
cell death, even in cases where apoptosis is not thought
to play an important role.

MATERIALS AND METHODS

Septohippocampal cultures

Eighteen-day-old rat fetuses were removed from deeply
anesthetized dams. Septi and hippocampi were dissected in a
dissection buffer (Hanks® balanced salt solution, with 4.2
mmol/L. bicarbonate, 1 mmol/L. pyruvate, 20 mmol/l. N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonate, 3 mg/mL bo-
vine serum albumin, pH 7.25). After rinsing in Dulbecco’s
modified Eagle’s medium (DMEM), tissue was dissociated by
trituration through the narrow pore of a flame-constricted Pas-
teur pipette. Dissociated cells were resuspended in DMEM with
10% fetal calf serum and plated on 24-well poly-L-lysine-
coated plastic culture plates or 12-mm German glass (Erie Sci-
entific Co., Portsmouth, NH, U.S.A.) at a density of 4.36 x 10°
cells/mL. Cultures were maintained in a humidified incubator
in an atmosphere of 5% CO, at 37°C. After 5 days in culture,
the medium was changed to DMEM with 5% horse serum.
Subsequent medium changes were carried out three times a
week. By day 10 in vitro, astrocytes formed a confluent mono-
layer beneath morphologically mature neurons and experiments
were performed.

For neuronally enhanced cultures, hippocampi and septi
were dissected and dissociated as described above. Dissociated
cells were resuspended in DMEM and plated on 24-well poly-
L-lysine-coated plastic culture plates at a density of 4.36 x 10°
cells/mL. Cultures were maintained in a humidified incubator
in an atmosphere of 5% CO, at 37°C. Medium was changed
three times a week; however, only 50% of the medium was
changed each time to enhance neuronal survival.

Pharmacological treatment of
septohippocampal cells

Glutamate. Ten-day-old mixed septohippocampal cultures
were challenged with 1.0, 2.0, or 4.0 mmol/L glutamate in
DMEM (serum-free), and cell viability was monitored at vari-
ous postinjury time points (n = 10 wells/condition). Similar
glutamate concentrations have been used in mixed (Kure et al.,
1991) and neuronal (Ikeda et al., 1996) studies. To assess the
contribution of glia to differences in sensitivity to glutamate
toxicity, neuronally enhanced septohippocampal cultures were
also incubated in varying concentrations of glutamate (1
pmol/L to 2.0 mmol/L) for 24 hours (n = 3 wells/condition).
Glutamate was added directly to the medium for the entire
duration of experiments. Experiments were performed on day
10 in vitro as sensitivity of mixed septohippocampal cultures to
glutamate does not differ between 10 and 15 days in vitro (data
not shown).

N-Methyl-p-aspartate receptor antagonism, inhibition of
calpain and caspase activation, and protein synthesis inhibi-
tion. Sister cultures were pretreated 1 hour before, and co-
treated during, the glutamate challenge, with varying doses of
the NMDA antagonist MK-801 (RBI, Natick, MA, U.S.A_; 10
to 500 pmol/L), calpain inhibitor II (N-acetyl-Leu-Leu-
methionyl; 5 to 100 wmol/L; Boehringer Mannheim, India-
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napolis, IN, U.S.A.), the pan-caspase inhibitor carbobenzoxy-
Asp-CH,-0C(0)-2,6-dichlorobenzene (Z-D-DCB: 30 to 300
pmol/L; Bachem, King of Prussia, PA, U.S.A.), or the protein
synthesis inhibitor cycloheximide (1 pg/mL; Sigma, St. Louis,
MO, U.S.A.). All inhibitors were administered in DMEM (n =
3 wells/condition). We and others have used these concentra-
tions to provide inhibition of NMDA receptor-mediated toxic-
ity (Carroll et al., 1996), calpain activation (Kampfl et al.,
1996; Pike et al., 1998b), caspase-3-like protease activity (Nath
et al., 1996a,b; Pike et al., 1998b), and protein synthesis (Mar-
tin et al., 1988; Pike et al., 1998h), respectively. As noted
below, experimental procedures allowed independent assess-
ments of whether drugs used in this study inhibited activation
of calpains and caspase-3-like proteases inferred by «-spectrin
proteolysis.

Chemical inducers of apoptotic or necrotic cell death phe-
notypes. To provide comparisons of glutamate toxicity with
classic apoptotic and necrotic profiles. cultures were treated
with the general protein kinase inhibitor staurosporine or mai-
totoxin, a potent marine toxin that activates both voltage-
sensitive and receptor-operated calcium channels. Ten-day-old
septohippocampal cultures were challenged with 0.5 pmol/L
staurosporine for 24 hours, a dose and duration that we have
previously confirmed produce apoptotic but not necrotic neu-
ronal cell death in this in vitro system (Pike et al., 1998b). The
production of apoptotic cell death by staurosporine is associ-
ated with activation of both caspase-3 and calpain proteases,
and staurosporine-induced apoptosis can be attenuated by cal-
pain or caspase inhibitors (Pike et al., 1998b). Cultures were
also treated with maitotoxin (0.1 nmol/L for 1 hour), a dose and
duration that we have previously confirmed produce an exclu-
sively necrotic-like cell death profile in neurons and glia and
are associated with calpain but not caspase-3 activation (Zhao
et al., 1999).

Morphological and enzymatic assessments of
cell damage

Fluorescein diacetate and propidium iodide assay of cell
viability. Fluorescein diacetate (FDA) and propidium iodide
(PI) dyes were used to assess cell viability at various times
between 1 and 72 hours after glutamate incubation. Fluorescein
diacetate enters normal cells and emits a green fluorescence
when it is cleaved by esterases. Once cleaved, FDA can no
longer permeate cell membranes. Propidium iodide is an intra-
vital dye that is normally excluded from cells. After injury, PI
penetrates cells, binds to DNA in the nucleus, and emits a red
fluorescence. This technique is commonly used to quantitate
cell injury (Jones and Senft, 1983).

A stock solution of FDA was prepared by dissolving 20
mg/mL in acetone. A PI stock solution was prepared by dis-
solving 5 mg/mL in 1x phosphate-buffered saline (PBS) (Jones
and Senft, 1985). The FDA and PI working solutions were
freshly prepared by adding 10 pL of the FDA and 3 pL of PI
stock to 10 mL of Dulbecco’s PBS. Two hundred microliters
per well of FDA/PI working solution was added directly to the
cells. Cells were stained for 3 minutes at room temperature.
Stained cells were examined with a fluorescence microscope
equipped with epi-illumination, bandpass 450- to 490-nm ex-
citer filter, 510-nm chromatic beam splitter, and a long-pass
520-nm barrier filter. This filter combination permitted both
green and red fluorescing cells to be seen simultaneously. Cell
viability can be determined because this procedure results in
the nuclei of dead cells fluorescing red and the cytoplasm of
living cells fluorescing green. Cell loss was calculated in 100x
fields (five sequential 100x fields were counted and averaged
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per well) for three wells in each experiment as a percentage of
total cell number.

Hoechst staining of apopiotic nuclei. After overnight fixation
in 4% paraformaldehyde at 4°C, cells grown on German glass
were washed three times with PBS and labeled with I pg/mL
of the DNA dye Hoechst 33258 (bis-benzamide; Sigma) in
PBS. Cells were incubated for 5 to 10 minutes at room tem-
perature, rinsed with PBS, and mounted with crystal-mount
medium (Biomeda, Foster City, CA, U.S.A.). Cells were ob-
served and photographed on a phase and fluorescence micro-
scope with a UV2A filter.

Determination of lactate dehydrogenase activity Lactate de-
hydrogenase (LDH) activity assessed cell viability (Koh and
Choi, 1987) in experiments examining the effects of NMDA
receptor antagonism and inhibition of calpain and caspase pro-
teases and protein synthesis. Lactate dehydrogenase released
from damaged cells was measured by standard kinetic assay for
pyruvate (Boehringer Mannheim). An increase in the amount of
dead or plasma membrane-damaged cells results in an increase
of the LDH enzyme activity in the culture supernatant detected
by colorimetric measurements. In brief, 200 pL of culture me-
dium was removed from each well and centrifuged at 5,000 g
for 5 minutes. One hundred microliters of supernatant was
transferred to each well of a 96-well flat bottom plate, and 100
pL of detection reagent was added. The plate was covered with
foil and incubated on a shaker for 30 minutes at room tempera-
ture. The absorbance of samples was measured at 490 nm using
Bio-Rad model 450 microplate reader (Hercules, CA, U.S.A.).

DNA fragmentation assay

DNA gel electrophoresis was performed as described previ-
ously (Gong et al., 1994). Cells were collected by centrifuga-
tion at 3,000 g for 5 minutes, fixed in suspension in 70% cold
ethanol, and stored in the fixative at —=20°C for 24 to 72 hours.
Cells were centrifuged at 800 g for 5 minutes, and the ethanol
was thoroughly removed. Cell pellets were resuspended in 40
pL of phosphate/citrate buffer consisting of 192 parts of 0.2
mol/L. Na,HPO, and 8 parts of 0.1 mol/L citric acid (pH 7.8) at
room temperature for 1 hour. After centrifugation at 1,000 g for
5 minutes, the supernatant was transferred to new tubes and
concentrated by vacuum in a SpeedVac concentrator for 15 to
30 minutes. Three microliters of 0.25% Nonidet P-40 in dis-
tilled water was added, followed by 3 pL of DNase-free RNase
(I mg/mL). After 30-minute incubation at 37°C, 3 pL of pro-
teinase K (1 mg/mL) was added, and the extract was incubated
for an additional 30 minutes at 37°C. After the incubation, 1 pLb
of 6x loading buffer (0.25% bromophenol blue, 0.25% xylene
cyanol FF, and 30% glycerol in water) was added, the entire
content of the tube was transferred to a 1.5% agarose gel, and
electrophoresis was performed in 1x Tris/boric acid/ethylene-
diaminetetraacetate solution (0.1 mol/L Tris, 0.09 mol/L boric
acid, and 1 mmol/L ethylenediaminetetraacetate, pH 8.4) at 40
V for 2 hours. The DNA was visualized and photographed
under ultraviolet light after staining with 5 pg/mL ethidium
bromide.

Assessment of a-spectrin degradation by calpain
and caspase-3

Because the cytoskeletal protein «-spectrin contains se-
quence motifs preferred by both calpains and caspase-3 prote-
ases, activation of these two protease families can be assessed
concurrently by immunoblot identification of calpain and/or
caspase-3 signature cleavage products. Although both calpains
and caspases produce an initial fragment of nearly identical size
(150 kDa), calpains further process a-spectrin into a distinctive
breakdown product (BDP) of 145 kDa (Harris et al.. 1988; Nath
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et al., 1996a,b), whereas caspase-3 produces a unique 120-kDa
BDP (Wang et al., 1998).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
and immunoblotting. After each experiment, cells were har-
vested from five identical culture wells, collected in 15-mL
centrifuge tubes, and centrifuged at 3,000 g for 5 minutes.
Medium was removed, and the cells were rinsed with 1x PBS.
Cells were lysed in ice-cold homogenization buffer [20 mmol/L
I4-piperazinediethanesulfonate (pH 7.6), | mmol/L ethylene-
diaminetetraacetate, 2 mmol/L ethyleneglycol-bis-(p-
aminoethy! ether)-N,N,N' ,N'-tetraacetate, 1 mmol/L. dithio-
threitol, 0.5 mmol/L phenylmethylsulfonyl fluoride, 50 pg/mL
leupeptin, and 10 pg/mL each of 4-(2-aminoethyl)benzenesul-
fonyl fluoride, aprotinin, pepstatin, No-p-tosyl-1-lysine chloro-
methyl ketone, and N-tosyl-L-phenylalanine chloromethyl ke-
tone] for 30 minutes and sheared through a 1.0-mL syringe 15
times with a 25-gauge needle. Protein content in the samples
was assayed by the Micro bicinchroninic acid method (Pierce,
Rockford, IL, U.S.A.). For protein electrophoresis. equal
amounts of total protein (30 pg) were prepared in 2x loading
buffer containing 0.25 mol/L Tris (pH 6.8), 0.2 mol/L dithio-
threitol, 8% sodium dodecy! sulfate, 0.02% bromophenol blue,
and 20% glycerol and heated at 95°C for 10 minutes. Samples
were resolved in a vertical electrophoresis chamber using a 4%
stacking gel over a 6.5% acrylamide resolving gel for 1 hour at
200 V. For immunoblotting, separated proteins were laterally
transferred to nitrocellulose membranes (0.45 pwm) using a
transfer buffer consisting of 0.192 mol/L. glycine and 0.025
mol/L Tris (pH 8.3) with 10% methanol at a constant voltage of
100 V for | hour at 4°C. Blots were blocked overnight in 5%
nonfat milk in 20 mmol/L Tris. 0.15 mol/L. NaCl, and 0.005%
Tween 20 at 4°C. Gels and nitrocellulose membranes were
stained with Coomassie Blue and Ponceau Red, respectively
(Sigma) to confirm that equal amounts of protein were loaded
in each lane.

Antibodies and immunolabeling. Immunoblots were probed
with an anti-ce-spectrin monoclonal antibody (Affiniti Research
Products, Mamhead, U.K.; catalog no. FG 6090, clone AAG)
that detects intact a-spectrin (M, = 240 kDa) and 150-, 145-,
and 120-kDa BDPs. After incubation with primary antibody
(1:4,000) for 2 hours at room temperature, blots were incubated
in peroxidase-conjugated sheep anti-mouse IgG for 1 hour
(1:10,000). Enhanced chemiluminescence reagents (ECL kit;
Amersham) were used to visualize the immunolabeling on Hy-
perfilm (Hyperfilm ECL; Amersham, Piscataway, NJ, U.S.A.).

Hoechst 33258 staining in glial or neuronal
cell types

To determine the effects of glutamate on astroglial and neu-
ronal cell types, cultures were labeled immunocytochemically
with glial fibrillary acidic protein (GFAP; for astroglia) or mi-
crotubule-associated protein-2 (MAP-2) and neuronal nuclear
marker (NeuN; for neurons) and counterstained with Hoechst
33258. Microtubule-associated protein-2 labels primarily den-
drites, whereas NeuN is a neuronal nuclear marker. Cultures
were fixed in 4% paraformaldehyde for 1 hour at 4°C and
washed and stored in Ix PBS. Cultures were permeabilized
with 0.3% Triton X-100 for 30 minutes and blocked with 1%
normal horse or goat serum at room temperature for 1 hour,
followed by incubation with GFAP (1:1,000) or MAP-2 and
NeuN (1:1,000) antibody overnight at 4°C. Cultures were
washed in Ix PBS and incubated in horseradish peroxidase-
conjugated goat anti-rabbit IgG (for GFAP) or sheep anti-
mouse IgG (for MAP-2 and NeuN) (Cappel [Durham, NC,
U.S.A.]; 1:1,000) for 1 hour. Cultures were washed three times

in 1x PBS, and diaminobenzidine (Vector, Burlingame, CA,
U.S.A.) was used to visualize the reaction. After incubation in
diaminobenzidine, the reaction was stopped in tap water, and
cultures were counterstained with Hoechst 33258 for 5 minutes.
After a final wash, cells were mounted and coverslipped with
Cytoseal 280 mounting medium (EMS, Fort Washington, PA,
U.S.A.). Each slide was observed and photographed in the
same field using light (for immunolabeled cells) and fluores-
cence (for Hoechst 33258-1abeled cells) microscopy. A phase
contrast microscope (Axiovert 135) was used to distinguish the
glial and neuronal cell layers.

Statistical analyses

Each experiment was performed three times, and data were
evaluated by analysis of variance with a post hoc Tukey test.
Values are given as means + 1 SD. Differences were considered
significant at P < 0.05.

RESULTS

Effects of glutamate on septohippocampal
glial-neuronal co-cultures

Dose- and time-dependent cell death. An initial series
of experiments was conducted to determine dose—
response relationships between glutamate concentrations
and cell viability at various times after incubation with
the excitotoxin. Propidium iodide and FDA were used to
assess cell death and membrane integrity. Exposure of
mixed septohippocampal cultures to 1.0, 2.0, and 4.0
mmol/LL glutamate induced a dose-dependent cell death
with an LD, of 2.0 mmol/L. glutamate after 24-hour
incubation (Fig. 1A). The percentages of cells that
stained for PI after exposure to 2.0 mmol/L glutamate
were 14.6% at 1 hour, 17.5% at 3 hours, 27.1% at 6
hours, and 51.3% at 24 hours (Fig. 1A). A one-way
analysis of variance performed on these data revealed a
significant effect of group (F5,¢ = 13.13, P < 0.0001).
Post hoc analyses showed significant increases in cell
death after 1.0 mmol/L glutamate for 24 hours and at all
time points using 2.0 and 4.0 mmol/L glutamate com-
pared with control cells. Incubation with 2.0 mmol/L
glutamate for 24 hours was used for most subsequent
experiments, unless stated otherwise. Similar glutamate
concentrations have been used to study cell death in
other glial-neuronal co-culture systems (Kure et al.,
1991; also see Ikeda et al., 1996). The LDy, for gluta-
mate in neuronally enhanced cultures (~10 pmol/L; Fig.
IB) is similar to values reported for glutamate in other
neuronally enhanced cultures (Manev et al., 1991). Uni-
variate analysis of these data also showed a significant
effect of group (F; |, = 116, P < 0.0001), and post hoc
analyses revealed significant increases in cell death at all
concentrations tested.

Morphological responses to glutamate challenge. Glu-
tamate-treated septohippocampal cultures underwent
morphological alterations in cell structure that were char-
acteristic of neither apoptosis nor necrosis (Figs. 2 and
3). For example, after 6 hours of incubation with 2.0

I Cereb Blood Flow Metab, Vol 20, No. 3, 2000



L
n
S

A Glutamate Excitotoxicity in
Mixed Cultures

=3

£y

(=]
Il

~&— Control

—e— 1 mM Glutamate
—4— 2 mM Glutamate
1004 —*—4 mM Glutamate

dekde

% Cell Death (FDAJPI)
3

60 -
40-
20 1
0
1 hour 3 hours 6 hours 24 hours
Time Point
B Glutamate Excitotoxicity in
Neuronally Enhanced Cultures (24h)
= 140+
L 1201
g ekt wkE ik
o 1001 o
5 30- ke
g 60 doke
(]
= 407 i
@
O 201
;;?. 0 T T T T T T T T
S F FF F & 2 »
Ly
F NS s
§ I

Glutamate Dose

FIG. 1. Concentration and time course assays of glutamate-
induced cell death. (A) Mixed septohippocampal cultures. Cul-
tures were exposed to varying doses of glutamate (1.0, 2.0, 4.0
mmoal/L) for 1, 3, 6, or 24 hours. Cell loss was calculated using
fluorescein diacetate/propidium iodide (FDA/PI) staining and ex-
pressed as a percentage of total cell number. The LD, for glu-
tamate was 2.0 mmol/L after 24-hour incubation. (B) Neuronally
enhanced cultures. Cultures were exposed to varying doses of
glutamate (1 pmol/L to 2.0 mmol/L) for 24 hours. Cell loss was
calculated using FDA/PI staining and expressed as a percentage
of total cell number. All doses examined produced significant
increases in the number of cells stained with Pl compared with
control uninjured cultures. The LDy, for glutamate in neuronally
enhanced cultures was ~10 ymol/L. *P < 0.05, **P < 0.01, **P <
0.001.

mmol/L glutamate (Fig. 2D), P1 staining detected greater
nuclear swelling than observed in maitotoxin-induced
necrosis (Fig. 2B) or staurosporine-induced apoptosis
(Fig. 2C). In addition, there was no evidence of apoptotic
membrane blebbing or necrotic enlargement of cell bod-
ies, as seen in cells injured with staurosporine (Fig. 2C)
or maitotoxin (Fig. 2B). respectively. The FDA/PI stain-
ing of uninjured control cultures showed healthy FDA-
positive cell bodies and few cells stained with PI (Fig.
2A).

Hoechst staining of nuclear chromatin further charac-
terized cell death characteristics of glutamate toxicity in
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septohippocampal cultures (Fig. 3). Treatment with mai-
totoxin (0.1 nmol/L) for | hour produced necrotic cell
death (Figs. 3B and 3F) that was characterized by a pyk-
notic but even distribution of chromatin staining. Nuclei
of maitotoxin-treated cells appeared smaller, with more
condensed chromatin, yielding brighter Hoechst staining.
Consistent with necrotic-like cell death, Hoechst staining
did not detect chromatin marginization to the nuclear
envelope, formation of apoptotic bodies, or other pheno-
typical evidence of apoptotic-like profiles. In contrast,
treatment with staurosporine (0.5 wmol/L) for 24 hours
(Figs. 3C and 3G) produced increased condensation and
marginization of chromatin to the nuclear envelope as
well as formation of dense apoptotic bodies. Treatment
with glutamate (2.0 mmol/L) for 6 hours (Figs. 3D and
3H) produced morphological alterations that differed
from the classic necrotic and apoptotic changes observed
after maitotoxin or staurosporine exposure. After glutal
mate treatment, cell nuclei were enlarged and eccentri-
cally shaped. In addition, chromatin was aggregated in a
diffusely speckled pattern throughout the entire nucleus.
Chromatin clumping along nuclear margins and evidence
of apoptotic body formation were not observed in gluta-
mate-treated cells. Additional experiments examined
changes in nuclear morphology after 1 hour, 24 hours, 3
days, or 5 days of incubation with 2.0 mmol/L glutamate.
Hoechst staining revealed that there were no apparent
changes in nuclear morphology over this 5-day period
(data not shown).

DNA fragmentation. Endonuclytic DNA fragmenta-
tion can occur independently of chromatin condensation
(Lin and Chou, 1992). Thus, a DNA fragmentation assay
was used to determine whether DNA alterations in sep-
tohippocampal cultures assessed by Hoechst 33258
staining were associated with endonuclease activity. No
dose of glutamate tested (0.5, 1.0, 2.0, or 4.0 mmol/L)
produced evidence of DNA laddering after 24 hours of
incubation (Fig. 4) or for any other length of incubation
tested (15 minutes to 5 days; data not shown). Treatment
with maitotoxin also failed to produce DNA ladders, a
profile consistent with necrotic cell death. In contrast,
treatment with staurosporine produced readily detectable
nucleosomal-size DNA fragments characteristic of many
apoptotic model systems.

Induction of cell death in both neurons and astroglia
in septohippocampal cultures by glutamate. To identify
the type of cell (that is, astroglial versus neuronal) in-
jured by glutamate treatment, cells were stained with
Hoechst 33258 and immunolabeled with anti-MAP-2
and anti-NeuN to identify neurons (Fig. 5) or anti-GFAP
to identify astroglia (Fig. 6). After incubation with glu-
tamate (2.0 mmol/L) for 24 hours (Figs. 5C and 5D), the
number of NeuN-immunopositive neurons was markedly
reduced as compared with control cultures (Figs. SA and
5C). In addition, broken dendritic processes were appar-
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FIG. 2. Fluorescein diacetate (FDA) and propidium iodide (PI)
staining of septohippocampal cultures. (A) Control cultures. Note
normal somal structure in cells that take up FDA (green fluores-
cence) and the lack of Pl uptake (red fluorescence). (B) Treat-
ment with maitotoxin (0.1 nmol/L) for 1 hour. After maitotoxin
treatment, cell bodies stained with FDA were enlarged, whereas
Pl-positive nuclei appeared small and uniformly rounded, fea-
tures characteristic of necrotic cell death. In addition, fewer living
cells were detected. (C) Treatment with staurosporine (0.5 pmol/
L) for 24 hours. After staurosporine treatment, numerous nuclei
showed positive staining for Pl. Unlike maitotoxin-induced necro-
sis, cell bodies stained with FDA were not enlarged but did show
evidence of membrane blebbing (arrow), indicating a preserved
integrity of the plasma membrane characteristic of apoptosis. (D)
Treatment with glutamate (2.0 mmol/L) for 6 hours. After gluta-
mate treatment, Pl staining detected greater nuclear swelling
than observed in maitotoxin-induced necrosis (B) or staurospo-
rine-induced apoptosis (C). In addition, there was no evidence of
apoptotic membrane blebbing or necrotic enlargement of cell
bodies. Bar = 5 ym.

ent as well as loss of MAP-2 immunoreactivity (Fig. 5C).
The MAP-2 immunohistochemistry also detected promi-
nent dendritic beading after glutamate treatment (Fig.
5C). Hoechst staining in injured neurons revealed chro-
matin aggregation in a diffusely speckled pattern with no
chromatin clumping along nuclear margins (Fig. 5D).
Incubation with glutamate (2.0 mmol/L) for 24 hours
resulted in glial cell death (Figs. 6C and 6D) that was
associated with cell shrinkage and membrane folding.
These changes ultimately resulted in complete cell de-
tachment and loss of confluence of the glial monolayer.
After injury, Hoechst staining revealed DNA aggregation
in a diffusely speckled pattern (Fig. 6D) in some GFAP-
positive cells (Fig. 6C). Hoechst staining in injured glia
revealed a similar nuclear profile to that observed in glu-
tamate-treated neurons (Fig. 5D vs. Fig. 6D).

Calpain and caspase-3 proteolysis of a-spectrin
Proteolysis of a-spectrin into 150-kDa, calpain-
specific 145-kDa, and caspase-3-specific 120-kDa BDPs
was examined after incubation with varying doses of
glutamate (1.0, 2.0, and 4.0 mmol/L) for 3, 6, or 24 hours
(Fig. 7). Magnitudes of calpain and caspase-3 activation
were dependent on concentrations of glutamate and du-
rations of incubation. In general, every dose of glutamate
tested produced prominent calpain activation. Lower glu-
tamate concentrations (1.0 and 2.0 mmol/L) produced
modest but sustained caspase-3 activation. The highest
dose of glutamate (4.0 mmol/L) produced prominent
caspase-3 activation after 6 hours of incubation.

Effects of N-methyl-p-aspartate receptor
antagonism and inhibition of calpains, caspases, and
protein synthesis on cell viability and
a-spectrin proteolysis

Cell viability assessments. Lactate dehydrogenase re-
lease assessed cell viability 6 hours after incubation with
2.0 mmol/L. glutamate alone or in combination with
varying doses of the NMDA receptor antagonist MK-801
(10 to 500 pmol/L), calpain inhibitor II (5 to 100 wmol/
L), and the pan-caspase inhibitor Z-D-DCB (30 to 300
pmol/L; Fig. 8). A significant effect of group was shown
by a one-way analysis of variance for MK-801 (Fg 4, =
89.05, P < 0.0001) and Z-D-DCB (F¢,, = 82.77, P <
0.0001) but not for calpain inhibitor II (F5,, = 3.03, P
= 0.0535). Post hoc analyses revealed significant dif-
ferences in LDH release between glutamate-injured and
control cells and between glutamate-injured cells and
cells treated with all MK-801 doses, 25 pwmol/L calpain
inhibitor II, and 30 to 200 wmol/L Z-D-DCB. MK-801
provided optimal protection at 100 pmol/L. concentra-
tions, inferred by LDH release (Fig. 8A); calpain inhibi-
tor I provided minimal protection against cell death at
25 p.mol/L. concentrations (Fig. 8B); and Z-D-DCB pro-
vided optimal protection at 50 to 100 wmol/L concen-
trations (Fig. 8C).
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FIG. 3. Course of nuclear morphological alterations during glutamate-induced cell death detected by Hoechst 33258 staining. (A and E)
Control cultures. Note diffuse chromatic staining. (B and F) Treatment with maitotoxin (0.1 nmol/L) for 1 hour. An even distribution of DNA
staining in maitotoxin-treated cells is evident. Nuclei of maitotoxin-treated cells appear smaller, with more condensed chromatin yielding
brighter Hoechst staining. Consistent with necrotic-like cell death, Hoechst staining did not detect nuclear chromatin margination or
formation of apoptotic bodies. (C and G) Treatment with staurosporine (0.5 pmol/L) for 24 hours. Hoechst staining detected increased
condensation and margination of chromatin to the nuclear envelope and the formation of dense apoptotic bodies. (D and H) Treatment
with glutamate (2.0 mmol/L) for 6 hours. Glutamate treatment produced eccentric-shaped, enlarged nuclei. The DNA aggregation
appeared in a diffusely speckled pattern throughout the nucleus with no chromatin clumping along nuclear margins or evidence of
apoptotic body formation. Bars = 5 ym (A to D) and 2.5 pm (E to H),
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FIG. 4. Analysis of oligonucleosomal-sized fragmentation of
DNA by endonucleases following treatment with glutamate, stau-
rosporine, or maitotoxin. No dose of glutamate tested (0.5, 1.0,
2.0, 4.0 mmol/L) produced evidence of DNA ladders after 24
hours of incubation. Treatment with maitotoxin (0.1 nmol/L for 1
hour, a dose producing necrotic-like cell death at this time point)
also failed to produce DNA ladders. In contrast, treatment with
staurosporine (0.5 pmol/L for 24 hours, a dose producing apop-
totic-like cell death at this time point) produced readily detectable
nucleosomal-sized DNA fragments.

a-Spectrin proteolysis. Western blots examined prote-
olysis of a-spectrin into 150-kDa, calpain-specific 145-
kDa, and caspase 3-specific 120-kDa BDPs detected af-
ter 6 hours of glutamate incubation alone (2.0 mmol/L)
or in combination with optimal doses of calpain inhibitor
IT (25 pmol/L), MK-801 (100 pmol/L), Z-D-DCB (50
pmol/L), and cycloheximide (1 wg/ml). The effects of
these drugs on wa-spectrin proteolysis were compared
with their effectiveness in protecting against glutamate
cell death, inferred by LDH release (Fig. 9). Glutamate
treatment was sometimes associated with an additional
lower molecular mass band, suggesting further process-
ing of a-spectrin not observed in control cultures. A
one-way analysis of variance revealed a significant effect
of group (F5, = 193, P < 0.0001). Post hoc analyses
showed significant differences between glutamate-
injured and control cells and between glutamate-injured
cells and cells treated with calpain inhibitor II, Z-D-
DCB, or MK-801. Although calpain inhibitor II signifi-
cantly inhibited calpain activation, inhibition only mini-
mally reduced LDH release. The pan-caspase inhibitor

Z-D-DCB significantly reduced caspase-3 activation as
well as LDH release. The protein synthesis inhibitor cy-
cloheximide failed to block calpain or caspase-3 activa-
tion or to reduce LDH release. MK-801 significantly
reduced calpain activation as well as LDH release.

DISCUSSION

The present study provides the first systematic exami-
nation of cell death phenotypes associated with gluta-
mate toxicity in primary mixed neuronal cultures. The
study also provides the first concurrent assessment of
potential contributions of two important families of cys-
teine proteases, calpains and caspases. to glutamate-
induced cell death in any model system. Our data
suggest that activation of caspase-3 could be an impor-
tant mediator of glutamate toxicity. Activation of
calcium-dependent proteases also contributes to gluta-
mate toxicity, although calpain inhibition was not
as effective at providing protection against cell death
as was Z-D-DCB. However, Z-D-DCB is a pan-caspase
inhibitor, and thus its more robust protection may be
due to inhibition of caspases other than caspase-3. Im-
portantly, glutamate-induced cell death did not resemble
apoptotic or necrotic phenotypes produced in this same
cell system by chemical inducers of apoptosis or necro-
SIS,

Glutamate toxicity in mixed primary
septohippocampal cell cultures

Dose-response analyses showed that 2.0 mmol/L glu-
tamate produced ~50% cell death in mixed neuronal-
glial cultures after 24 hours of incubation. Glutamate-
induced cell death in the present study was inferred by
both FDA/PI staining and LDH release. In separate stud-
ies, we have confirmed that these two measures provide
congruent assessments of loss of cell viability (data not
shown). Researchers usually find that neuronally en-
hanced cultures are more sensitive to glutamate toxicity
than mixed neuronal—glial cultures (Adamec et al., 1998;
Manev et al., 1991), although some investigations have
used millimolar concentrations to study glutamate exci-
totoxicity in neurons (Ikeda et al., 1996). Higher concen-
trations of glutamate required in mixed culture systems
are largely attributable to the formation of a confluent
monolayer of astrocytes on which the neurons grow. As-
trocytes act as glutamate sinks, aminating this neuro-
transmitter to form glutamine (Murphy and Horrocks,
1994). Investigators often report that astrocytes can pro-
tect neurons from glutamate excitotoxicity (Sass et al.,
1993).. We confirmed the contribution of astrocytes to
reduced glutamate toxicity in our culture system by dem-
onstrating that neuronally enhanced septohippocampal
cultures have dramatically increased sensitivity to gluta-
mate toxicity (Fig. 1B).

Major glutamate receptors studied to date are ex-

J Cereb Blood Flow Metab, Vol 20, No, 3, 2000
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FIG. 5. Effects of glutamate toxicity on neurons in mixed septohippocampal cultures. Neurons were stained with both microtubule-
associated protein-2 (MAP-2) and neuronal nuclear marker (NeuN) (A and C) and Hoechst 33258 (B and D). Control cultures (A and B)
showed normal somatic and nuclear morphology (arrows). After incubation with glutamate (2.0 mmol/L) for 24 hours (C and D), the
number of immunopositive neurons was markedly reduced. Broken dendritic processes were apparent (C, arrowheads) as well as some
loss of MAP-2 immunoreactivity (C, straight filled arrow). In addition, MAP-2 immunohistochemistry detected prominent dendritic beading
(C, curved arrow). Hoechst staining in injured neurons revealed DNA aggregation in a diffusely speckled pattern with no chromatin
clumping along nuclear margins (D, filled arrow). Occasionally, Hoechst staining detected condensed chromatin staining in the absence
of formation of apoptotic bodies (D, open arrow). These changes were observed in injured neurons (C, open arrow). Bar = 5 pm.

pressed in hippocampal neurons within the first 10 days
in culture, with the exception of metabotropic receptors,
which constitute <1% of mature neurons (Craig et al.,
1993). This observation is consistent with experiments in
our laboratory showing that sensitivity of mixed septo-
hippocampal cultures to glutamate excitotoxicity did not
differ between 10 and 15 days in vitro (data not shown).
However, full maturation and precise localization of glu-
tamate receptor subtypes at synapses can evolve over
>15 days (Craig et al., 1993). Future studies could more
systematically examine relationships between the devel-
opment of glutamate synapses in the hippocampus and
mechanisms of glutamate toxicity.

In the present study, glutamate toxicity was observed
both in neurons and in glia. Although investigations have
assessed glutamate toxicity in neuronally enhanced (Ad-
amec et al., 1998; Ikeda et al., 1996; Manev et al., 1991)
or astrocytic (Manev et al., 1991) cultures separately, to
our knowledge, no studies have compared the morpho-
pathological changes after glutamate toxicity in neuronal
and glial mixed cultures. There are reports of excitotoxic
glial injury in vive (Bolton and Perry, 1998; Matyja,

J Cereb Blood Flow Metab, Vol. 20, No. 3, 2000

1986). However, other in vivo (Portera-Cailliau et al.,
1995) and hippocampal slice (Siman and Card, 1988)
studies failed to detect glial injury.

Proteolytic regulation of glutamate-induced
cell death

Calpains and caspase-3 process the cytoskeletal pro-
tein a-spectrin (280 kDa) into distinctive proteolytic
fragments of 145 kDa by calpains (Harris et al., 1988;
Nath et al., 19964,6) and 120 kDa by caspase-3 (Wang et
al., 1998).. Whereas the specificity of the 145-kDa frag-
ment for calpain is well accepted, there has been some
controversy regarding the specificity of caspase-3-
specific BDPs. However, the specificity of the caspase-
3-generated 120-kDa a-spectrin product is well charac-
terized. Recently, Wang and colleagues (1998) reported
that when cell lysates were digested for 1 hour with
recombinant caspase-1, -2, -3, -4, -6, or -7, only
caspase-3 produced accumulation of the 120 kDa
a-spectrin fragment. Moreover, our laboratory and oth-
ers have successfully used this technique to detect inde-
pendent and/or concurrent calpain/caspase-3 activation
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FIG. 6. Effects of glutamate toxicity on astroglia in mixed septohippocampal cultures. Astroglia were stained with glial fibrillary acidic
protein (GFAP) (A and C) and Hoechst 33258 (B and D). Control cultures (A and B) showed normal somatic and nuclear morphology
(arrows) in glia. Incubation with glutamate (2.0 mmol/L) for 24 hours (C and D) resulted in glial cell death associated with cell shrinkage
and membrane folding (C, long arrow) and ultimately complete cell detachment and loss of confluence of the glial monolayer (C, short
wide arrow). After injury, Hoechst staining revealed DNA aggregation in a diffusely speckled pattern (D, straight arrow) in some GFAP-
positive cells (C, short thin arrow). In addition, some glia still underwent cell division (C and D, curved arrows). Bar = 5 pm.

in cell cultures (Nath et al., 1996a,b, 1998: Pike et al,,
1998b; Wang et al., 1998) and in vivo after traumatic
brain injury (Pike et al., 19984). In addition, the caspase-
3-generated 120-kDa a-spectrin fragment has been
shown to be an identifying marker of apoptotic cell death

Glutamate Insult

in a number of cell lines and cell culture systems (Martin
et al., 1995; Nath et al., 1996, 1998: Pike et al.. 1998b:
Wang et al., 1998). In the present study, all three con-
centrations of glutamate produced robust calpain-
mediated processing of w-spectrin that was especially

FIG. 7. Incubation with varying doses
of glutamate produced calpain and
caspase-3 protease activation. Prote-
olysis of a-spectrin into 150-kDa, cal-
pain-specific 145-kDa, and caspase-
3-specific 120-kDa breakdown prod-
ucts was examined after incubation
with varying doses of glutamate (1.0,
2.0, and 4.0 mmol/L) for 3, 6, and 24
hours.

J Cereb Blood Flow Metab, Vol, 20, No. 3, 2000
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FIG. 8. Effects of preincubation with varying doses of the A-
methyl-p-aspartate receptor antagonist MK-801 (A), calpain in-
hibitor I (CI-1l) (B), and the pan-caspase inhibitor carbobenzoxy-
Asp-CH,-0C(0)-2,6-dichlorobenzene (Z-D-DCB) (C) on cell vi-
ability assessed by lactate dehydrogenase release after
incubation with glutamate (2.0 mmol/L) for 6 hours. MK-801 sig-
nificantly decreased cell death, compared with control, at all
doses tested, with an optimal dose of 100 pmol/L (P < 0.001).
Z-D-DCB provided significant protection against cell death with
30 to 200 pmol/L doses. The optimal dose was 50 to 100 pmol/L
(P < 0.001). Calpain inhibitor Il provided only minimal protection
at 25 pmol/L (P < 0.05). *P <0.05, "**P < 0.001,

J Cereb Blood Flow Metab, Vol. 20, No. 3, 2000

apparent 6 hours after injury and sustained for at least 24
hours. Caspase-3 activation was less pronounced and
showed some differences associated with glutamate con-
centrations. Other investigators have reported calpain ac-
tivation produced by glutamate in hippocampal (Adamec
et al., 1998) and cerebellar (Manev et al., 1991) culture
systems, and increased caspase-3 activation has been ob-
served after glutamate treatment in cerebellar granule
neurons (Du et al., 1997). The pan-caspase inhibitor Z-
D-DCB produced significant reduction in caspase-3 ac-
tivation and cell death, inferred by LDH release, sug-
gesting that caspase activation importantly contributes to
glutamate-mediated cell death. As Z-D-DCB is not spe-
cific for caspase-3, some protection may be attributable
to inhibition of other caspases such as caspase-1. How-
ever, calpain inhibitor II, at concentrations that inhibited
calpain activation, provided less robust protection
against glutamate-induced cell death. Other investigators
have reported that calpain inhibition does not protect
against glutamate-induced cell death either in cultured
hippocampal neurons (Adamec et al., 1998) or in cer-
ebellar granule cells (Manev et al., 1991). However,
other in vitro studies have reported protective effects of
calpain inhibitors on excitotoxic cell death of cerebellar
neurons employing a ligand of non-NMDA receptors
(Wang et al., 1996a), in contrast to exogenous glutamate
treatment, which was employed in the present study. The
relatively modest levels of protection by calpain inhibi-
tion against excitotoxic cell death in vitro are surprising
in view of a considerable body of evidence showing
significant protective effects of calpain inhibitors in in
vivo models of cerebral ischemia and traumatic brain
injury (Kampfl et al., 1997; Posmantur et al., 1997;
Wang and Yuen, 1997). It is possible that calpain inhi-
bition provides suboptimal protection because pathologi-
cal activation of calpain occurs downstream of other
events that could contribute to glutamate-induced cell
death, including activation of other calcium-dependent
enzymes (for example, lipases and phosphatases) (Hom-
ayoun et al., 1997). There may also be important differ-
ences in pathogenic stimuli in complex in vivo insults
versus glutamate toxicity in vitro that could significantly
influence cell death mechanisms in ways that are cur-
rently poorly understood.

MK-801 produced significant, although incomplete,
reductions in LDH release resulting from glutamate ex-
citotoxicity at a concentration similar to those reported
by others (Adamec et al., 1998). As prolonged exposure
to glutamate might possibly produce toxicity by recep-
tor-independent mechanisms such as competitive inhibi-
tion of cysteine uptake (Murphy et al., 1990), significant
protection by MK-801 confirms a receptor-mediated
mechanism for glutamate toxicity in hippocampal neu-
ronal cultures. In addition, MK-801 reduced calpain ac-
tivation, inferred by spectrin proteolysis, confirming pre-
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FIG. 9. (Top) Western blots examin-
ing proteolysis of a-spectrin into 150-
kDa, calpain-specific 145-kDa, and
caspase-3-specific 120-kDa break-
down products (BDPs) detected after 6

<] u-spectrin

150 kDa hours of glutamate treatment alone
<1145 kDa (2.0 mmol/L) or in combination with op-
<1120 kDa timal doses of calpain inhibitor Il (CI-II;

25 ymol/L), MK-801 (100 pmol/L), car-
bobenzoxy-Asp-CH,-OC(0)-2,6-
dichlorobenzene (Z-D-DCB; 50 pmol/
L), and cycloheximide (CHX; 1 pg/mL).
Glutamate treatment resulted in accu-
mulation of calpain- and caspase-3-
mediated BDPs. Glutamate treatment
was sometimes associated with an ad-
ditional lower molecular mass band,
suggesting further processing of
a-spectrin not observed in control cul-
tures. Calpain (Cl-Il) and caspase (Z-
D-DCB) inhibition reduced the accu-
mulation of their respective BDPs,
= whereas cycloheximide had no effect.
MK-801 reduced calpain activation but
had no apparent effect on caspase-3
activation. (Bottom) Effects of various

doses of drugs on cell viability assessed by lactate dehydrogenase (LDH) release 6 hours after incubation with glutamate alone or in
combination with optimal doses of drugs. Calpain inhibitor i (P < 0.05), Z-D-DCB (P < 0.001), and MK-801 (P < 0.001) significantly
reduced LDH release after glutamate treatment. *P < 0.05, ***P < 0.001.

vious reports that activation of NMDA receptors is nec-
essary for calpain activation (Adamec et al., 1998).

Characterization of cell death phenotypes in
nervous system

Although phenotypic characterization of cell death
may remain a useful adjunct strategy, ultimately cell
death mechanisms must be defined by biochemical and
molecular mechanisms. Activation of these biochemical
and molecular mechanisms may depend on cell death
signal and cell type, and different mechanisms may be
activated separately or concurrently. Future studies
should consider the possibility of heterogeneity in cell
death mechanisms and associated cell death phenotypes.
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TNF-«a Stimulates Caspase-3 Activation and
Apoptotic Cell Death in Primary
Septo-Hippocampal Cultures

Xiurong Zhao,' Brlan Bausano,' Brian R. Pike,’ _]enrufer K. Newcomb Fernandez,'
Kevin K.W. Wang,’ Esther Shohami,* N.C. Ringger,” S.M. DeFord,”

Douglas K. Anderson,’ and Ronald L. Hayes>™

'The Vivian L. Smith Center for Neurologic Research, Department of Neurosurgery, The University of Texas

Ih.alth Science Center, Houston, Texas
"Center for Traumatic Brain Injury Studies,
Cnunmwlk Florida

*Pfizer, Ann Arbor, Michigan

Department of Neuroscience, University of Florida,

Dc‘pn[mult ofph.amncolog;& The Hebrew University School of Pharmacy, Jerusalem, Israel
*Department of Neuroscience and Malcolm Randall VAMC, University of Florida, Gainesville, Florida

Primary septo-hippocampal cell cultures were incubated
in varying concentrations of tumor necrosis factor
(TNF-o; 0.3-500 ng/ml) to examine proteolysis of the
cytoskeletal protein a-spectrin (240 kDa) to a signature
145 kDa fragment by calpain and to the apoptotic-linked
120-kDa fragment by caspase-3. The effects of TNF-«
incubation on morphology and cell viability were assayed
by fluorescein diacetate-propidium iodide (FDA-PI) stain-
ing, assays of lactate dehydrogenase (LDH) release, nu-
clear chromatin alterations (Hoechst 33258), and inter-
nucleosomal DNA fragmentation. Incubation with varying
concentrations of TNF-a produced rapid increases in
LDH release and nuclear Pl uptake that were sustained over
48 hr. Incubation with 30 ng/ml TNF-« yielded maximal,
3-fold, increase in LDH release and was associated with
caspase-specific 120-kDa fragment but not calpain-
specific 145-kDa fragment as-early as 3.5 hr after injury.
Incubation with the pan-caspase inhibitor, carbobenzosy-
Asp-CH,-OC (0)-2-6-dichlorobenzene (Z-D-DCB, 50-140
M) significantly reduced LDH release produced by TNF-a.
Apoptotic-associated oligonucleosomal-sized DNA frag-
mentation on agarose gels was detected from 6 to 72 hr
after exposure to TNF-a. Histochemical changes included
chromatin condensation, nuclear fragmentation, and for-
mation of apoptotic bodies. Results of this study suggest
TNF-a may induce caspase-3 activation but not calpain
activation in septo-hippocampal cultures and that this ac-
tivation of caspase-3 at least partially contributes to TNF-
a-induced apoptosis. J. Neurosci. Res. 64:121-131, 2001.
© 2001 Wiley-Liss, Inc.

Key words: apoptosis; calpain; caspase; cytokine; neu-
ral injury; proteolysis

Tumor necrosis factor-a (TNF-a@) is a 17-kDa
pleiotrophic cytokine with both secreted and transmem-

© 2001 Wiley-Liss, Inc.

“(Taupmetal.,

brane forms, which that 1s known to mediate immune and
inflammatory responses. TNF-a can be synthesized and
released by astrocytes, microglia, and some neurons
(Lieberman et al., 1989; Chung and Benveniste, 1990;
Morganti-Kossmann et al., 1992). Although TNF-a was
originally named for its degeneration-inducing action in
some types of tumor cells, data now suggest that TNF-«
has a variety of effects on different types of cells (Cheng et
al., 1994). A- z ody of evidence indicates that
lNF - has a pro- 111HL11111111t0rv 2ly_up-

that is ac
regulated in ischemic and traumatic brain injury (TBI)

1993; Shohami et al.; T994+ Fatiet al., 1996;
Saito et al., '1()96 Liu et al., 1994; Wang et al., 9‘)4 Uno
et al., I‘)‘)? Gong et al., 1999; Buttini et al., 1996).
Immunocytochemical studies conﬂrm the presence of
TNF-a antigen in the brain as e:lrl} as 30 min after
occlusion of the middle cerebral artery in the same regions
where TNF-a mRNA-positive cells were detected
(Buttini et al., 1996). Increased levels of TNF-a in brain
tissue, cerebral spinal fluid, and plasma have been found in
several central nervous system (CNS) disorders including
Alzheimer’s disease (Fillet et al., 1991), Guillain-Barre
Syndrome (Sharief et al., 1993), Parkinson’s disease (Mogi
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et al, 1994, 1996), and spinal cord injury (Xu et al., 1998).
Other studies have shown that TNF-a can mediate apop-
totic cell death (Gelbard et al., 1993; Aggarwal et al., 1999)
and can modulate Bax/BcL-2 protein levels (Pulliam et al.,
1998). A variety of TNF-a antagonists or antibodies de-
creased TNF-a levels, improved behavioral outcome, and
reduced brain damage following experimental ischemia
and TBI in rats and mice (Shohami et al., 1996, 1997;
Meirstrell et al., 1997; Barone et al., 1997; Dawson et al.,
1996; Nawashiro et al., 1997; Leker et al., 1999: Knoblach
et al.,, 1999).

Although the inflammatory responses evoked by
TNF-o are well known, a number of investigations have
posited a protective role of TNF-a against neuronal cell
death. For example, it has been shown that TNF-a me-
diates damage to myelin and oligodendrocytes (Selmaj and
Raine, 1988) but 1s not toxic to CNS neurons in vitro
(Garcia et al., 1992). TNF-a under in vitro conditions
may protect neurons against metabolic, excitotoxic, or
oxidative insults by promoting maintenance of intracellu-
lar calcium homeostasis, suppression of reactive oxygen
species (Cheng et al.,, 1994), and by activation of tran-
scription factor NF-kB (necrosis-factor-kB: Barger et al.,
1995). Mice genetically deficient in TNF-a receptor R1
or both R1 and R2, also show exacerbated neuronal
damage compared to wild type controls following middle
cerebral artery occlusion (Bruce et al., 1996; Gary et al.,
1998) or TBI (Scherbel et al., 1999; Sullivan et al., 1999).
In addition, Stahel et al. (2000) reported that in mice
lacking both genes for TNF-a and lymphotoxin-a, mor-
tality at 7 days after closed head injury was significantly
higher, as compared to their matched wild type controls.
Based on the literature, the concept that emerges suggests
that TNF-a can have a detrimental role, in the acute
postinjury phase, whereas it is protective in the delayed
posinjury phase, probably by activating cellular repair
mechanisms (Shohami et al., 1999). Therefore, the present
study was designed to further investigate the acute mech-
anism(s) of TNF-a-induced cell death within 3 days of
exposure of septo-hippocampal neurons to exogenous
TNF-a.

v In order to examine the role of TNF-a on cell
jability, we investigated the effects of TNF-a stimulation
n calpain and caspase-3 protease activation and on ne-
rotic and apoptotic cell death phenotypes. Calpains are
alcium-activated cysteine proteases that have been impli-
| cated in a variety of neuropathological conditions (Kampfl
etal., 1997; Wang et al., 1994; Wang, 2000). Caspase-3 is
a cysteine protease and a known effector of apoptosis in
various cell lines (Nath et al., 1995; Pike et al., 1998;
Eldadah et al., 1997; Fraser and Evan, 1996; Miura et al.,
1993; Zhivotovsky et al., 1997). Caspase-3 is activated
only during apoptosis and not during necrosis (Nath et al.,
1998; Armstrong et al., 1996; Wang et al.,, 1996). In
contrast, calpain activation can contribute to apoptotic as
well as necrotic cell death (Pike et al., 1998; Zhao et al.,
1999). The cytoskeletal protein a-spectrin is a preferred
substrate of calpain and caspase-3 cysteine protease. Acti-

vated calpain and caspase-3 process a-spectrin into a sig-
nature 145-kDa fragment by calpain and to an apoptotic-
linked 120-kDa fragments by caspase-3 (Pike et al., 1998;
Zhao et al., 1999; Nath et al., 1995). Thus, the investiga-
tion examined calpain and caspase-3 activation, inferred
by proteolysis of the cytoskeletal protein a-spectrin, in
mixed rat glial-neuronal septo-hippocampal cell cultures
following exposure to TNF-a. Experiments also em-
ployed-morphepathelogical-assessments-and-measures of
DNA fragmentation to characterize necrotic and apoptotic
cell death profiles in neurons and glia (Pike et al., 1998;

Zhao et al., 1999). This study provides the first-evidence
that TNF-a produces”caspase=3-but not calpain activation
in,mixed septo-hippocampal cell cultures-frraddition, cell

death in this model following TNF-a challenge mani-
fested exclusively apoptotic-like characteristics.

MATERIALS AND METHODS
Materials

Septi and hippocampi neuronal cells were obtained from
rat fetuses. Cell culture reagents were from Life Technologies,
Rockville, MD, and Sigma Chemical, Inc. (St. Louis, MO). The
TNF-a and actinomycin D (Act D) in which the cells were
incubated were obtained from R&D Systems (Minneapolis,
MN) and Sigma, respectively. Z-D-DCB was a generous gift
from Pfizer, while CalpInh-II was obtained from Boehringer
Mannheim (Indianapolis, IN). All other reagents used in these
experiments were analytical grade quality of higher.

Septo-Hippocampal Cultures

Eighteen-day-old rat fetuses were removed from deeply
anesthetized dams. Septi and hippocampi were dissected in a
dissect buffer (HBSS, with 4.2 mM bicarbonate, 1 mM pyru-
vate, 20 mM HEPES, 3 mg/ml bovine serum albumin [BSA],
pH 7.25). After rinsing in Dulbeccos’Modified Eagle Medium
(DMEM)-DM, tissue was dissociated by trituration through the
narrow pore of flame-constricted Pasteur pipette. Dissociated
cells were resuspended in DMEM with 10% fetal calf serum
(DMEM-10S) and plated onto 24-well poly-L-lysine- coated
plastic culture plates or 12 mm of German glass (Erie Scientific
Co., Portsmith, NH) at a density of 4.36 X 10° cells/mL.
Cultures were maintained in a humidified incubator in an
atmosphere of 5% CO, at 37°C. After 5 days of culture, the
media was changed to DMEM-DM with 5% horse serum.
Subsequent media changes were carried out three times a week.
By day 10 in vitro, astrocytes formed a confluent monolayer
beneath morphologically mature neurons.

In addition, we confirmed the presence of TNF-a recep-
tors 1 and 2 (TNF-R1, TNF-R2) in this system by immuno-
histochemistry (TNFR1, sc-1070; TNFR2, sc-1074: Santa
Cruz Biotechnology, Santa Cruz, CA). We found both receptor
types to be condensed on the neurons as well as most glial cells
(data not shown).

Pharmacological Treatment of
Septo-Hippocampal Cells

TNF-a. Ten-day-old septo-hippocampal cultures were
challenged with 0.3-500 ng/mL of TNF-« and 3 ng/ml of Act



D in DMEM-DM and cell viability was monitored at various
postinjury time points. Cultures were exposed to TNF-a and
Act D for the entire duration of each experiment. Coadminis-
tration of Act D (3 ng/ml) has been reported to enhance TNF-a
induced cell death (Ruff anf Gifford, 1981), we therefore have
treated parallel cultures with Act D, alone for the entire period
of the experiment. Act D (3 ng/ml) alone had no effect on LDH
release in septo-hippocampal cultures (data not shown). Follow-
ing TNF-a challenge, cells were fixed for staining or protein
was 1solated and DNA extraction performed.

Calpain, caspase and protein synthesis inhibitors.
Sister cultures were pretreated with either 25-50 pM calpain
inhibitor-1I (CalpInh-II), 30-140 pM of the pan-caspase inhib-
itor (Z-D-DCB), or 1 pg/mL of the protein synthesis inhibitor,
cycloheximide (Sigma) 1 hr prior to TNF-a challenge. The
inhibitor concentrations used have been previously shown to
provide optimal inhibition of calpains (Pike et al., 1998; Kampfl
et al., 1996), caspase-3 (Nath et al., 1996; Pike et al., 1998), and
protein synthesis (Pike et al., 1998; Koh et al., 1995; Martin et
al., 1988). In addition, other experiments in our laboratory have
independently confirmed that these doses of CalpInh-II and
Z-D-DCB antagonize calpain and caspase-3 activation accom-
panying staurosporine-induced apoptosis in septo-hippocampal
cultures (Pike et al., 1998).

Morphological and Enzymatic Assessments of Cell
Damage and Cell Death

Morphological assessments of cell injury and necrotic and
apoptotic cell death phenotypes are controversial (Zhao et al.,
1999). We have used multiple morphological criteria to examine
cell injury and cell death phenotype.

Fluorescein diacetate and propidium iodide assay of
cell viability. Fluorescein diacetate (FDA) and propidium
iodide (PI) dyes were used to assess cell viability after TNF-a
incubation. FDA enters normal cells and emits a green fluores-
cence when it is cleaved by esterases. Once cleaved, FDA can no
longer permeate cell membranes. Propidium iodide is an intra-
vital dye that is normally excluded from cells. After injury, PI
penetrates cells and binds to DNA in the nucleus and emits a red
fluorescence. This technique is commonly used to quantitate
cell injury (Jones and Senft, 1985). As per Jones and Senft
(1985), a stock solution of FDA (20 mg/mL) was dissolved in
acetone. A PI stock solution was prepared by dissolving 5
mg/mL in phosphate-buffered saline (PBS). The FDA and PI
working solutions were freshly prepared by adding 10 pL of the
FDA and 3 pL of PI stock to 10 mL of PBS. Two hundred
microliters per well of FDA-PI working solution were added
directly to the cells, the cells were stained for 3 min at room
temperature. Stained cells were observed and photographed
with a fluorescence microscope equipped with epi-illumination,
band pass 450—490 nm exciter filter, 510 nm chromatic beam
splitter, and a long pass 520 nm barrier filter. This filter com-
bination permitted both green and red fluorescing cells to be
seen simultaneously.

Hoechst staining of apoptotic nuclei. The A-T
base-pair-specific dye, Hoechst 33258 (bis-benzimide; Sigma)
was used to stain cell nuclei for characterization of cell death
phenotype. Following overnight fixation in 4% paraformaldy-
hide at 4°C, cells grown on German glass were washed three
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times with PBS and labeled with 1 pg/mL of the DNA dye
Hoechst 33258 m PBS for 5-10 min at room temperature, using
enough solution to cover the cells completely. The cells were
rinsed twice with PBS and then mounted with Crystal-mount
medium (Biomeda, Foster City, CA). Cells were observed and
photographed on a phase contrast and fluorescence microscope
with a UV2A filter.

LDH assay. This colorimetric assay quantifies cell
death based on the measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of damaged cells into
the supernatant. After TNF-a challenge, 300 pL of culture
medium was collected from each well and centrifuged at 1,000
rpm for 5 min. 100 pL of supernatant was collected from each
sample, and transferred to a 96-well flat bottom plate. One
hundred pL of LDH (Boehringer Cat. 1 664 793) was mixed
with the sample and incubated for 30 min at room temperature.
A plate reader (Bio-Rad Model 450 Microplate Reader, Rich-
mond, CA) measured the absorbance of each sample at 490 nm
with a reference wavelength of 650 nm. Absorbency values were
analyzed by analysis of variance (ANOVA) with Post-hoc com-
parisons and values were expressed as percent of control.

DNA fragmentation assay. DNA gel electrophoresis
was performed as described in Gong et al. (1994). Briefly, cells
were collected in the same manner as for immunoblotting. Cells
in each treatment condition were collected by centrifugation
and fixed in suspension in 70% cold ethanol and stored in
fixative at 20°C (24-72 hrs). Cells were then centrifuged at
800 g for 5 min and ethanol was thoroughly removed. Cell
pellets were resuspended in 40 pL of phosphate-citrate (PC)
buffer consisting of 192 parts of 0.2 M Na,HOP, and 8 parts of
0.1 M citric acid (pH 7.8) at room temperature for 1 hr. After
centrifugation at 1,000 g for 5 min, the supernatant was trans-
ferred to new tubes and concentrated by vacuum in a SpeedVac
concentrator for 15-30 min. Three pL of 0.25% Nonidet
INP-40 in distilled water was added followed by 3 L of DNase-
free RNase (1 mg/mL). After 30 min incubation at 37°C, 3 pnL
of proteinase K (1 mg/mL) was added and the extract was
incubated for additional 30 min at 37°C. After the incubation, 1
pL of 6X loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol FF, 30% glycerol in water) was added and the
entire content of the tube was transferred to a 1.5% agarose gel
and electrophoresis was performed in 1X TBE (0.1 M Tris,
0.09 M boric acid, 1 mM EDTA, pH 8.4) at 40 V for 2 hr. The
DNA in the gels was visualized and photographed under UV
light after staining with 5 pg/mL of ethidium bromide.

Assessment of a-Spectrin Degradation by Calpains and
Caspase-3

Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting. Because
a-spectrin contains sequence motifs preferred by both calpains
and caspase-3 proteases, activation of these two families of
cysteine proteases can be assessed concurrently by immunoblot
identification of calpain and/or caspase-3 signature cleavage
products (Nath et al., 1996; Wang et al., 1998). N-terminal
sequencing of the major a-spectrin fragments has confirmed
specific calpain and caspase-3 target sites for the 145-kDa and
120-kDa fragments, respectively (Wang et al., 1998). Calpain
has a high affinity for two sites on the native 280-kDa a-spectrin
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protein. Following calpain activation, intact a-spectrin (280
kDa) is proteolyzed into distinct 150-kDa and 145-kDa frag-
ments detected on immunoblots. The first site is rapidly attacked
following calpain activation resulting in a 150-kDa spectrin
breakdown product (BDP). Further calpain processing of 150-
kDa BDPs at the N-terminal yields a calpain-specific 145-kDa
BDP (Nath et al., 1995, 1996; Wang et al., 1998). Caspase-3
cleaves intactat-spectrin to produce 150-kDa BDPs with a dif-
ferent N-terminal from the calpain-generated fragments. Fur-
ther processing of the caspase-3-generated 150-kDa fragment
results in a unique caspase-3-specific 120-kDa BDP (Wang et
al., 1998). Moreover, the 120-kDa fragment has been shown to
be associated with caspase-3 activation in various in vitro systems
of apoptosis (Nath al., 1995, 1996; Pike at al., 1998; Wang et al.,
1998).

Cells were lysed in ice-cold homogenization buffer
(20 mM PIPES, pH 7.6, 1 mM EDTA, 2 mM EGTA, 1 mM
DTT, 0.5 mM PMSF, 50 pg/mL Leupeptin, and 10 pg/mL of
AEBSF, apotinin, pepstatin, TLCK, and TPCK) for 30 min,
then sheared through a 1.0-mL syringe with a 25-gauge needle
15 times. Protein content in the samples was assayed by the
Micro BCA method (Pierce, Rockford, IL). For protein elec-
trophoresis, equal amounts of total protein (30 pg) were pre-
pared in two fold loading buffer containing 0.25 M Tris (pH
6.8), 0.2 M DTT, 8% SDS, 0.02% Bromophenol Blue, and 20%
glycerol, and heated at 95°C for 10 min. Samples were resolved
in a vertical electrophoresis chamber using a 4% stacking gel
over a 7% acrylamide resolving gel for 1 hr at 200 V. For
immunoblotting, separated proteins were laterally transferred to
nitrocellulose membranes (0.45 M) using 2 transfer buffer
consisting of 0.192 M glycine and 0.025 M Tris (pH 8.3) with
10% methanol at a constant voltage (100 V) for 1 hr at 4°C
Coomassie Blue and Panceau Red (Sigma) were used to stain
gels and nitrocellulose membranes, respectively, to confirm that
equal amounts of protein were loaded in each lane.

Immunoblots were probed with an anti-a-spectrin
monoclonal antibody (Afiniti Research Products, U.K.; Cat. FG
6090, clone AA6) that detects intact a-spectrin (280 kDa) and
150-, 145-, and 120-kDa SBDPs. Following incubation with
the primary antibody (1:4,000) for 2 hr at room temperature, the
blots were incubated in peroxidase-conjugated sheep anti-
mouse 1gG (Cappel) for 1 hr (1:10,000). Enhanced chemilumi-
nescence reagents (ECL, Amersham, Arlington Heights, IL)
were used to visualize the immunolabeling on Hyperfilm (Hy-
perfilm ECL, Amersham).

Statistical analyses. Each experiment was performed
three times and data was evaluated by ANOVA with a post-hoc
Tukey test. Values are given as mean + S.E.M. Differences were
considered significant if P << 0.05.

RESULTS

Effects of TNF-a on Septo-Hippocampal Glial-
Neuronal Cocultures

Dose- and time-dependent cell death. An ini-
tial dose-response assay was performed to determine the
best concentration of TNF-a for all subsequent experi-
ments. LDH release was used to quantify cell death, based
on the measurement of LDH activity released from the

cytosol of damaged cells into the supernatant. Exposure of
septo-hippocampal cultures to 0.3-500 ng/mL TNF-«
alone produced minimal toxicity (data not shown); how-
ever, with the addition of Act D, toxicity was significant.
TNF-a with 3 ng/ml of Act D induced dose-dependent
cell death (Fig. 1A). Three ng/ml of Act D did not
significantly produce cell death compared with media
control at any exposure duration (data not shown). Con-
centrations of TNF-a between 30 and 500 ng/ml pro-
duced approximately equivalent levels of cell death. Thus,
the dose of 30 ng/mL was used for all subsequent exper-
iments. The percent of LDH release following exposure to
30 ng/mL of TNF-a compared to control was 167%,
261%, 319%, 383%, and 573% at 3.5 hr, 7 hr, 48 hr, and
72 hr, respectively (Fig. 1B).

Morphological response to TNF-a challenge.
TNF-a-treated septo-hippocampal cultures underwent
morphological alterations in cell structure that were char-
acteristic of apoptosis. Within 3.5 hr after incubation with
30 ng/mL of TNF-«, PI Molecular Probes, Eugene, OR)
was taken up by cells and became even more apparent at
7 hr, 24 hr, and 72 hr after injury (Fig. 2B vs. C-E). In
addition, nuclei stained with PI appeared shrunken and
irregularly shaped. FDA indicated appearance of mem-
brane blebbing by 3.5 hr that became more evident at 7 hr.
By 2472 hr, the plasma membrane integrity was lost and
FDA staining was lost, giving way to nuclear PI staining
(Fig. 2A vs. B— E).

To further characterize cell death characteristics of
TNF-a toxicity in septo-hippocampal cultures, Hoechst
33258 was used to stain nuclear chromatin (Fig. 3). Treat-
ment with TNF-a (30 ng/ml) and Act D produced irreg-
ularly shaped nuclei (Fig. 3B,G) as early as 3.5 hr. Chro-
matin of TNF-a-treated cells appeared condensed with
smaller and brighter Hoechst staining. Formation of apo-
ptotic nuclei changes are evident by 7 hr (Fig. 3C,H) and
became more clear by 24 hr (Fig. 3D,I). Apoptotic bodies
were scattered throughout every field of view by 72 hr
(Fig: 3E; J).

DNA fragmentation. Condensation and aggre-
gation of chromatin at the nuclear membrane may occur
independently of endonuclease activation (Oberhammer
etal., 1993). Thus, a DNA fragmentation assay was used to
determine whether DNA alterations in septo-hippocampal
cultures assessed by Hoechst 33258 were associated with
endonuclease activity. Figure 4 shows that TNF-a (30
ng/mL) with 3 ng/ml of Act D induced detectable DNA
laddering on agarose gels, most apparent at 24 hr following
treatment. However, gels showed substantial smearing
even at 24 hr, indicating random DNA fragmentation
characteristic of necrosis.

Caspase-3 but not Calpain Proteolysis
of a-Spectrin

Exposure to 30 ng/ml of TNF-a caused a time
dependent proteolysis of by caspase-3 but not calpain
proteases (Fig. 5). There was a significant increase in
caspase-3-specific 120- kDa breakdown products to
a-spectrin as early as 3.5 hr following TNF-a administra-
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mulation of caspase-3-specific 120-kDa breakdown prod-
uct of a-spectrin was more evident. In contrast, there was
no evidence of accumulation of calpain-specific 145-kDa
SBDP at any time point after TNF-a treatment.

Effects of CalpInh-II, Z-D-DCB, or
Cycloheximide on TNF-a-Induced Cell Death
and a-Spectrin Proteolysis

To investigate the relative contribution of calpain
and/or caspase-like proteases to TNF-a-induced cell
death and a-spectrin proteolysis, the effect of a calpain
inhibitor (CalpInh-II) and a pan caspase inhibitor (Z-D-
DCB) were examined. Since de novo protein synthesis is
required for at least some forms of apoptosis and specifi-
cally for staurosporine-induced apoptosis in septo-
lnppm ampal cultures, the effects of a nonselective inhib-
itor of protein synthesis (cycloheximide) were also
examined.

Cell viability measurements. LDH assay was
used to assess cell viability at 7 hr following TNF-a and/or
admunistration of CalpInh-II, Z-D-DCB, or cyclohexi-
mide (Fig. 6B). Seven hrs after admumtmtlou of 30 ng/ml
of TNF-a with 3 ng/ml of Act D, LDH release inc reased
to 261.4% over umtrol Administration of Z-D-DCB (30,
100, 140 wM) significantly reduced the percentage of

tively. CalpInh-II (37.5, 50 MM) had no protection against
LDH release (268.3%, 278.3%, respectively; Fig. 6B). Cy-
cloheximide (1 utr/m]) had the greatest effect against LDH
release (137.0%) following 7 ht of TNF-a treatment.

u—-spectrm proteolysis. Administration of Z-D-
DCB or cycloheximide with TNF-a stimulation signifi-
cantly decreased the accumulation of the 120-kDa caspase
specific breakdown product of a-spectrin (Fig. 6A). In
contrast, Calplnh-II did not provide any protection
against proteolysis of a-spectrin. The results of these ex-
periments confirm that caspase-3 but not calpain was
activated after TNF-a stimulation in primary septo-
hippocampal cultures.

DISCUSSION

Although caspases 8 and 3 were shown to mediate
TNF-a-induced apoptosis in neutrophils (Yamashita et
al., 1999), this study is the first demonstration that TNF-a
induces activation of caspase-3 in a mixed neuro-glial
culture system. Importantly, these results indicate that
TNF-o¢ may play an important role as an effector of
receptor-mediated apoptotic cell death in the CNS. Char-
acterization of apoptotic cell death responses to TNF-a in
primary septo-hippocampal cultures is an important fea-
ture of this study since TNF-a protein is expressed in the
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hippm ampus during various CNS injuries in vivo, includ-
ing cerebral ischemia (Gong et al., 1998), traumatic brain
injury (Shohami et al., 1997), and Lpilup\‘} (de Bock et al.,

1996). Thus, primary septo-hippocampal cell cultures can
provide an efficient in vitro tool for investigation of cel-

lular and molecular mechanisms underlying apoptotic cell
death relevant to in vivo CNS neuropathologies. Since
Act D alone did not affect the wviability of septo-
hippocampal cell cultures, as assessed by LDH release, it is
unlikely that Act D significantly contributed to the cell
death profile observed in these studies.

Characterization of TNF-a-Induced Apoptotic
Cell Death

In mixed primary septo-hippocampal cultures,
TNF-a (0.3-500 ng/ml) produced apoptotic cell death
characterized by the appearance of membrane blebbing,
shrunken condensed nuclei, uneven distribution of DNA
staining, formation of apoptotic bodies, and DNA frag-
mentation. These are typical phenotypic characteristics of
apoptosis (Wyllie et al., 1980). Additionally, cell death was
significantly prc\fcntcd by the broad range protein synthe-
sis inhibitor, (}L]()}thlIIll({L We have pluloush shown
that protein synthcslh 1s a requirement for caspase-3 acti-
vation and apoptotic cell death in this same culture system
during staurosporine induced apoptosis (Pike et al., 1998).
Cycloheximide is thought to protect cells from apoptosis
through inhibition of de novo protein synthesis of pro-
apoptotic proteins that are up-regulated during apoptosis
(Koh et al., 1995; Pike et al., 1998). However, neuropro-
tective concentrations of cycloheximide can induce ex-
pression of the anti-apoptotic gene product Bcl-2 in hip-
pocampal cell cultures (Furukawa et al., 1997). Further
research is required to elucidate the role of transcriptional
and transltional regulators on apoptotic cascades. Al-
though calpain activation can contribute to staurosporine-
induced apoptotic cell death in septo-hippocampal cell
cultures (Pike et al., 1998), calpain inhibition had no effect
on TNF-o-induced cell death in the present model.
TNF-a induced caspase-3 but not calpain proteolysis of
a-spectrin  during apoptotic cell death in septo-
hippocampal culture.

The cytoskeletal protein a-spectrin is a preferred
substrate of calpain and caspase-3 cysteine proteases. Ter-

Fu, - Fluorescein diacetate (FDA) and propidium iodide (PI) staining
of septo-hippocampal cultures treated with TNF-a and actinomycin D.
A: Control cultures demonstrate normal somal integrity and lack of
nuclear PI uptake. Note confluent astroglial cell layer (curved arrows)
beneath mature neuronal t‘LH phcm)rvpeﬁ (open arrows). Cells were
treated with TNF-a for 3.5 (B), 7 (C), 24 (D), or 72 (E) hr. By 3.5 hr,
some cells have lost retention of FDA and bind PI to their nucleus, thus
indicating cell death. Membrane blebbing is observed (B, arrow),
indicating a preserved integrity of the plasma membrane characteristic
of apoptosis. After 7 hr of TNF-a treatment, an increase in the number
of Pl-stained nuclei is observed. In addition, membrane blebbing 1s
more evident. After 24 (D) and 72 (E) hr of TNF-a treatment, the
majority of cell nuclei are stained with PI and appear shrunken (curved
arrows in E) compared to those observed at 3.5 hr (B). Scale bar = 10 .M.



Fig. 3. Course of nuclear morphologic alterations during exogenous
TNF-a-induced apoptosis detected by Hoechst 33258 staining. A,F:
Control cultures. Cells were treated with 30 ng/ml of TNF-a. and
Actinomycin D for 3.5 (B,G), 7 (C,H). 24 (D,I), or 72 (E,]) hr.
TNF-a-treated cells possess irregularly shaped nuclei with condensed
chromatin, which are brightly stained with Hoechst (B.G-1, arrows).

While some characteristic apoptotic nuclear changes such as nuclear
membrane breakdown and formation of apoptotic bodies was evident
as early as 7 hr (C, arrow), widespread apoptotic bodies (E, ], arrows)

were not evident until 72 hr following TNF-« treatment. Scale bars =
10 M.
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Fig. 4. Oligonucleosomal size fragmentation of DNA produced by
TNF-a on septo-hippocampal cultures. TNF-a (30 ng/mL) induced
readily apparent DNA laddering on agarose gels at 24 hr, and faint
DNA laddering at 6 hr and 72 hr, but none at 15 min, 1 hr, or 3 hr
following treatment.

minal sequencing of the major a-spectrin fragments has
confirmed specific calpain and caspase-3 target sites for the
145-kDa and 120-kDa fragments, respectively (Wang et
al., 1998). The distribution of calpain and caspases acting
on a-spectrin to produce a calpain-specitic 145-kDa frag-
ment and an apoptotic-linked caspase-specific 120-kDa
fragment during neuronal apoptosis and necrosis has been
well characterized (Pike et al., 1998; Zhao et al., 1999:
Nath et al., 1995). Our data did not show any 150-kDa
and 145-kDa SBDPs, only the 120-kDa SBDP which
appeared as early as 3.5 hr after the treatments and lasted
over the 72 hr. These data supports the activation of
caspase-3 and not calpain.

Effects of Calpain and Caspase Inhibitors on TNF-
«-Induced Apoptosis

The pan-caspase inhibitor Z-D-DCB but not calpain
mhibitor CalpInh-IT attenuated cell death. Importantly,
we confirmed that the dose of Z-D-DCB used in this
study inhibited caspase-3 activation inferred by decreased
proteolysis of a-spectrin. Reduced cell death produced by
Z-D-DCB suggests that TNF-oa-induced apoptosis in
septo-hippocampal cultures is at least partially attributable
to caspase-3 activation. In models of ischemia and status
epilepticus, caspase-3 inhibitors have decreased apoptosis,
loss of neurons, and ameliorated neurologic deficits (Kon-
dratyev and Gale, 2000; Weissner et al., 2000; Endress et
al., 1998; Gillardon et al., 1999). However, caspase-3
inhibition only partially reduced cell death, indicating that
non-caspase-3-dependent pathways could also be acti-
vated, or that caspase-3 activation may be associated with
other cellular pathways. For example, Miossec et al. (1997)
demonstrated that caspase-3 (CPP32) processing could be
a physiological step during T lymphocyte activation, in-
dependent of apoptosis.

A receptor-mediated pathway can trigger caspase-3
activation (for review, see Goeddel, 1999; Ksontini et al.,
1998). Most cell types, including neural cells, express
TNF-a receptor 1 (TNFR1; 55 kDa) which is activated
by soluble TNF-a. Apoptosis through TNF-R2 appears

TNF- o Exposure Time (hrs.)

Control 3.5 7 24

48 72

o 1501145 kDa
e 4 120 kDa

Fig. 5. TNF-a produced caspase-3-specific but not calpain-specific a-spectrin breakdown products
(BDPs). Western blots examining proteolysis of a-spectrin into 150-kDa, calpain-specific 145-kDa,
and caspase 3-specific 120-kDa BDPs detected after 3 hr, 7 hr, 24 hr, and 72 hr following TNF-«
(30 ng/ml) with 3 ng/ml of Actinomycin D treatment. TNF-a treatment produced no increases in
calpain-specific 145-kDa BDPs, but caused a marked increase in the caspase-3-specific 120-kDa BDP.
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Fig. 6. TNF-a produced caspase-3 but
not calpain protease activation associated N W
N\
with LDH release. A: Western blots ex- 000 000 & \(\‘0‘ \Q\Q‘S‘
amine proteolysis of a-spectrin into Q' ,LS) F X o?
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breakdown products to a-spectrin was
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(30 mg/ml), as compared to untreated . -— . " 1501145 kD
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controls. TNF-a treatment produced no
increases in 150-kDa and 145-kDa
BDPs. Administration of carbobenzosy-
Asp-CH,-OC  (O)-2-6-dichlorobenzene
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120 kDa

: B. 300
(Z-D-DCB) or cycloheximide (CHX) o
markedly decreased accumulation of 120- = 250 1
kDa breakdown products to a-spectrin. g o
Calpain inhibitor 11 had no effect on Q 200 1 P .
a-spectrin processing. B: LDH release 5 150 - 3
{percentage of untreated controls) was e
calculated 7 hr after administration of ;: 100 -
TNF-a (30 mg/ml) or coadministration =)
of caspase inhibitor, Z-D-DCB (50 pM, - 507
100 wM), the protein synthesis inhibitor 0 X 2
cycloheximide (1 pg/ml), or the calpain ‘éo\ Q.(‘r OQQ 0('_,0 6*?‘ .{\3 ‘\3
inhibitor, calpain inhibitor 1T (25 pM, Cvo{\ 4‘\\ Q Q @ \65\ \Q\Q
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icantly decreased LDH release induced x‘o x'\Q‘ oV ,.;\
by TNF-at (¥*P << 0.01, ***P < 0.001). ¥

to signal through a different pathway involving induction
of sphingomyelinases (Grell et al., 1994). TNF-R1, when
activated, recruits TRADD (TNF-associated Death Do-
main protein) and RIP (Receptor Interacting Protein).
TRADD can interact with TRAF2 (TNF-associated fac-
tor 2) or with another adapter protein, FADD (Fas asso-
ciating protein with Death Domain; Ashkenazi and Dixit,
1998; Goeddel, 1999). A TRADD-FADD-caspase-8/10
interaction has been reported to produce the autolytic
activation of caspase-8/10, which in turn processes and
activates the common apoptosis mediator, caspase-3 (Villa
et al., 1997). In the present study, we report on the
cytotoxic effect of TNF-a on septo-hippocampal cell
culture, which contained both astrocytes and neurons.
Taken from a brain area which is vulnerable to ischemic
and traumatic injury, this mixed culture is a highly relevant
model to investigate the role of TNF-a in the pathophys-
iology of brain injury. The question of whether this cy-
tokine is toxic or protective in the injured brain has been
raised in numerous publications in the past decade. Con-
tradiction appears in the literature between reports on
protective effects of anti- TNF-a agents, and the delete-
rious effects of TNF-a receptor knockouts in models of
cerebral ischemia and trauma (for review, see Shohami et
al., 1999). The present study sheds light on the toxic role
TNF-a might play, within the first days after exposure to
higher than normal physiologic levels of TNF-a, by ac-
tivating apoptotic response. In contrast, Barger et al.
(1995) demonstrated that TNF-a is protective against iron

and amyloid-B peptide in cultured hippocampal and neo-
cortical astrocytes 1995, and Mattson et al. (1995) showed
protective effects of TNF-a under conditions of glucose
deprivation and glutamate toxicity. These authors have
demonstrated up-regulation of calbindin and of MnSOD
in response to exposure to TNF-a. The difference be-
tween the various experimental paradigms, namely, differ-
ent cell types, different insults and time of exposure, may
explain the difference between the role TNF-a plays
under these conditions. In conclusion, we propose that
under the experimental conditions employed in the
present study, TNF-a is pro-apoptotic and therefore, its
inhibition in the acute postinjury phase may be beneficial.

REFERENCES

Aggarwal S, Gollapudi S, Gupta S. 1999, Increased TNF-alpha-induced
apoptosis in lymphocytes from aged humans: changes in TNF-alpha
receptor expression and activation of caspases. | Immunol 162:2154-2161.

Armstrong RC, Aja T, Xiang ], Gaur S, Krebs JF, Hoang K, Bai X,
Korsmeyer §], Karanewsky DS, Fritz LC, Tomaselli KJ. 1996. Fas-
induced activation of the cell death-related protease CPP32 is inhibited by
Bcl-2 and by ICE family protease inhibitors. ] Biol Chem 271:16850—
16855,

Ashkenazi A, Dixit VM. 1998, Death receptors: signaling and modulation.
Science 281:1305— 1308.

Barger SW, Hoster D, Furukawa K, Goodman Y, Krieglstein ], Mattson
MP 1995. Tumor necrosis factors alpha and beta protect neurons against
amyloid beta-peptide toxicity: evidence for involvement of a kappa
B-binding factor and attenuation of peroxide and Ca®' accumulation.
Proc Natl Acad Sci USA 92:9328-9332,



130 Zhao et al.

Barone FC, Arvin B, White RF, Miller A, Webb CL, Willette RN, Lysko
PG, Feuerstein GZ. 1997, Tumor necrosis factor-alpha: a mediator of
focal ischemic brain injury. Stroke 28:1233-1244.

Bruce A, Boling W, Kindy MS, Peschon |, Kraemer PJ, Carpenter MK,
Holwsberg FW, Matson MP. 1996, Altered neuronal and microglial
responses to excitotoxic and ischemic brain injury in mice lacking TNF-at
receptors. Nature Med 2:788-795.

Buttini M, Appel K, Sauter A, Gebicke-Haerter PJ, Boddeke HM. 1996,
Expression of tumor necrosis factor alpha after focal cerebral ischemia in
the rat. Neuroscience 71:1-16.

Cheng B, Christakos S, Mattson MP. 1994. Tumor necrosis factors protect
neurons against metabolic-excitotoxic insults and promote maintenance
of calctum homeostasis. Neuron 12:139-153.

Chung 1Y, Benveniste EN. 1990. Tumor necrosis factor alpha production
by astrocytes. Induction by lipopolysaccharide, interferon gamma and
interleukin-1-beta. | Immunol 144:2999-3007.

Dawson D, Martin D, Hallenbeck JM. 1996, Inhibition of tumor necrosis
factor-alpha reduces focal cerebral ischemic injury in the spontaneously
hypertensive rat. Neurosci Lete 218:41- 44,

de Bock F, Dornand J, Rondouin G. 1996. Release of TIN F-alpha in the rat
hippocampus following epileptic seizures and excitotoxic neuronal dam-
age. Neuroreport 7:1125-1129.

Eldadah BA, Yakovlev AG, Faden Al 1997. The role of CED-3-related
cysteine proteases in apoptosis of cerebellar granule. | Neurosci 17:6105—
6113.

Endres M, Namura S, Shiimizu-Sasamata M, Waeber C, Zhang L, Gomez-
Isla T, Hyman BT, Moskowitz MA. 1998. Attenuation of delayed neu-
ronal death after mild focal ischemia in mice by inhibition of the caspase
family. | Cereb Blood Flow Metab 18:238-247.

Fan L, Young PR, Barone FC, Feuerstein GZ, Smith DH, Mclntosh TK.
1996. Experimental brain injury induces differential expression of tumor
necrosis factor-o mRINA in the CNS. Mol Brain Res 36:287-291.

Fillit H, Ding W, Buee L, Kalman ], Altstiel L, Lawlor B, Wofl-Klein G.
1991. Elevated circulating tumor necrosis factor levels in Alzheimer’s
disease. Neurosci Lett 131:318-320.

Fraser A, Evan G. 1996. A license to kill. Cell 85:781-784.

Furukawa K, Estus S, Fu W, Mattson MP. 1997, Neuroprotective action of
cyclohexamide involves induction of Bel-2 and anti-oxidant pathways,
J Cell Biol 136:1137-1150).

Garcia JE, Nonner D, Ross D, Barrett JN. 1992. Neurotoxic components
in normal serum. Exp Neurol 118:309-316.

Gary DS, Bruce-Keller AJ, Kindy MS, Mattson MP. 1998. Ischemic and
excitotoxic brain injury is enhanced in mice lacking the p55 tumor
necrosis factor receptor. | Cereb Blood Flow Metab 18:1283-1287.

Gelbard HA, Dzenko KA, DiLoreto D, del Cerro C, del Cerro M, Epstein
LG. 1993. Neurotoxic effects of tumor necrosis factor alpha in primary
human neuronal cultures are mediated by activation of the glutamate
AMPA receptor subtype: implications for AIDS neuropathogenesis. Dev
Neurosci 15:417-422,

Gillardon F, Kiprianova I, Sandkuhler J, Hossman KA, Spranger M. 1999,
Inhibition of caspases prevents cell death of hippocampal CA1 neurons,
but not impairment of hippocampal long-term potentiation following
ischemia. Neuroscience 93:1219-1222.

Goeddel DV. 1999. Signal transduction by tumor necrosis factor. Chest
116:695-735.

Gong C, Qin, Z, Bet AL, Liu X, Yang G. 1998. Cellular localization of
tumor necrosis factor-alpha following focal cerebral ischemia in mice.
Brain Rees 801:1-8.

Gong ], Traganos F, [ dzrzynkiewicz Z. 1994, A selective procedure for
DNA extraction from apoptotic cells applicable for gel electrophoresis and
flow cytometry. Analyt Biochem 218:314-319.

Grell M, Zimmermann G, Husler D, Phizenmaier K, Scheurich P. 1994,
TNF receptors TR60 and TR80 can mediate apoptsis via induction of
distinct signal pathways. | Immunol 153:1963-1972.

Jones KH, Senft AJ. 1985. An improved method to determine cell viability
by simultancous staining with fluorescein diacetate-propidium jodide.
J Histochem Cytochem 33:77-79.

Kampfl A, Zhao X, Whitson ]S, Posmantur I, Dixon CE, Yang K, Clifton
GL. Hayes RL. 1996. Calpain inhibitors protect against depolarization
induced neurofilament protein loss of septo-hippocampal neurons in
culture. Eur | Neurosci 8:344-352.

Kampfl A, Posmantur RM, Zhao X, Schmutzhard E, Clifton GL, Hayes
RL. 1997. Mechanisms of calpain proteolysis following traumatic brain
injury: implications for pathology and therapy: a review and update.
J Neurotrauma 14:121-134,

Knoblach SM, Fan L, Faden AL 1999, Early neuronal expression of tumor

necrosis factor-alpha after experimental brain injury contributes to neu-
rological impairment. | Neuroimmunol 95:115-125.

Koh J, Wie MB, Gwag BJ, Sensi SL, Canzoniero MT, Demaro |, Cser-
nansky C, Choi DW. 1995. Staurosporine-induced neuronal apoptosis,
Exp Neurol 135:153-159.

Kondratyev A, Gale K. 2000. Intracerebral injection of caspase-3 inhibitor
prevents neuronal apoptosis after kainic acid-evoked status epilepticus.
Brain Res Mol Brain Res 75:216-224.

Ksontini R, MacKay SLD, Moldawer LL. 1998 Revisting the role of tumor
necrosis factor alpha and the response to surgical injury and inflammation.
Arch Surg 133:558-567.

Leker R, Shohami E, Abramsky O, Ovadia H.1999. Dexanabinol: a novel
neuroprotective drug in experimental focal cerebral ischemia, ] Neurol
Sci 162:114-119.

Lieberman AP, Pitha PM, Shin HS, Shin MIN. 1989. Production of tumor
necrosis factor and other cytokines by astrocytes stimulated with lipo-
polysaccharide or neurotropic virus, Proc Nat Acad Sci USA 86:6348 -
6352.

Liu T, Clark RK, McDonnell PC, Young PR, White RF, Brone FC,
Feuerstein GZ. 1994. Tumor necrosis factor alpha expression in ischemic
neurons. Stroke 25:1481-1488.

Martin DP, Schimidt RE, DiStefano PS, Lowry OH, Carter JG, Johnson
EM. [988. Inhibitors of protein synthesis and RNA synthesis prevent
neuronal death caused by nerve growth factor deprivation. | Cell Biol
106:829—-844.

Mattson MP, Lovell MA, Furukawa K, Markesbery WR. 1995, Neuro-
trophic factors attenuate gluamate-induced accumulation of peroxides,
elevation of Ca®" and neurotoxicity, and increase antioxidant enzyme
activities in hippocampal neurons. ] Neurochem 65:1740-1751.

Meirstrell ME 3rd, Botchkina GI, Wang H, Di Snato E, Cockroft KM,
Bloom O, Vishnubhakat JM, Ghezzi P, Tracey KJ. 1997. Tumor necrosis
factor is a brain damaging cytokine in cerebral ischemia. Shock 8:341—
348.

Miossec C, Dutllenl V, Rassy F, Diu-Hercend A. 1997, Evidence for
CPP32 activation in the absence of apoptosis during T lymphocyte
stimulation. ] Biol Chem 272:13489-62.

Miura M, Zhu H, Rotello R, Hartwieg EA, Yuan . 1993, Induction of
apoptosis in fibroblasts by [L-1 beta-converting enzyme, a mammalian
homolog of the C. elegans cell death gene ced-3. Cell 75:653—
660,

Mogi M, Harada M, Kondo T, Reiderer P, Nagatsu T. 1994. Tumor
necrosis factor-alpha increases both in the brain and in the cerebrospinal
fluid from parkinsonian patients. Neurosci Lett 165:208-210,

Mogi M, Harada M, Narabayashi H, Inagaki H, Minami M, Nagatsu T.
1996. Interleukin-1 beta, interleukin-6, epidermal growth factor and
transforming growth factor-alpha are elevated in ventricular cerebrospinal
fuid in juvenile parkinsonian and Parkinson’s disease. Neurosci Lett
211:13-16.

Morganti-Kossman MC, Kossman T, Wahl SM 1992 Cytokines and
neuropathology. Trends Pharmacol 13:286-290.



Nath R, Raser K], Staftord 1), Hajimohammadreza 1, Posner A, Allen H,
Talanian RV, Nitatonn T, Sato N, Wagun S, Karasawa Y, Araki H,
Shibanai K, Kominami E, Uchiyama Y. 1995, Delayed neuronal death in
the CAl pyramidal cell layer of the gerbil hippocampus following tran-
sient ischemia is apoptosis. | Neurosci 15:1001-1011.

Nath R, McGinnis KJ, Nadimpalli R, Stafford D, Wang KKW. 1996.
Effects of ICE-like proteases and calpain inhibitors on neuronal apoptosis.
Neuroreport 8:249-255.

Nath R, Robert A, McGinnis KM, Wang KKW. 1998. Evidence for
activation of caspase-3-like protease in excitotoxins and hypoxia/
hypoglycemia-injured cerebrocortical neurons. | Neurochem 71:186—
195.

Nawashiro H, Martin D, Hallenbeck JM. 1997, Inhibition of tumor ne-
crosis factor ameliorated brain infarction in mice. ] Cereb Blood Flow
Metab 17:229-232,

Oberhammer F, Fritsch G, Schmied M, Pavelka M, Printz 12, Purchio T,
Lassmann H, Schulte-Hermann R, 1993, Condensation of the chromatin
at the membrane of an apoptotic nucleus is not associated with activation
of an endonuclease. | Cell Sci 104:317-326.

Pike BR, Zhao X, Newcomb JK, Wang KKW, Posmantur RM, Hayes
RL. 1998. Temporal relationships between de novo protein synthesis,
calpain and caspase 3-like protease activation, and DNA fragmentation
during apoptosis in septo-hippocampal cultures. ] Neurosei Res 52:505-
520.

Pulliam L, Zhou M, Stubbelbine M, Bitler CM 19958, Differential modu-
lation of cell death proteins in human brain cells by tumor necrosis factor
alpha and platelet activating factor. ] Neurosci Res 54:530-538.

Ruff MR, Gifford GE. 1981. Rabbit tumor necrosis factor: mechanisms of
action. Infect Immun 31:380-385.

Saito K, Suyama K, Nishida K, Se1 Y Basile AS. 1996, Early increases in
TNF-alpha, IL-6 and IL-1 beta levels following transient cercbral isch-
emia in gerbil brain. Neurosci Lett 206:149 152,

Scherbel U, Raghupathi R, Nakamura M, Saarman KE, Trojanowski ]Q,
Neugebauer E, Marino MW, Mclntosh TK. 1999, Differential acute and
chronic responses of tumor necrosis factor-deficient mice to experimental
brain injury. Proc Natl Acad Sci USA 96:8721-8726.

Selmaj KW, Raine CS. 1998. Tumor necrosis factor mediates myelin and
oligodendrocyte damage in vitro. Ann Neurol 23:339-346.

Sharief MK, McLean B, Thompson EJ. 1993. Elevated serum levels of
tumor necrosis factor-alpha in Guillain-Barre syndrome. Ann Neurol
33:591-596.

Shohami E, Novikov M, Bass R, Yamin A, Galily R. 1994. Closed head
injury triggers early production of TNF-alpha and 1L-6 by brain tissue.
J Cereb Blood Flow Metab 14:615-619.

Shohami E, Bass R, Wallach D, Yamin A, Galily R. 1996. Inhibition of
tumor necrosis factor alpha (TNF-a) activity in rat brain is associated with
cerebroprotection after closed head injury. J Cereb Blood Flow Metab
3:378-384.

Shohami E, Galilly R, Mechoulam R, Bass R, Ben-Hur T. 1997, Cytokine
production in the brain following closed head injury: dexanabinol (HU-
211) is a novel TNF-alpha inhibitor and an effective neuroprotectant
J Neuroimmunol 72:169-177.

Shohami E, Ginis I, Hallenbeck JM. 1999, Dual role of tumor necrosis
factor alpha in brain injury. Cytokines Growth Factors Rev 10:119-130,

Stahel PF, Shohami E, Younis FM, Kariya K, Otto VI, Lenzlinger PM,
Eugster HP, Trentz O, Kossmann T, Morganti-Kossmann MC. 1999,

TNF-a and Septo-Hippocampal Cultures 131

Experimental closed head injury: analysis of neurological outcome, blood
brain barrier dysfunction and intracranial polymorphnuclear leukoeyte in
mice deficient in genes for pro-inflammatory cytokines. | Cereb Blood
Flow Metab 20:369-380).

Sullivan PG, Bruce-Keller AJ, Rabchevsky AG, Christakos S, Clair DK,
Matson MP, Scheft SW. 1999. Exacerbation of damage and altered
NF-kappaB activation in mice lacking tumor necrosis factor receptors
after traumatic brain injury. | Neurosci 19:6248—6256.

Taupin V, Toulmond S, Serrano A, Benavides |, Zavala F. 1993, Increase
in IL-6, IL-1 and TNF-a levels in rat brain following traumatic lesion:
Influence of pre- and post-traumatic treatment with Ro5 4864, a
peripheral-type (p-site) benzodiazepine ligand. ] Neuroimmunol 42:177-
185.

Uno H, Matsuyama T, Akita H, Nishimura H, Sugita M. 1997. Induction
of tumor necrosis factor-alpha in the mouse hippocampus following
transient forebrain ischemia. | Cereb Blood Flow Metab 17:491-499,

Villa P, Kaufman SH, Earnshaw WD, 1997. Caspases and caspase inhibitors.
Trends Biochem Sci 22:388-393.

Wang KK. 2000. Calpain and caspase: can vou tell the difference? Trends
Neurosci 23:59.

Wang KKW, Yuen P. 1994, Calpain inhibition: an overview of its thera-
peutic potential. Trends Pharmacol Sci 15:412-419,

Wang KKW, Nath R, Raser KJ, Hajimohammadreza I. 1996. Maitotoxin
induces calpain activation in SH-SY5Y neuroblastoma cells and cerebro-
cortical cultures. Arch Biochem Biophys 331:208-214,

Wang KKW, Posmantur RM, Nath R, McGinnis K, Whitton M, Talanian
RV, Glartz SB, Morrow JS. 1998, Simultaneous degradation of alpha 11~
and beta-11- spectrin by caspase 3 (CPP32) in apoptotic cells. ] Biol Chem
273:22490-22497.

Wang XK, Yue TL, Barone FC, White RF, Gagnon RC, Feuerstein GZ.
1994, Concomitant cortical expression of TNF-& and [L-1 mRNAs
follows early response gene expression in transient focal ischemia. Mol
Chem Neuropathol 23:103-114.

Weissner C, Sauer D, Alaimo D, Allegrini PR. 2000. Protective effect of a
caspase inhibitor in models for cerebral ischemnia in vitro and in vivo. Cell
Mol Biol 46:53—62.

Wyllie AH, Kerr SF, Currie AR, 1980, Cell death: the significance of
apoptosis. Rev Cytol 68:251-306.

Xu IS, Grass S, Xu XJ, Wiesenfeld-Hallin Z. 1998. On the role of galanin
in mediating spinal flexor reflex excitability in inflammation. Neuro-
science 85:827-835.

Yamashita K, Takahashi A, Kobayashi S, Hirata H, Mesner PW, Kaufinann
SH, Yonehara S, Yamamoto K, Uchiyama T, Sasada M. 1999. Caspases
mediate tumor necrosis-alpha-induced neutrophil apoptosis and down-
regulation of reactive oxygen production. Blood 93:674 —685.

Yuen P, Gilbersen RB, Wang KKW. 1996. Non-erythroid a-spectrin
breakdown by calpain and interleukin 1-converting-enzyme-like pro-
tease(s) in apoptotic cells: contributory roles of both protease families in
neuronal apoptosis. Biochem ] 319:683—690.

Zhao X, Pike BR, Newcomb JK, Wang KKW, Posmantur RM, Hayes
RL. 1999. Maitotoxin induces calpain but not caspase-3 activation and
necrotic cell death in primary septo-hippocampal cultures. Neurochem
Rees 24:371-382.

Zhivotovsky B, Burgess DH, Vanags DM, Orrenius S. 1997, Involvement
of cellular proteolytic machinery in apoptosis. Biochem Biophys Res
Comm 23(:481-488.



	0110765--2006-08-04--10h-32m-35s.pdf
	Cover……………………………………………………………………………………1
	SF 298……………………………………………………………………………..……2
	Body…………………………………………………………………………………….4-25

	pt1.pdf
	pt2.pdf
	pt3.pdf
	pt4.pdf
	pt5.pdf
	pt7.pdf



