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Abstract

In models of cell death, the IAPs prevent apoptosis through inhibition of caspases. We
postulated that overexpression of NAIP would attenuate apoptosis and improve neurological
recovery in a murine model of TBI by inhibiting caspase-3. TBI was performed using a weight
drop model. Apoptosis was demonstrated in the cerebral cortex using the ISEL stain on brain
sections and PCR amplification of fragmented DNA. The number of apoptotic cells in the
cerebral cortex was significantly increased post TBI and the cell types undergoing apoptosis
were identified by immunofluoresence as neurons and oligodendrocytes. Immunofluoresence
and Western blot techniques were used to reveal that apoptosis was accompanied by a decrease
in Naip and an increase in caspase-3 expression. We demonstrate that overexpression of NAIP
attenuated DNA fragmentation through the inhibition of caspase-3 using ISEL and Western blot
procedures. We were unable to show that NAIP overexpression improved neurological recovery
following TBI using the Morris water maze neurological score. Overall, the data presented in

this study provide evidence for a role of NAIP in inhibiting apoptosis following TBI.
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1. Introduction

L.1 Traumatic Brain Injury
1.1.1 Epidemiology of Pediatric Traumatic Brain Injury
TBI is the leading cause of morbidity and mortality in North American children with over

95, 000 children experiencing TBI in the United States every year (2). Several clinical studies
have shown that the risk of sustaining TBI is significantly higher in children compared to aduits
(2, 53, 81). These studies demonstrate that the incidence of TBI steadily increases from
newbomns to 19 year olds, then gradually decreases until 50 years of age (53). The risk of TBI
also differs between genders with 15 to 19 year old males having twice the incidence of head
injury and four times the risk of suffering fatal head injuries compared to females in the same
age group (53, 81). Data collected in North American emergency wards indicates that most head
injuries are caused either by abuse, non-motor vehicle related incidents, or motor vehicle related
collisions (107). Regional studies throughout the United States reveal that the most prevalent
cause of TBI in children is non-motor vehicle related incidents such as a fall (53). However, the
most prevalent cause of severe TBI has been shown to be motor vehicle related collisions
involving unrestrained adolescent males (53). Medical science has developed several treatments

designed to manage the head injured child and promote recovery.

1.1.2 Classification and Treatment of Mild, Moderate, and Severe Head Injury

Brain damage associated with pediatric TBI is thought to be mediated by acceleration /
deceleration forces and elevations in ICP. Due to differences in size and development, the CNS
injuries sustained by a child are unique compared to those sustained by an adult following TBI

(81). In relation to adults, children are particularly vulnerable to injury caused by acceleration /



deceleration forces as the juvenile head is relatively larger than the body and has less
musculoskeletal support (81). Acceleration / deceleration injuries result in diffuse axonal
shearing, brain shift, intracranial / intraventricular hematomas, and cell death (81, 93).
Compared to adults, children are also particularly vulnerable to increases in ICP (53, 81). Post
TBI, ICP rises as increases in cerebral blood flow and volume occur (53). Elevations in ICP
occur rapidly and are difficult to reduce in children due to their limited CSF reabsorption range
(53). Increased ICP can lead to localized and global ischemia, seizure activity, cytotoxic edema,
hydrocephalus, brain inflammation, and cell death (53, 81, 93). It is thought that the cell death
that occurs post TBI leads to the neurological deficits observed in patients recovering from
trauma. Following TBI, an initial wave of cell death results from mechanical damage to the
brain (85). This cell death occurs immediately post TBI and is believed to be non-preventabie
(81, 85). The second wave of cell death is associated with acceleration / deceleration forces and
changes in ICP. This secondary cell death can occur in regions distal to the site of injury and has
been associated with deficits in memory retention, olfaction, seizure resistance, and motor
function (53). It has been shown in clinical settings that the secondary brain cell death that

occurs in children following TBI can be managed using therapeutics directed against elevations

in ICP (53, 81).

Children presenting with TBI are assessed using a well described neurological scale and then
treated depending on the severity of the injury. During the late 1970’s, Drs. Jennett and Teasdale
developed a 15 point coma severity scale known as the GCS, that measured motor response,
verbal response, and eye opening ability in patients that had sustained TBI (80, 175). Children
with a GCS of 15 to 14 are considered to have sustained a mild head injury (81). In mild head

injury, the impact force is absorbed by the skull and the intracranial contents are not damaged



(53, 81). Thus, mild head injury is not associated with elevated ICP, acceleration / deceleration
forces, or cell death. Patients are monitored for changes in the level of consciousness, pupillary
response, and changes in head circumference (81). Children with a GCS of 9 to 12 and a change
in the level of consciousness are classified as moderately head injured (81). In moderate head
injury, impact forces are transferred from the skull to the brain resulting in acceleration /
deceleration and ICP associated injuries (81, 93). Treatment of moderate head injury includes
bed rest to stabilize ICP, supportive management, and monitoring for sequelae (i.e.; change in
pupillary response to light, change in head circumference) (25). Children that have sustained a
severe head injury have a GCS of less than, or equal to, 8 and are often comatose (25). These
children are managed with intubation / ventilation, hemodynamic support, and monitoring of ICP
(25). To reduce the cerebral edema that can result from dangerously high ICP (30 to 40 Torr) in
children with severe head injury, osmotic diuretics such as mannitol or 3% hypertonic saline are
often used (25, 81). Mild to moderate hyperventilation and hypothermia may also be used to
reduce blood flow to the brain (25, 164). Surgical options to alleviate high ICP in severely head
injured patients include decompressive craniotomy and drainage of CSF (121). Due to the
aggressive management of elevated ICP, children with moderate and severe TBI have a mortality
rate of approximately 30% (81). Nevertheless, even with careful ICP monitoring, the effect of
diffuse injury to the brain on cell loss and neurological defects in patients that survive a TBI
incident can be profound (81). Animal models of TBI have been used to develop new therapies
ciesigned to attenuate cell death at the molecular level and improve neurological outcome

following trauma.



1.1.3 Animal Models of TBI

Animal models have been used to investigate cellular changes associated with TBI and to
develop therapies designed to promote cell survival following trauma (85). TBI has been studied
experimentally using models of acceleration / deceleration injury and brain deformation injury
(85). Historically, primates were used in the acceleration / deceleration models because they
have comparable head, neck, and spine anatomy with humans (85). Unfortunately cost and
housing concems for the animals have limited the number of acceleration / deceleration injury
studies performed. The experimental animals currently used for brain deformation models are
rodents, specifically rats and mice (85). Organization of the rodent brain has been extensively
studied and has been shown to be homologous to the human brain (82). Additionally, the low
" cost and easy housing of these animals have made rodents the ideal experimental group to study
TBI (85). Over the last 20 years rodent models of TBI have been used to unravel the molecular
mechanisms associated with TBI pathophysiology and to develop therapies that promote cell
survival (26, 85). However, while animal models of TBI have been invaluable in revealing the
biochemical pathways associated with cell death, the results of therapies developed using these
models have been disappointing in human clinical trials (26, 85, 115). Reasons for the
discrepancy between the a'nimal models and clinical trials include improper dosing of specific
therapies in humans, different cell death time courses between humans and rodents, and altered
ability of drugs to penetrate the human brain compared to the rodent brain (26). Concerns have
also been raised about the type of cell death targeted by the therapeutics (26). Following TBI
cells die either by a passive form of death known as necrosis or by an energy requiring, gene
mediated form of death known as apoptosis (38, 125, 137, 190). Recent in vivo studies have

shown that the secondary cell death associated with TBI was caused by apoptosis (137, 139).



However, most therapies developed and used in the clinical trials have been directed against

necrosis rather than apoptosis (26).

1.2 Apoptosis

1.2.1 Necrosis versus Apoptosis

During the life span of an organism, cells will either die passively by necrosis or actively
through an apoptotic pathway. Cells that receive a sudden extreme injury or are exposed to high
levels of a noxious compound that disrupts osmotic balance in the cell often undergo necrotic
death. During necrosis, extracellular ions such as calcium enter into the cell and cause damage
by inhibiting energy production and activating proteolytic proteases (155). Additional damage
occurs when, in an attempt to improve osmotic balance, water enters and causes the cell to swell
(155). Cellular contents are eventually spilled through leaky membranes into the extracellular
space (138). The inflammatory response initiated by the release of cellular contents often causes
extensive damage to neighboring cells (138).

In contrast to necrosis, apoptosis is an energy requiring gene mediated process that is essential
for survival of an organism (109). This type of cell death was first observed by Kerr et. al.
(1972) who described the morphological changes in non-necrotic dying cells in two stages (86).
The first stage involved nuclear and cytoplasmic condensation followed by breakup of the cell
into membrane bound vesicles (86). The second stage involved phagocytosis of the vesicles by
other cells and recycling of the vesicle contents (86). This form of death prevents the release of
pro-inflammatory cellular contents into the extracellular space, thereby avoiding an
inflammatory response and damage to surrounding cells (138). Apoptosis, which is a Greek

word for ‘falling petals or leaves’ was the name given to the regulated type of cell death



observed by Kerr (86). Extensive research has shown that apoptosis can occur in all cell types
and can be initiated by a variety of stimuli (55, 127). Each apoptotic signal is capable of
activating metabolic pathways and specific genes whose action results in the morphological
changes associated with apoptosis (55, 127). Apoptosis has been observed in mature tissues and
is believed to play an essential role in mediating tissue homeostasis (126). It has also been
demonstrated that apoptosis is essential for successful development of organs during
embryogenesis (68, 69, 86 129). Apoptotic death has been observed during formation of tubular
structures, fashioning of limbs, formation of interdigital clefts and involution of phylogenetic
vestiges (86). Apoptosis has also been shown to be essential for the proper formation of the
CNS. A remarkable 50% turnover of proliferating CNS neurons occurs during synaptogenesis in
order to eliminate excess neurons and those with improper connections (129). Apoptosis during
development was thoroughly examined in invertebrate organisms and provided a wealth of

information about the biological pathways through which apoptosis is propagated.

1.2.2 Apoptosis During C. elegans Development

The genes that are essential for apoptosis during development of the nematode C. elegans have
been extensively studied. The protein products of three main ced genes direct the loss of 131
cells, of which 105 are neuronal, from 1090 somatic cells in the C. elegans larvae (67). CED-3
is a proapoptotic protein that exists in the cytosol in an inactive form (68, 69). CED-4 is a
proapoptotic protein that is complexed in the cytosol to the antiapoptotic protein CED-9 (68, 69).
Following an apoptotic stimulus, CED-9 dissociates from CED-4 which then binds to and
promotes activation of CED-3 (6, 69). Activated CED-3 commits the cell to apoptotic death by

cleaving specific structural and repair proteins after aspartic acid residues (178). Recent research



has demonstrated that the majority of apoptotic death that occurs in vertebrate organisms

involves gene families homologous to the C. elegans ced genes (105, 178, 197).

1.2.3 Vertebrate Biochemical Pathways of Apoptosis

Caspases, the mammalian homologues of ced-3, are essential to the execution of the two most
biologically prevalent pathways of apoptotic death. The caspases were first implicated in cell
death when it was revealed that the ced-3 death gene was related to the mammalian enzyme, ICE
which converts the IL-1p precursor to the mature form (196). Eleven human caspases have since
been identified and can be divided into three subgroups based on sequence homology (4). The
ICE-like subgroup includes caspases-1, -4, and -5, the caspase-2-like subgroup includes caspase
-2 and -9, and the CPP32-like subgroup contains caspases-3, -6, -7, -8, -9, and -10 (4). The ICE
subfamily appears to be predominantly involved in inflammation while the caspase-2-like and
CPP32-like proteases have been shown to promote apoptosis (126). Caspases are expressed in
the cytoplasm as inactive 30 - 50 kDa precursor proteins, or zymogens, containing an amino
terminal prodomain together with one large (20 kDa) and one small (10 kDa) subunit (178). The
zymogens are activated following heterologous and autologous proteolysis to form a
heterodimeric structure consisting of two large and two small subunits (178). All of the currently
identified caspases, or cysteine aspases, contain a Cys/His diad at the active center and cleave
proteins after aspartyl motifs (4). Apoptosis ‘initiator’ caspases, including caspase -2, -8, -9, and
-10, contain long prodofnains which allow them to interact with specific cellular adaptor proteins
(19). These interactions bring the initiator caspases into close proximity which promotes
activation of one zymogen by another and enhancement of the apoptosis signal (19). Apoptosis

‘effector’ caspases, including caspase-3, -6, and -7, contain a short prodomain and are activated



in a proteolytic cascade by initiator proteases (19). The effector caspases cleave essential
structural and regulatory proteins which generates many of the morphological changes that are

hallmarks of apoptosis (30, 62, 89, 154, 172, 174, 176, 184).

Caspase-3, the most extensively studied effector caspase, is known to lead to the
internucleosomal DNA fragmentation that is characteristic of apoptosis (79). Caspase-3 is
activated by cleavage of the inactive 32 kDa proenzyme into 17 and 12 kDa subunits which
combine to produce the active heterodimeric form of the enzyme (178). Active caspase-3
contributes to DNA fragmentation by cleaving both the DNAse inhibitor [P and the DNA
repair enzyme PARP (79, 128 158, 148, 177). As extensive DNA fragmentation irreversibly
impairs cellular function, once caspase-3 is activated the cell is considered to be committed to

apoptotic death (79).

The caspases are essential to the two most biologically prevalent pathways of apoptotic death:
mitochondria induced apoptosis and death receptor induced apoptosis (24). In 1996 it was
discovered that an apoptotic program could be induced in the cytosol of non-apoptotic cells by
introducing the mitochondrial protein cytochrome ¢ (105). It has since been demonstrated that,
following exposure of cells to a variety of apoptotic stimuli, cytochrome ¢ is released from the
inner membrane of mitochondria and initiates an apoptotic pathway (150, 191). In the cytosol
cytochrome c interacts with the CED-4 homologue Apaf-1 which causes the activation of the
initiator protease caspase-9 (101). Caspase-9 then cleaves and activates the effector proteases
caspase-3 and -7 (101). The mechanism of the permeability changes in the mitochondrial
membrane that result in release of cytochrome ¢ are not yet fully understood but it is believed
that the vertebrate CED-9 homologue BCL-2 protein family may play a regulatory role (24, 102).

Certain proapoptotic BCL-2 family members are present on the cytoplasmic surface of



mitochondria and are thought to form pores through which cytochrome ¢ can escape once a cell

has been exposed to a proapoptotic agent (24, 131).

Cell surface receptors can also stimulate apoptosis through activation of caspases (6).
Proapoptotic cell surface receptors, or death receptors, are all members of the TNF / NGF
receptor superfamily (24). These receptors contain a cysteine rich repeat in the extracellular
domain and a homologous region localized in the cytoplasm known as the death domain (24).
The best characterized of the death receptors is the TNF-a receptor, TNFR1 (124). The effects
of TNF-a are mediated by two distinct receptors, the high affinity TNFR2 (p75, p80) and the
low affinity TNFR1 (p55, p60) (32). TNFR2 is able to bind TNF-a even when extracellular
levels of the cytokine are low, does not contain a death domain, and stimulates up regulation of
genes involved in cell proliferation and survival through the activation of the transcription factor
NF-xB (13, 32, 144, 145). In contrast to TNFR2, the low affinity TNFR1 binds TNF-a only
when extracellular levels of the cytokine are abundant and has been shown to mediate TNF-a
induced apoptosis (6). Once TNFR1 has bound three ligand molecules the receptor trimerizes
and recruits the TRADD protein (124). TRADD associates with the clustered receptor death
domains and binds the FADD protein (35, 76). The amino terminus of FADD contains a death
effector domain which recruits the inactive initiator protease procaspase-8 (18). Upon
recruitment by FADD, procaspase-8 becomes activated by self-cleavage and proteolytically
processes procaspase-3 and -7 (123). There is some evidence that the TNF-a apoptotic signal
can be amplified through activation of both death pathways (102, 106, 165). Recent in vivo and
in vitro experiments have demonstrated that activated caspase-8 can stimulate the mitochondria
death pathway by cleaving the protein Bid (102, 106). Cleavage of this proapoptotic BCL-2

family member by caspase-8 causes translocation of the carboxyl terminal of the protein into the



mitochondria, rapid release of cytochome c into the cytosol, and activation of caspase-9 (102,
106). Thus, extensive research has demonstrated that caspases are essential for the execution of
apoptosis death pathways. It is believed that apoptosis in developing and mature organisms is
regulated by survival proteins families that interact with cell death mediators and function to

prevent apoptosis.

1.2.4 Antiapoptotic Protein Families

Antiapoptotic BCL-2 family members and the [AP fgmily have been shown to inhibit apoptosis
in vitro and in vivo by blocking specific steps in the mitochondria and death receptor pathway (1,
55, 92, 103, 187, 191). The antiapoptotic members of the BCL-2 family, including BCL-2,
BCL-X], and BCL-w are associated with inhibition of mitochondria initiated cell death upstream
from caspase activation (1). These proteins are thought to prevent apoptosis by inhibiting
cytochrome ¢ release from the mitochondria or by preventing the interaction of Apaf-1 and
procaspase-9 (35, 55, 130, 191). Antiapoptotic BCL-2 proteins are highly expressed in
proliferating CNS cells during embryogenesis indicating that these proteins are essential for
successful development of the brain and spinal cord (94). However, very low levels of these
proteins have been detected in mature CNS structures, suggesting that these proteins do not play

an important role in preventing apoptosis in the healthy adult CNS (37, 90, 167, 189).

The IAPs are a recently identified family of antiapoptotic proteins that are differentially
expressed throughout the tissues of an organism. Six human IAPs, NAIP, HIAP1, HIAP2,
XIAP, survivin, and BRUCE, have been identified (5, 52, 64, 103, 144). The IAPs are
characterized by a novel domain of approximately 70 amino acids which can repeat up to three

times in the protein (46). This region, known as the BIR domain, is essential for the

10



antiapoptotic function of the IAPs (46). HIAP1, HIAP2, and XIAP also contain a RING domain
which is essential for the function of these proteins (48, 146, 173). Mouse homologues of the
human IAPs have also recently been discovered suggesting that the IAP gene family has been
conserved in mammals (46). The expression of the IAPs differs throughout tissues in the body.
XIAP mRNA was found in all adult and fetal tissues tested indicating that it is a ubiquitously
expressed member of the family (103). Expression of HIAP! and HIAP2 is highest in the
kidney, small intestine, liver, and lung and is quite low in the CNS (195). These proteins are
associated with TNFR2 and are thought to promote cell survival by inducing the activation of
NF-xB (170). Low levels of NAIP expression have been detected in adult liver, placenta, and
CNS (147). In contrast to other member of the IAP family, survivin expression is rarely detected
in healthy adult human and mouse tissues (97). However, recent work has indicated that
expression of this IAP is restricted to dividing cells (97). This hypothesis was supported by
Ambrosini et. al. (1997) when it was revealed that survivin is expressed in a high proportion of

the most common forms of cancer (5).

The IAPs appear to function in vivo and in vitro primarily as antiapoptotic proteins.
Overexpression of XIAP, HIAP1, HIAP2, NAIP, or survivin inhibits apoptosis stimulated by a
broad variety of agents including TNF-a, menadione, staurosporin, etoposide, Taxol, and growth
factor withdrawal (5, 52,100, 103). It has been demonstrated both in vitro and in vivo that
members of the IAP family inhibit both TNF-at and mitochondria induced apoptosis by blocking
the activity of specific caspases (47, 48, 146, J. Maier, personal communication). Although the
IAPs do not interact with caspase-8, certain members of this protein family have been shown to
inhibit the TNF-a apoptosis pathway by interfering with the activity of caspase-3 and -7 (48,

146, J. Maier, personal communication). XIAP, HIAPI, and HIAP2 have also been shown to
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block the mitochondria apoptosis pathway by interfering with the activity of caspase-9 (45, 47).
Interestingly, recent studies by Deveraux et. al. (1997, 1998) and Roy et. al. (1997) have
demonstrated that while binding of the IAPs to caspase-3 and -7 requires activation of these
caspases, the IAPs bind to both the activated and unprocessed forms of procaspase-9 (47, 48,
146). As the IAPs are expressed in most adult tissues, including the mature CNS, it has been

suggested that these proteins are important post-natal regulators of apoptosis (92).

1.2.5 Apoptosis and Neurodegeneration

Apoptosis is essential for the survival of an organism, however inappropriate apoptosis has
recently been implicated in several neurodegenerative disorders (109). Evidence of apoptotic-
like cell death has been detected in CNS structures affected by Alzheimer’s disease,
Huntington’s disease, Parkinson’s disease, and multiple sclerosis (8, 9, 109). Studies have
shown that the cell death occurring in these conditions is associated with internucleosomal DNA
fragmentation that can be blocked by caspase inhibitors (39, 62, 183). In neurodegenerative
diseases, apoptosis is considered to be a late event resulting from genetic abnormalities within
the organism (8). Hence, in regards to these disorders there is on going debate whether damaged
CNS cells rescued from apoptotic death are still biologically active and functionally salvageable
(8). As a result of the controversy, apoptosis is not a primary target for therapeutics designed to
attenuate the pathology arising from neurodegenerative disease. Apoptotic death has also been
associated with cellular degeneration resulting from CNS trauma (9). Apoptotic-like death has
been observed in in vitro and in vivo models of stroke, spinal cord injury and TBI (34, 42, 108,
111, 125). This death is associated with activation of various caspases, internucleosomal DNA

fragmentation, and cleavage of caspase-3 specific substrates (34, 38, 42, 111, 136, 190). In
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contrast to neurodegenerative disease, apoptotic death following trauma is thought to play a

significant role in the resulting CNS pathology and is an attractive target for therapeutics (38,

42).

1.2.6 Necrotic and Apoptotic Profiles Following TBI

TBI is characterized by early localized necrotic death and wide spread secondary apoptotic
death (38, 111, 125, 137, 190). Several in vivo and in vitro models of TBI have demonstrated
cell death as early as 10 minutes following trauma (3, 38, 137). These cells have the
morphological appearance characteristic of necrotic death and are found in the immediate trauma
region (38, 111, 137). In experimental models of TBI, the number of necrotic cells has been
shown to reach a maximum approximately 3 to 6 hours following injury (3, 38, 136, 137). A
second population of dying cells has also been observed in both clinical and experimental TBI
models (38, 111, 125, 137, 169). In contrast to the necrotic death, the morphology of these cells
appears apoptotic-like (38). Several studies have shown that these cells also contain fragmented
DNA, active caspase-3, and cleaved a-spectrin (caspase-3 specific substrate) strongly suggesting
that the majority of cells in this second population are undergoing apoptotic death following TBI
(38, 136, 190). Apoptosis has been observed as early as 6 hours post TBI in the injury region
and as late as 1 year in CNS structures distal to the site of trauma (38, 137). Most recently
regionally distinct apoptosis following cortical trauma has been observed in the cortex and
subcortical white matter up to 1 week post TBI, striatum up to two weeks post TBI, and thalamus
up to 1 month post TBI (38, 137). Due to the prolonged secondary cell death observed in regions
distal to the site of injury it is believed that apoptosis rather than necrosis, determines the

neuropathologic outcome following TBI (137, 139).
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1.2.7 Identification of Apoptotic Cells Following TBI

Gray matter neurons and subcortical white matter oligodendrocytes appear to be particularly
vulnerable to apoptotic death foilowing TBI. Immunohistochemical staining techniques have
identified cortical apoptotic cells as neurons in several in vivo models of TBI (38, 125, 139, 190).
Neurons appear to be the primary apoptotic cell type in the cortex as studies have shown that
little apoptosis occurs in astrocytes or resident inflammatory cells post trauma (125). Neurons
have also been shown to be selectively vulnerable to apoptosis in in vitro models of trauma (3,
136). A recent study by Allen et. al. (1999) demonstrated that in mixed cell cultures containing
neurons and astrocytes, the neurons undergo apoptosis while the astrocytes proliferate following
a mechanical punch trauma (3). Neuronal death during the early post trauma period in in vivo
and in vitro models of TBI has been shown to reach a maximal level at 24 hours following
injury, however low levels of neuronal apoptosis has been observed for several months following
injury (3, 38, 125, 137). Immunohistochemical staining techniques have identified subcortical
white matter apoptotic cells as oligodendrocytes in in vivo models of TBI (38). The function of
oligodendrocytes is to myelinate neuronal axons in the vertebrate CNS with a single
oligodendrocyte interacting with and myelinating several axons (10, 11). There is some evidence
that oligodendrocyte and neuronal apoptosis follow the same time course post TBL. Similar to
neuronal death, oligodendrocyte death has been observed to reach a maximum level at 24 hours
following TBI and to continue at a lower level in tissue distal from the site of injury for several
months (38, 42). It is postulated that this oligodendrocyte death may be the result of withdrawal
of trophic factors supplied to the cell by the axon (10, 42). Thus, following TBI

oligodendrocytes may undergo apoptosis in response to the axonal degeneration and growth
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factor withdrawal that occurs as the neurons die (38, 42). However, growth factor withdrawal is
probably not the principle apoptotic signal as TBI results in several biological responses that

induce both neurons and oligodendrocytes to die.

1.2.8 Death Molecules Associated with TBI

Molecules that induce both necrosis and apoptosis are present in the brain following TBL
EAAs are a major necrosis inducing signal that have been detected in in vitro and in vivo models
of TBI and are thought to cause most of the observed necrotic death (3, 31, 137). CNS cells
become transiently depolarized immediately following TBI, an event known as traumatic
depolarization (88). The depolarization results in the release of EAA such as glutamate into the
extracellular space (88). Much of the necrotic death associated with TBI is thought to arise from
the association of glutamate with the NMDA receptor which is present on the plasma membrane
of CNS cells (31). In in vitro models of TBI, the association of glutamate with the NMDA
receptor has been shown to trigger the influx of calcium into neurons which results in an ionic
imbalance and activation of calcium dependent proteases (136, 185). It has been demonstrated
that neuronal necrosis occurs rapidly following these events. In vivo studies have shown that
EAA release is a short term, localized response to TBI that is rapidly attenuated following injury
(31, 137). Elevated levels of extracellular glutamate and intracellular calcium can be detected in
the injured region 5 minutes following experimental TBI but return to basal levels by 3 hours
post injury (31, 185). Thus, necrotic death reaches a maximum at approximately 4 hours after in
vivo and in vitro TBI and does not reappear in the injury site or surrounding tissue (136, 137,
185). Due to the transient nature of EAA release, these molecules are not believed to play an

important role in mediating the secondary damage that has been observed following TBI (137).
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The resident inflammatory response associated with TBI is believed to significantly contribute
to the apoptosis that occurs post trauma (7, 17, 88). One of the earliest responses to TBI is
activation of the resident inflammatory cells known as microglia (84, 88). Microglia are derived
from a bone marrow precursor of monocytic lineage and are deposited in the CNS antenatally
(70, 135). In healthy vertebrate organisms, microglia are found through out the CNS in an
inactive form (59, 88). Following a neurological insult, microglia become activated in response
to elevated levels of extracellular potassium that result from traumatic depolarization (28, 88).
Activated microglia are amoeboid shaped motile cells that proliferate and migrate to the site of
injury where they phagocytose dying cells and participate in the inflammatory response to TBI
(157). Microglia participate in the inflammatory response by expressing T cell adhesion
receptors, MHC class II antigen presenting molecules, and by releasing inflammatory mediators
known as cytokines (181). In vivo models of TBI have shown that microglia are activated
throughout the brain as early as | hour following trauma and can remain activated up to 3
months post injury resulting in an extensive inflammatory period within the brain (74, 84).
Although the activity of microglia can be beneficial to an organism, recent studies have indicated
that these cells are involved in mediating cell damage associated with multiple sclerosis,
Alzheimer’s disease and CNS trauma (21, 84, 139, 171, 186). It is thought that activated

microglia damage CNS cells by releasing high levels of the proapoptotic cytokine TNF-c.

TNF-o produced by microglia has been shown to be an important mediator of neuronal and
oligodendrocyte apoptosis following TBI (74, 153, 163). TNF-a is a multifunctional cytokine
that can mediate a wide range of cellular responses including apoptosis (6, 180). Although brief
exposure of cells to TNF-a is often beneficial enabling an organism to mount an immune

response to kill an invading pathogen, several studies have shown that exposure of cells to high
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levels of TNF-a can be harmful (43, 56, 113, 116, 141, 159, 160, 168). Recently, exposure of
the CNS to TNF-a has been implicated in the pathogenesis of bacterial meningitis, multiple
sclerosis, cerebral malaria, Alzheimer’s disease, Parkinson’s disease, and TBI (43, 56, 113, 116,
141). Involvement of TNF-« in the pathology associated with TBI was indicated when elevated
levels of TNF-a were found in the cerebrospinal fluid of humans post TBI (143). TNF-a. is also
increased in clinically relevant models of TBI and has been shown to significantly contribute to
the neuronal and oligodendrocyte apoptosis that occurs following trauma. A dramatic increase in
TNF-o. mRNA has been detected in the injured cortex between | hour and 6 hours post TBI in
the rat with maximal levels of TNF-a protein observed in injured tissue 6 hours following
trauma (56, 87, 161). During the acute post trauma period (48 hours following TBI) TNF-a has
been shown to associate with neurons within the damaged region in vivo suggesting that this
proapoptotic cytokine is involved in the cell death observed following TBI (87). The
observation that agents which inhibit TNF-a production or block TNF-a. receptors prevent early
neuronal apoptosis and improve neurological recovery provide additional evidence that TNF-a
plays an important role in mediating the damage associated with TBI (87, 159, 160). TNF-a has

also been shown in vitro to induce apoptosis of neurons and oligodendrocytes through

association with the TNFRI death receptor (32, 71, 87, 99, 163, 194). Recent studies indicate
that the TNF-a stimulated apoptosis of both neurons and oligodendrocytes involves caspase-3
activation, PARP cleavage, and DNA fragmentation (66, 71, 99, 117, 190, 194). The observed
elevation of TNF-a following head injury, the association of TNF-o with CNS cells that undergo
apoptosis post TBI, and the ability of TNF-a. to stimulate apoptosis of neurons and
oligodendrocytes through the activation of caspase-3 strongly suggests that TNF-a is an

important mediator of the apoptotic death that occurs following trauma.
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TNF-a has been shown to be harmful to CNS tissue during the acute period post TBI, however,
recent evidence has demonstrated that TNF-a is beneficial to cell recovery in the chronic period
following traurna. Holmin et. al. (1999) demonstrated that levels of TNF-a remain elevated
above basal levels in the rat brain for up to 3 months. These observations originally lead
investigators to speculate that TNF-o may induce the low levels of secondary apoptosis
associated with trauma (74). To determine the validity of this hypothesis several studies have
examined the effect of extended TNF-a exposure on histological and behavioral recovery in in
vivo models of stroke and TBI (21, 153). Using a stroke model and mice genetically deficient in
TNF-a receptors, Bruce et. al. (1996) demonstrated that wildtype mice had a smaller infarct
volume, lower level of damaged neurons, and increased neuronal survival compared to the TNF-
a receptor deficient mice (21). These observations indicate that TNF-o had a neuroprotective
role during the chronic period following stroke (21). The long term beneficial effect of TNF-a
on recovery post TBI has also recently been demonstrated. Using mice deficient in TNF-a
production (TNF-/-), Scherbel et. al. (1999) demonstrated that in the acute period post TBI, TNF-
/- mice had higher neurological scores and less cortical cell loss than wildtype mice (153).
However, the wildtype mice appeared to recover over a 4 week period while the TNF-/- mice
continued to show neurological deficits and progressive cortical cell loss (153). These results
strongly suggest that although TNF-a is initially cytotoxic, this cytokine is important in
facilitating long term CNS recovery following brain injury (153). Researchers have postulated
that the dual role of TNF-a with respect to cell recovery may depend on changes in the level of
TNF-a and receptor occupancy that occur following TBI. During the acute phase post trauma
high levels of TNF-a are present in injured tissue, TNFR1 and TNFR2 are occupied and

apoptosis is induced through TNFR1 (32, 163). However, once levels of TNF-a decrease, the
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cytokine occupies TNFR2 solely (74, 143). TNFR2 is thought to promote cell recovery by
increasing expression of anti-inflammatory cytokines and antiapoptotic proteins (87, 110, 144,
145 153). Thus, there appears to be a critical time window for therapeutics designed to block the

interaction of TNFR1 with TNF-a and reduce damage associated with TBI.

1.2.9 Expression of Antiapoptotic Proteins Following TBI

The antiapoptotic BCL-2 protein may play a role in attenuating cell death following TBI.
Previous in vitro and in vivo studies have shown that overexpression of BCL-2 reduces
neuropathology and infarct volume in clinically relevant models of stroke (37). Increased
expression of endogenous BCL-2 has also been observed in neuronal axons following spinal
cord injury (98). These results suggested that BCL-2 might have a role in other models of CNS
trauma including TBI (37, 156). Using an experimental model of TBI, Clark et. al. demonstrated
that bcl-2 mRNA and protein were significantly increased in neurons that appeared to be
resistant to apoptosis following trauma (37). Further evidence for the neuroprotective role of
BCL-2 in CNS trauma was obtained in 1998 when Raghupathi et. al. revealed that BCL-2
overexpressing mice had reduced cortical cell loss following TBI (140). However, the
neuroscores obtained from wildtype and BCL-2 overexpressing mice were not significantly
different, indicating that the protected neurons in the transgenic animals were not functionally
active (140).  Additionally, a significant increase in endogenous bcl-2 mRNA in
oligodendrocytes and the attenuation of oligodendrocyte apoptosis following TBI in BCL-2
overexpressing mice has not been reported suggesting that BCL-2 does not influence
oligodendrocyte cell death post TBI. (140). In vitro studies have demonstrated that BCL-2 is

also ineffective in attenuating TNF-a induced apoptosis, which is believed to significantly
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contribute to the cell death observed following TBI, due to the inability of BCL-2 to inhibit the
caspase-8 pathway (167, 182). The inability of BCL-2 to improve neurological outcome, protect
against oligodendrocyte death post TBI, or reliably inhibit TNF-a induced apoptosis, casts doubt
on the effectiveness of BCL-2 to attenuate tissue damage following TBIL

Although members of the IAP family have been shown to prevent apoptosis (92), the effect of
these proteins on the cell death that occurs following TBI has never been examined. The IAPs
block a broader spectrum of apoptotic agents than any other antiapoptotic family and appear to
play a significant role in preventing tissue damage associated with various models of
neurodegeneration and trauma (73, 92, 187). The protection afforded to CNS tissue may in part
be due to the ability of members of the IAP family to effectively prevent TNF-a stimulated
apoptosis in most cell types and inhibit the activity of both initiator and effector caspases (47, 48,
92, 103, 146). The antiapoptotic characteristics of the IAPs suggest that members of this protein
family could be important mediators of cell survival following TBI. NAIP, the endogenous CNS

IAP, was discovered by virtue of its absence in children with the pediatric disorder known as

spinal muscular atrophy.

L.3. Spinal Muscular Atrophy
1.3.1. Spinal Muscular Atrophy - General Information.

The spinal muscular atrophies are a group of childhood autosomal neurodegenerative disorders
that are classified as either type I (Werdnig-Hoffmann disease), type II, or type I (Kugelberg-
Welander disease) depending on age of onset and clinical severity (95, 147). Type [ SMA is the
most severe form of the disorder with symptoms beginning in utero or shortly after birth (20,

65). Afflicted children are not able to sit unaided and rarely survive past age 2 due to weakening
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of the respiratory muscles (20).

SMA is primarily the result of inappropriate death of the anterior horn motor neurons (ot-motor
neurons) of the spinal cord at the lumbar and cervical level (58, 122). It is this death of the o-
motor neurons that leads to the symmetrical limb muscle atrophy and weakness observed in
SMA patients (51). The molecular defect that causes the inappropriate cell death is not yet fully
known. It is suspected that the motor neurons that undergo cell death do so in an apoptotic
fashion (57, 149). Motor neurons in SMA spinal cords appear swollen with chromatolysis of
cells characteristic of programmed cell death (133). These observations suggest that a defect in
the apoptotic pathway causes reactivation or persistence of the cell death that occurs during
spinal cord development (129, 149). Thus, it has been hypothesized that the SMAs are diseases

resulting from inappropriate apoptosis.

1.3.2 Mapping of the SMA Critical Region

In 1990, it was determined that all three types of SMA were linked to position 5q13 of human
chromosome 5 (23, 114). The critical region was found to be contained within a 140 kb region
characterized by extreme genetic instability (95, 147, 152). This instability was associated with
DNA duplication events resulting in several copies of functional genes as well as a variety of
pseudogenes placed in two inverted elements (95, 147, 152). The genetic variability of the
region hindered candidate gene identification until 1995 when two potential SMA determining

genes SMN and NAIP, were identified simultaneously (95, 147).

1.3.3 SMN - General Information

The SMN gene was identified as a candidate SMA gene by Lefebvre et al. in 1995. SMN has
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been shown to exist in a telomeric copy (SMNI or SMNr,;) and a centromeric copy (SMN2,
SMNc,, or cBCD541) along the 5q13 region of chromosome 5 (95). There is evidence that the
two 20 kb genes are oriented in a ‘head to head’ manner each containing nine exons that code for
a 1.7 kb mRNA transcript (95). It has been determined that the centromeric SMN2 preferentially
undergoes alternative splicing of exon 7 which results in a truncated RNA transcript (95).
Translation of the truncated RNA generates in a non-functional protein (95). The translation of
the full length SMN/ and 2 mRNA results in a 38 kDa protein which is expressed at a low level
in all tissues examined but appears most strongly expressed in CNS tissue (12, 91, 96, 179). The
SMN protein has been shown to be involved in RNA metabolism and is essential for
embryogenesis (75, 95, 104, 132). Lefebvre er al. (1995) demonstrated that genomic
rearrangements of SMN/ occurred in the majority of SMA patients regardless of clinical severity

which strongly suggests that SMN/ is the causative gene in SMA pathogenesis (95).

1.3.4 NAIP- General Information

NAIP was identified as a candidate SMA gene by Roy et al. in 1995 (147). In the 5q13.1 SMA
critical region NAIP was present as one full length copy in a ‘tail to tail’ arrangement (5’-3’ and
3°-5’) next to SMNI and as several truncated and internally deleted copies along the 5q13 region
(33, 147). NAIP occupies 56 kb of genomic DNA and contains 17 exons (33). The 5" UTR
spans exons | to 3 and part of exon 4 with transcription of exons 4 to 17 resulting in a 6.1 kb
mRNA (33). Translation of the mRNA generates a 1403 amino acid full length protein
approximately 150 kDa in size (33, 147). NAIP was so named due to its homology with a family
of viral inhibitor of apoptosis proteins discovered by Lois Miller in baculovirus and nuclear

polyhedrosis virus (15, 41, 147). These viruses were able to suppress insect host cell apoptosis
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through the activity of two homologous proteins, Cp-IAP and Op-IAP (92). The antiapoptotic
activity of the viral IAPs mapped to two 70 amino acid repeats identified as the BIR domains
(92). As NAIP was shown to possess three BIR domains and had a 33% homology to Cp-IAP
and Op-IAP, Roy et. al. (1995) postulated that NAIP functioned as a mammalian antiapoptotic

protein (147).

NAIP is actively transcribed in select mammalian adult tissues including structures in the CNS.
Hybridization of a Northern blot containing a variety of adult non-SMA tissues detected a 6 kb
and 7 kb RNA band in liver and placenta, respectively (147). Additionally, RT-PCR using NAIP
specific primers revealed the presence of NAIP transcriptional activity in the spinal cord (147).
Using RT-PCR techniques with adult mouse tissue has revealed Naip mRNA expression in the
spinal cord, liver, lungs, kidney, and spleen (147). The rat homologue of NAIP has also been
detected in a variety of adult rat CNS structures (188). Immunohistochemical techniques have
revealed the presence of varying levels of NAIP like immunoreactivity in cells of the cortex,
hippocampus, thalamus, basal ganglia, cranial nerve nuclei, brainstem relay nuclei, cerebellum,
and spinal cord (188). All of these NAIP containing structures show some pathology in type I
SMA patients. The identification of NAIP as a potential antiapoptotic protein in addition to its
expression in the CNS suggested that a loss of NAIP could be involved mediating the apoptotic

death of the motor neurons in SMA patients.

1.3.5 Deletions in NAIP Associated with SMA

The presence of the IAP NAIP in the SMA critical region and the association of neuronal
apoptosis with SMA pathology suggested that partial or entire deletion of NAIP may affect

inhibition of apoptosis in the motor neurons and contribute to SMA pathology (147). It has



recently been demonstrated that NAIP exons 4 —5 are homozygously deleted in 60 - 80% of type
[ patients and in 15 - 42% of type II and III patients (27, 142, 147). As SMNI! is partially or
wholly deleted in the majority of SMA patients an attractive model for SMA is that deletion of
NAIP and SMN1 lead to the severe type I phenotype while deletions of SMN! alone results in the
milder type II and II phenotype (33). In this model SMN/ is the causative gene for SMA while

NAIP is the phenotype modifier gene (40, 120).

1.3.6 Function of NAIP

NAIP has been shown to play a significant antiapoptotic role in several in vitro and in vivo
models of cell death. Hela and chinese hamster ovary cell lines transfected with either a NAIP
expression plasmids containing exons 4 — 15 or with an adenovirus containing NAIP exons 4 —
I5 were dramatically protected against apoptotic death (20 — 90%) compared to non-NAIP
expressing cells (103). Using this in vitro model, it was revealed that NAIP protected cells
against several different apoptotic triggers including serum deprivation, menadione (potent free
radical inducer), and TNF-a up to 48 hours following exposure (103). In a similar in vitro
model, adenovirus was used to express NAIP in rat cerebellar granule neurons which were then
treated with low potassium media to trigger apoptosis (162). Cells that expressed NAIP were
significantly protected from apoptosis up to 12 hours in low potassium media compared to
control cells (162). However, after 40 hours in low potassium media the amount of apoptotic
death occurring in the NAIP expressing cells was not significantly different than in the control
cells indicating that NAIP delayed but did not attenuate low potassium triggered cell death (162).
A delay of apoptosis has also been observed in an in vivo model of motor neuron cell death

(134). NAIP adenovirus was used to transfect 14% of sciatic motor neurons in 11 day old rats
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(134). One week following sciatic axotomy, 40% of motor neurons were protected from cell
death (134). However, the protection gradually decreased as expression of the adenovirus

decreased indicating that NAIP was necessary to inhibit motor neuron apoptosis (134).

Expression of endogenous NAIP has also been shown to influence apoptosis in in vivo models
of hippocampal damage. In vivo studies in the rat have shown reduced damage in hippocampal
neurons that strongly express NAIP or can quickly increase production of NAIP following
ischemia (187). Using a mouse line with a targeted deletion of the BIR containing Naip! exons
2 and 3, it has been shown that expression of the IAP is not essential for successful
embryogenesis but was essential to protect against apoptosis of hippocampal neurons stimulated
by kainic acid induced seizures (73). Thus, it has been shown that with varying degrees of
success, NAIP can protect against or delay apoptosis initiated by a variety of agents both in vitro
and in vivo. There is evidence that NAIP inhibits apoptosis through the interaction of the BIR
domains with the death effector protease caspase-3 (162, J. Maier, personal communication). It
is thought that the interaction of the BIR domains with caspase-3 prevents the activity of this
protease (J. Maier personal communication). The presence of NAIP in CNS cells, its
antiapoptotic function, and the loss of NAIP in type I SMA children suggests that NAIP is an
important mediator of CNS cell survival and is consistent with the hypothesis that NAIP is a

modifying gene in SMA pathology.

1.3.7 Naip is the Murine Homologue of NAIP

In 1996 Scharaf et. al. identified the murine region syntenic for the human SMA region on
mouse chromosome 13 (151). Murine Naip is highly homologous to human NAIP with a 68%

overall amino acid similarity (193). Additionally, murine Naip contains three BIR domains with



76% homology to the three NAIP BIR regions and an ATP/GTP binding site that is also present
in the human homologue (193). However, in contrast to the human region, Naip is present in six
distinct copies on murine chromosome 13 (77, 151, 193). Due to the differences in size and
sequence of introns between the copies it is thought that the six genes represent a gene family
and not copies of the same gene (193). Of the six genes only copies | to 3 contain the 5° UTR
necessary for translation in the CNS (192, 193). Using RT-PCR and primers specific for either
Naipl, 2, or 3, Naipl was shown to be expressed in the brain and Naip2 was shown to be
expressed in the spleen (192, 193). This tissue specific expression of the different copies of Naip
may be the result of differences in the 5 UTR of each gene (193). Naip! and 2 show a high
degree of similarity in the coding region, however Naip2 contains multiple 5° UTR exons while
Naipl contains only one which may lead to alternative regulation of translation of each gene

(192, 193).

Recent studies have demonstrated that similar to human NAIP, murine Naip is an antiapoptotic
protein. As previously discussed, mice deficient in Naip/ have increased apoptotic death of
hippocampal neurons following kainic acid induced seizures indicating that Naip promotes cell
survival following CNS trauma (73). It has also been shown that Naip might play a role in
determining susceptibility of macrophages to Legionnaires’ disease. Legionnaires’ disease is
caused by the facultative bacteria L. pneumophila which enters macrophages, replicates, and
triggers the cell to undergo apoptosis in a caspase-3 dependent manner (61). Macrophages of
resistant mouse strains express high levels of Naip following infection (50). In contrast,
macrophages from the AJ mouse strain expresses much less Naip than resistant mouse strains
and are susceptible to L. pneumophila infection (50). The fact that the AJ mice express less Naip

suggests the macrophages are not able to protect themselves against the caspase-3 mediated
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apoptosis caused by the infection and consequently these animals develop Legionnaires’s disease
(50, I51). The results are consistent with a role for Naip in inhibiting caspase-3 activity and
apoptosis. These recent in vivo studies have shown that similar to human NAIP, the murine
copies of Naip perhaps function as endogenous antiapoptotic proteins through the inhibition of

caspase activity.

1.4 Hypothesis and Principal Objectives

In view of the data above, the hypothesis underlying this study was that elevated NAIP

expression in CNS cells in mice would reduce neuronal and oligodendrocyte apoptosis following

traumatic brain injury and that the attenuation of apoptosis would improve neurological function.

Transgenic mice overexpressing human NAIP were used in these studies and were compared to
wildtype controls. Nine principal objectives were investigated in these studies using a murine

model of TBI:

1. To determine the quantity and the time course of apoptosis following TBI using staining and
gel electrophoresis procedures specific for cleaved DNA.

2. To detect the cleavage of caspase-3 and PARP following TBI using Western blot techniques.

3. To determine the identity and location of cells undergoing apoptosis following TBI using a
double stain procedure with antibodies specific for neurons and oligodendrocytes

4. To quantify the expression of the proinflammatory cell marker CD115 and the proapoptotic
cytokine TNF-a. in the cerebral cortex following TBL

5. To quantify the effect of TBI on the cytosolic levels of Naip using a Western blot procedure,

and immunofluorescence staining followed by cell counting with Northern Eclipse software.
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To detect expression of human NAIP in transgenic C57 mouse brain sections using an
immunofluorescent staining procedure with an antibody specific to human NAIP.

To determine the effect of NAIP overexpression on post-traumatic DNA fragmentation by
comparing the number of apoptotic cells in the cortex and subcortical white matter in mice
transgenic for NAIP to wildtype litter mates.

To investigate the effect of NAIP overexpression on post traumatic cleavage of procaspase-
3 and PARP by comparing activation of caspase-3 and cleavage of PARP in mice transgenic
for NAIP to wildtype litter mates using Western blot techniques.

To investigate the ability of NAIP overexpression to improve neurological outcome
following TBI in NAIP transgenic mice compared to wildtype litter mates using

modifications of the Morris water maze.
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2. Materials and Methods

All reagents were products of Sigma Chemical (St. Louis, MO) unless otherwise indicated.

2.1 Animal Protocol

2.1.1 Development of a strain of transgenic C57/Bl6 mice expressing the human NAIP gene:
The pUC18 human NAIP vector was constructed in the laboratory of Dr. Alex MacKenzie. A
portion of the human NAIP gene (coding exons 4-16) was isolated from a phage cDNA library
and ligated into a 2.7 kb pUCI8 cloning vector (Clontech Laboratories Inc., Palo Alto, CA) for
transfection of E. coli colonies (147). The pUCI18 vector contains a multiple cloning site, a gene
conveying resistance to the antibiotic ampicillin, and the o-fragment of the lac z gene encoding
B-galactosidase. Transcription is under control of a constitutively active CMV promoter (pCMV
IV) which is able to drive high levels of gene transcription in almost all mammalian cells (22).
The ampicillin resistance element allows for easy selection of E.coli transformed with the pUC18
vector. The pUCI8 multiple cloning site is located in the lac Z «-fragment, resulting in
disruption of B-galactosidase activity and the appearance of white E. coli colonies on X-
gal/IPTG agar plates which allows for selection for recombinant plasmids.

CMV NAIP transgenic mice were generated via pronuclear injection of the recombinant
plasmids into C57/BI6 x CBA/J F2 embryos (the embryo contains both male and female nuclei
but both nuclear membranes are still intact) in the laboratory of Dr. F. Jurik at the University of
British Columbia in 1996 (72). Superovulation was induced in C57/Bl6 female mice using
pregnant mare serum and the eggs were harvested and fertilized. The fertilized eggs were placed
in an injection chamber and held in place with a glass pipette. The isolated NAIP vector was

injected into the male pronucleus (usually larger than the female pronucleus and easier to inject)
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and eggs were transferred to the oviduct of a pseudopregnant C57/Bl6 mouse. The resulting
pups were genotyped for the presence of the human NAIP gene. Three heterozygous transgenic
mice were transferred to the University of Ottawa Animal care facility and used to establish a

breeding colony with C57/B16 wildtype mice.

2.1.2 Genotyping of CMV NAIP litters: C57/Bl6 mice heterozygous for human NAIP were
mated to wildtype C57/Bl6 mice (Charles River, QC). The offspring were weaned, their ears
tagged, and their tails clipped for DNA isolation. Total genomic DNA was extracted from the
tail clipping as follows: in an eppendorf tube containing a tail clipping, 300 pl of STD buffer (1
mM Tris-HCL pH 8.0, 0.5 mM EDTA pH 8.0, and S mM NaCl), 200 ul of 2X lysis buffer
(Applied Biosystem Inc., Mississauga, ON), 40 pl of 10 mg/ml proteinase K (Boehringer
Mannheim, Montreal, QC), and 1.25 pul of 0.5 ug/ul RNAse (Boehringer Mannheim, Montreal,
QC) was added. Tubes were incubated overnight at 50°C in a water bath. Tubes were
centrifuged at 14,000 X g for 5 minutes. The supernatant was transferred to new tubes and 400
pl of phenol:chloroform:water (1:1:1) (Applied Biosystem Inc., Mississauge, ON) was added.
Tubes were centrifuged at 14,000 x g for S minutes and the supernatant was transferred to new
eppendorf tubes. The phenol:chloroform:water step was repeated. The supernatant was
transferred to new eppendorf tubes, 400 ul of isoamyl alcohol:chloroform (1:50) (Applied
Biosysten Inc., Mississauga, ON) was added and the eppendorf tubes were centrifuged at 14,000
x g for 5 minutes. The supernatant was transferred to new eppendorf tubes and the DNA was
precipitated with 50 pl of sodium acetate (pH 5.5) and 500 pl of 100% isopropanol (Applied
Biosystem Inc., Mississauga, ON). The eppendorf tubes were centrifuged at 14,000 x g for 15

minutes. The supernatant was discarded and the pelleted DNA was washed in 70% ethanol. The



eppendorf tubes were centrifuged at 14,000 x g for 5 minutes, the supernatant was removed and
the DNA pellet air-dried. The DNA was resuspended in 50 ul of filter sterilized water.

PCR was performed on isolated DNA to detect human NAIP. Two sets of primers (A and B)
were used to amplify exons 5-6 and 6-9, respectively. All Naip specific primers were obtained
from Dr. Z. Yaraghi. Naip primer sequences and exon specificity are listed in table 1 (pg. 42).
For primer set A: 6 ul of a 25mM deoxynucleotide solution (Gibco-BRL, Rockville, MD), 5 ul
of 10 X PCR buffer (Perkin Elmer, Norwalk, CT), 2 ul of forward and reverse primer set A, 0.4
ul Thermus aquaticus (Taq) DNA polymerase enzyme (Gibco-BRL, Rockville, MD), and 33.6
pl of sterile water was added to | ul of sample DNA. The same PCR procedure was performed
for primer set B with these exceptions: 4 ul of forward and reverse B primers and 29.3 ul of
sterile water was added per | pl of DNA used. Aliquots containing wildtype mouse genomic
DNA and sterile water were used as negative controls for each PCR procedure. An aliquot
containing cloned human NAIP was used as a positive control for each PCR procedure. Each
sample was incubated in a thermal cycler using the following program: 1 cycle of 94°C for 5
minutes, 35 cycles of 94°C for 2 minutes, 60°C for 30 seconds, 72°C for 1 minute, and one cycle
of 72°C for 5 minutes. The PCR product was electrophoresed in a 1% agarose gel containing
ethidium bromide. The DNA was visualized with an ultra violet light and an animal was

considered transgenic when both sets of primers yielded a DNA band of the correct size.

2.1.3 Traumatic brain injury: Wildtype (Charles River, QC) and CMV NAIP C57/Bl6 mice
(20-25 g) were randomized to control or trauma groups and subjected to blunt head trauma using
a modified version of a previously described murine trauma model (63). The head of an

anesthetized (1-5% halothane gas) mouse was placed under a teflon impounder and held in place
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using a stereotactic apparatus. The tip of the impounder was placed on the head and a 50 g
weight was dropped 20 cm so that a blunt injury was administered with a maximum point of
impact -1.8 mm from the bregma. Animals developed apnea immediately post TBI, were placed
on a 37°C heating pad, and required administration of 100% oxygen for 2 minutes to stimulate
breathing. Approximately 10% of the animals that underwent TBI procedure also demonstrated
general seizure activity immediately following the weight drop. However, the mortality rate in
both the sham and TBI group was less than 10%. Conscious animals were placed back in caging
and allowed free access to food and water. Control animals underwent the same anesthetic and
placement in the stereotactic apparatus as trauma animals but the weight was not dropped onto
the animal’s head. Wildtype mice were sacrificed 6, 24, 48 hours or 7 days following trauma.
CMYV NAIP mice were sacrificed 24 hours following TBI.

Animals whose brains were used for histology were sacrificed under pentobarbital anesthesia
(25 mg/kg) and transcardially perfused with a 4% PFA (pH 7.6) solution. The brains were
cryopreserved in a 15% sucrose phosphate buffered solution and stored at ~80°C in an upright
freezer. The cryopreserved brains were sectioned using a CRM cryosectioner into 10 pm
sections and mounted on positively charged slides (Surgipath, Winnipeg, MB). Slides were
stored at —20°C in an upright freezer.

Animals whose brains were used for biochemical analysis were decapitated under halothane
anesthesia (5%). The brains were rapidly removed and placed on a chilled metal plate where the
cortex and subcortical white matter under the site of maximum impact was removed. The tissue
was cooled to —50°C in a solution of isopentane (Sigma-Aldrich, Missassauga, ON) and stored at

-80°C in an upright freezer.
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2.2 Apoptosis

2.2.1 In Situ End Labeling: Coronal sections of brain tissue were counter stained for
comparative purposes using the general nuclear dye Hoechst 33258 (Bisbenzamide) and the
ISEL procedure for visualization of fragmented nuclear DNA. Brain sections were
simultaneously fixed and thawed by treating with 1% gluteraldehyde in 0.1M phosphate buffered
saline (PBS) and washed thoroughly with PBS. The sections were permeabilized with methanol
acetone (1:1), washed with PBS, and treated with proteinase K (20ul/ml) for 15 minutes.
Sections were washed with distilled water for 30 minutes and incubated in the dark with Hoechst
33258 (0.05ul/ml) for 30 minutes. The sections were washed briefly and incubated in the dark at
37°C with a buffered solution containing 2 mM copper cobalt (Boehringer Mannhein, Laval,
QC), 10uM 16-d-UTP (Boehringer Mannheim, Laval, QC), and 25 units of terminal transferase
enzyme (Boehringer Mannheim, Laval, QC) for one hour. The reaction was arrested by washing
the sections briefly with PBS. The slides were incubated in the dark at room temperature with
4X saline sodium citrate buffer containing 2.5 pl/ml avidin-FITC for 30 minutes. The sections
were briefly washed with PBS and protected with coverslips (Surgipath, Winnipeg, MB) treated
with antifade solution (1 mg/ml p-phenylenediamine, 90% glycerol in PBS). A positive control

for brain sections was prepared by incubating the brain tissue with 5 U/ml of DNAse I prior to

terminal transferase treatment.

2.2.2 PCR Amplification of DNA Fragmentation and Agarose Gel Electrophoresis: This
work was performed in the laboratory of Dr. J. M"Manus by I. Rasquinha and was observed by
Rachel Derrane. Nuclear DNA was extracted from non-perfused control and 24 hours post

trauma cortex and subcortical white matter tissue. The tissue was homogenized in an equal
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volume of 4°C buffer containing 10 mM Tris-HCL, 25 mM EDTA, 100 mM NaCl (pH 8.0) with
a polytron homogenizer at 10,000 rpm for 30 seconds. To each 100 ul of crude homogenate 1.25
ml of lysis buffer containing 10 mM Tris-HCL, 25 mM EDTA, 100 mM NaCl, 1% SDS (pH 8.0)
was added. The solution was incubated at room temperature for 15 minutes and centrifuged for
I5 minutes at 13,000 x g in a microcentrifuge at room temperature. The supernatant containing
genomic DNA was transferred to fresh tubes and incubated at 60°C for 1 hour with 100 pHg/ml
proteinase K. The DNA was precipitated at -20°C overnight in a solution of 50% ethanol and 0.5
M NaCl. The DNA was pelleted following centrifugation at 13,000 x g at 4°C. The ethanol was
gently removed and the DNA was allowed to air dry for 30 minutes. The DNA was resuspended
in 500 ul of TE buffer (10 mM Tris-HCL, | mM EDTA, pH 8.0) and purified with one
phenol:chloroform (1:1) wash and one chloroform wash. Following centrifugation at 13,000 x g,
the aqueous phase was removed and transferred to a clean tube. The ethanol precipitation was
repeated and pelleted DNA was resuspended in 50 ul of sterile water.

Traditionally, freshly isolated fragmented DNA has been visualized directly on an agarose gel.
In systems where apoptosis occurs asynchronously, the DNA fragments may not be visible.
Ligation mediated detection of fragmented DNA uses PCR to selectively amplify the DNA
ladder and allows visualization of the ladder on an agarose gel. A 0.5 pg aliquot of genomic
DNA was mixed with 35ul of ligation mix (Clontech, Palo Alto, CA). The reaction mixture was
heated to 55°C and cooled over 1 hour to 10° C to allow the adaptor 24’ mer oligonucleotide (5’ -
AGCACTCTCGAGCCTCTCACCGCA - 3’) (Clontech, Palo Alto, CA) to anneal to the
fragmented DNA. The reaction was incubated at 10°C for 10 minutes and 0.5 pl of T4 DNA
ligase was added (Clontech, Palo Alto, CA). The reaction was incubated at 16°C overnight. For

each sample a PCR reaction mixture was prepared as follows: 10ul 10X LM-PCR mix



(Clontech, Palo Alto, CA), 50-159 ng of adaptor-ligated DNA, 2 pl of 50 X advantage cDNA
polymerase mix (Clontech, Palo Alto, CA), and sterile water to make up to 100ul (Clontech,
Palo Alto, CA). Each sample was incubated in a thermal cycler using the following program: |
cycle of 72° C for 8 minutes, 30 cycles of 94°C for 1 minute followed by 72°C for 3 minutes, and
one cycle of 72°C for 15 minutes. The PCR product was electrophoresed on a 1.2% agarose gel
containing ethidium bromide. DNA ladder was visualized with a UV lamp.

2.2.3 Western Blot of Procaspase-3, PARP, and Naip: Changes in procaspase-3, PARP and in
the cortex and subcortical white matter Naip following TBI were determined using standard
Western blotting techniques and antibodies specific for these proteins. Brain tissue
(approximately 250 pug) was homogenized on ice with a 1 cc syringe and 18 gauge needle in 500
ul of sucrose buffer containing 0.3 M sucrose, | mM EGTA, 25 mM NaCl, 15 mM Tris-HCL
(pH 6.8), 0.5 mM DTT, 0.5 mM spermidine, 0.15 mM spermine, and 5 pg/ml aprotinin,
leupeptin, and pepstatin. The homogenate was centrifuged at 4°C for 20 seconds at 8,000 x gin
a Hettich micro/rapid K centrifuge. The supernatant was discarded and the cell pellet was
resuspended in 250 ul of the sucrose buffer. Cells were homogenized using a motor driven
teflon pestle set at 3,000 rpm and a 2 ml tissue grinder. The homogenate was centrifuged at 4°C
for 20 seconds at 8,000 x g in a Hettich micro/rapid K centrifuge. The supernatant was removed
from the pellet and centrifuged at 4°C for 10 minutes at 13,000 x g in a Hettich micro/rapid K
centrifuge. The supernatant containing the cytosolic proteins was removed and aliquoted on ice.
To lyse the nuclear membrane, the pellet was resuspended in a high salt buffer containing 0.75 M
NaCl, 0.05 M HEPES, 12.5% glycerol, 0.75 mM MgCl,, 0.5 mM EGTA, S mM DTT, | mM
PMSF, 2 pg/mi leupeptin, and Spg/ml aprotinin. The suspension was vortexed 5 times for 10

seconds each. Between each vortex the sample was kept on ice for S minutes. The sample was
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then centrifuged at 4°C in a Hettich micro/rapid K centrifuge for 10 minutes at 13,000 x g. The
supernatant containing the nuclear proteins was removed and aliquoted on ice. The cytosolic and
nuclear protein concentration was determined using the Bradford protein assay. Bovine serum
albumin was used as the protein standard (New England Biolabs, Mississauaga, ON). Protein
samples of a known concentration were electrophoresed on a 12% polyacrylamide gel
(procaspase-3) or on a 15-4% polyacrylamide gradient gel (PARP, Naip) (Bio Rad Laboratories,
Hercules, CA) and transferred to a PVDF membrane (Millipore Corporation, Bedford, MA).
The membranes were blocked overnight in a phosphate buffered saline containing 0.1% tween
(PBS-T) and 5% skim milk. The membranes were incubated for 2 hours at room temperature in
a solution of PBS-T and 5% milk containing the primary antibody. For the procaspase-3
Western a 1/1000 dilution of a polyclonal 0.2 mg/ml rabbit anti-mammalian procaspase-3 IgG
stock solution was used (Santa Cruz Biotechnology, Santa Cruz, CA). A 1/1000 dilution of a
monoclonal | mg/ml mouse anti-mammalian PARP IgG stock solution was used for the PARP
Western (Chemicon International, Temecula, CA). For the Naip Western a 1/2500 dilution of a
polyclonal 1 mg/mi rabbit anti-mouse Naip IgG stock solution was used (developed in house).
The membrane was then thoroughly washed with PBS-T for an hour. The membrane was
incubated for 1 hour at room temperature in PBS-T and 1% skim milk containing the appropriate
secondary antibody conjugated to horseradish peroxidase. For procaspase-3 and Naip a 1/1500
dilution of a polyclonal 1 mg/ml donkey anti-rabbit IgG stock solution was used (Amersham
Pharmacia Biotech, Piscataway, NJ). For the PARP Western a 1/1500 dilution of a polyclonal 1
mg/ml donkey anti-mouse IgG stock solution was used (Amersham Pharmacia Biotech,
Piscataway, NJ). The membrane was washed thoroughly in PBS-T for 1 hour and the protein

bands were visualized with ECL chemiluminescence onto X-ray film according to
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manufacturer’s instructions (Amersham Pharmacia Biotech, Piscataway, NJ). The protein band
intensity was quantified by densitometry analysis using Molecular Analyst Software (Bio Rad

Laboratories, Hercules, CA).

To ensure that the protein concentration in each sample was equal, positive control Westerns
were preformed. The initial primary and secondary antibodies were removed by incubating the
membrane at 50° C for 30 minutes with strip buffer containing 0.1M Tris-HCL (pH 6.7), 2%
SDS. and 0.70% beta-mercaptoethanol. The membrane was then treated for 2 hours at room
temperature with a 1/4000 dilution of a polyclonal 0.2 mg/ml rabbit anti-mouse a-catenin IgG
stock solution (Amersham Pharmacia Biotech, Piscataway, NJ). The membrane was washed and
incubated at room temperature for | hour with a 171500 dilution of donkey anti-rabbit IgG
conjugated to horseradish peroxidase (Amershan Pharmacia Biotech, Piscataway, NJ). The

protein band was visualized as described above.

2.3 Immunofluorescence

2.3.1 Identification of Apoptotic Neurons and Oligodendrocytes: Apoptotic cells in the cortex
and subcortical white matter were identified using an ISEL / immunofluorescence double stain
procedure with primary antibodies specific for proteins expressed by neurons and
oligodendrocytes. Slides were subjected to 3 washes of PBS, 10 minutes per wash. To reduce
background staining slides were treated with 10% normal blocking serum in PBS (serum is from
the animal that the secondary antibody was raised in). For neurons and oligodendrocytes, slides
were incubated with 10% donkey blocking serum for 20 minutes. The three PBS washes were
repeated and the slides were incubated overnight at 4°C with a solution of PBS and 0.3% triton-

X 100 containing the primary antibody. To label neurons, a 1/50 dilution of a monoclonal 1
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mg/ml mouse anti-human NeuN primary antibody stock solution was used (generous gift from
Dr. Michael McBurney). To label oligodendrocytes, a 1/200 dilution of a monoclonal 1 mg/ml
mouse anti-human MAG primary antibody stock solution was prepared (generous gift from Dr.
John Bell). The slides were washed 3 times for 10 minutes each in PBS, and then incubated for
three hours at room temperature with a solution of PBS and 0.3% triton-X 100 containing the
secondary antibody. For both neurons and oligodendrocytes, a 1/200 dilution of a stock
polyclonal 1.3 mg/ml donkey anti-mouse secondary antibody conjugated to the fluorchrome CY3
was used (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA). The sections were
washed 3 times for 10 minutes each in PBS. A modified version of the ISEL procedure was used
in order to detect apoptotic cells and maintain the NeuN and MAG immunofluorescence stain.
Slides were treated with a solution of methanol:acetone (1:1) for 4 minutes and then washed
twice with PBS for 5 minutes. Sections were incubated with the mild detergent Neuropore
(Trevigen, Gaithersburg, MD) for 30 minutes at room temperature and washed twice with
deionized water for 15 minutes. Slides were incubated with the ISEL reaction mix at 37°C for 1
hour and washed 3 times in PBS for | minute. Sections were incubated at room temperature for
30 minutes in the 2.5 pg/ml avidin-FITC solution, washed 3 times in PBS for 1 minute, and
coverslipped with antifade mounting media. The double labeled sections were viewed using a

fluorescent microscope (Zeiss Axiophot, Germany).

2.3.2 Detection of Tumor Necrosis Factor Alpha, activated microglia, murine and human
NAIP: Immunofluorescence techniques were used to detect the presence of activated microglial
cells, tumor necrosis factor-alpha (TNF-a), murine Naip, and human NAIP in the cerebral

cortex. The sections were washed 3 times in PBS for 10 minutes each. The sections were
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treated for 20 minutes with 10% normal blocking serum in PBS. For TNF-o, murine Naip, and
human NAIP 10% goat blocking serum was used. For Cd11b (adhesion receptor expressed by
activated microglia), 10% donkey blocking serum was used. Sections were washed 3 times in
PBS for 10 minutes each. For human NAIP, slides were incubated with neuropore (Trevigen,
Gaithersburg, MD) for 30 minutes at room temperature and washed twice in PBS for 15 minutes.
Sections were then treated with undiluted polyclonal 1 mg/ml rabbit anti-human J2 antibody
(developed in house) overnight at 4°C. For all other immune staining, sections were incubated
overnight at 4°C with primary antibody diluted in a solution of PBS and 0.3% triton-X 100. For
activated microglia, a 1/2 dilution of the 50 ug/ml stock monoclonal rat anti-mouse CD11b
primary antibody was used (Developmental Studies Hybridoma Bank, lowa City, [A). To detect
TNF-a, a 17100 dilution of the 1 mg/ml stock polyclonal rabbit anti-mouse TNF-a primary
antibody was prepared (Genzyme Diagnostics, Cambridge, MA). Cerebral cortex cells
expressing murine Naip were detected with a 1/25 dilution of the polyclonal | mg/ml stock
rabbit anti-mouse 1.7 primary antibody (developed in house). Sections were washed 3 times
for 10 minutes each with PBS. Slides were incubated for 3 hours at room temperature with
secondary antibody diluted in a solution of PBS and 0.3% triton-X 100. For CDI11b, a 1/200
dilution of a stock polyclonal 1 mg/ml biotinylated donkey anti-rat secondary antibody was
prepared (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). For TNF-a, murine
Naip, and human NAIP, a 1/100 dilution of a stock polyclonal 1 mg/ml goat anti-rabbit
secondary antibody conjugated to FITC was used (Cedarlane Laboratories Ltd., Hornby, Ont.).
Sections were washed 3 times for 10 minutes each. CD11b slides were incubated for 30 minutes
in the dark at room temperature with a 2.5 «#g/ml avidin-FITC solution and washed for 3 times 10

minutes in PBS. All sections were coverslipped with antifade, and stored in the dark. Sections
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were viewed with a fluorescent microscope (Zeiss Axiophot, Germany) and fluorescent cells

were counted using Northern Eclipse Software (Empix, Mississauga, ON).

2.3.3 Visualization of Tumor Necrosis Alpha Association with Neuronal Cells: A dual
immunofluorescent staining procedure was used to visualize the association of TNF-a with
cortical neurons following trauma. Sections were washed 3 times for 10 minutes each in PBS
and incubated at room temperature with neuropore (Trevigen, Gaithersburg, MD) for 30 minutes.
Slides were washed 3 times for 10 minutes each in PBS and blocked in 10% donkey blocking
serum or 20 minutes. Sections were washed and incubated with the first primary antibody
diluted in PBS + 0.3% triton X-100 overnight at 4°C. For NeuN, a 1/50 dilution of a monoclonal
I mg/ml mouse anti-human NeuN stock primary antibody was used (gift from Dr. Michael
McBurney). Sections were washed 4 times for 5 minutes each with PBS and incubated for 3
hours at room temperature with the secondary antibody diluted in PBS + 0.3% triton X-100. For
NeuN, a 1/200 dilution of a stock polyclonal 1.3 mg/ml donkey anti- mouse secondary antibody
conjugated to the fluorchrome CY3 was used (Jackson ImmunoResearch Laboratories, Inc. West
Grove, PA). Sections were washed 3 times for 10 minutes each and incubated at room
temperature with 10% goat blocking serum for 20 minutes. Slides were washed and incubated
overnight in the second primary antibody diluted in PBS + triton X-100. For TNF-a, a 1/100
dilution of a polyclonal 1 mg/ml stock rabbit anti-mouse TNF-a primary antibody was used
(Genzyme Diagnostics, Cambridge, MA). Sections were washed 4 times for 5 minutes each in
PBS and incubated for 3 hours at room temperature with the secondary antibody diluted in PBS
+ 0.3% triton X-100. For TNF-a, a 1/100 dilution of the 1 mg/ml stock polyclonal goat anti-

rabbit secondary antibody conjugated to FITC was used (Cedarlane Laboratories Ltd., Homby,

40



Ont.). Sections were washed, coverslipped with antifade and stored in the dark at -20°C.

Sections were viewed with a Zeiss fluorescent microscope (Axiophot, Germany).

2.4 Neurological Outcome Following TBI

2.4.1 Morris Water Maze Neurological Score: The effect of TBI on the spatial memory of
wildtype and CMV NA/P transgenic C57/Bl6 mice was assessed using the Morris water maze
test (119). The Morris water maze apparatus consisted of a large, white, circular pool 1.5 m in
diameter and 0.60 m deep and a clear Plexiglass platform 15 cm in diameter. On each day the
testing pool was refilled with water and maintained at a temperature of 23 +/- 1°C. The platform
was submerged approximately 2.5 cm below the surface of the water. The platform was
stationed in the south position approximately 15 cm from the side of the pool. Transgenic and
wildtype mice were randomized to sham or TBI procedure and allowed to recover for 48 hours.
Mice were given five trials per day in the water maze over a five day period. For each trial, the
mouse was placed in the water facing the wall at one of four randomly chosen locations
separated by 90° (designated north, south, east, and west). Mice were allowed to search for the
submerged platform for 60 seconds per trial and the time to find the platform (latency time) was
recorded. Mice that failed to find the platform within the 60 seconds were gently placed on the
platform for 15 seconds. Mice were given 60 seconds to rest between trials. Once all five trials
were completed, mice were towel-dried and placed in a cage under a heating lamp. The animals
were then returned to their cages and given free access to food and water. The average latency

time per day for each group was calculated.
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2.5 Statistical Analysis

All data represent the mean +/- standard deviation of measurements from 3-6 mice from each

experimental group. The differences between the groups were analyzed using one-way analysis

of variance (ANOVA) and post hoc Tukey tests. Values of p < 0.05 were considered to be

statistically significant.

Primer Name Naip exon Strand Sequence

A 5 Forward 5’ TCTGGGATTCAGTGCTTCTGCTG 3’
A 6 Reverse 5’ CATTTGGCATGTTCCTTCCAAGG 3’
B 6 Forward 5" AAAGCCTCTGACGAGAGGATC 3’

B 9 Reverse 5’ AAAAGAGTCCAGCCGTAGTTC 3°

Table 1: Exon location, strand location, and sequence of NA/P specific primers used in the PCR

of total genomic DNA from offspring generated through mating of CMV NAIP overexpressing

mice and wildtype mice.
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3.0 Results

3.1 Apoptosis in the Cerebral Cortex of Wildtype C57/Bl6 Mice Following TBI

The ISEL stain and ligation mediated PCR amplification of DNA was used to probe damaged
tissue for the presence of apoptotically cleaved DNA and to determine the time course of
apoptosis following TBI. In pilot experiments, animal that had undergone control or trauma
were sacrificed and the brains removed at 6, 24, 48 hours, or 7 days following the procedure.
The brain was coronally sectioned anterior to posterior into 10 yum brain sections which were
placed on slides. ISEL positive cells were observed in the brain section located directly below
the impounder in our model of TBI (figure 1). The ISEL positive cells were predominantly
observed in the cortex and subcortical white matter (cerebral cortex) following TBI (figure 1).
Minimal ISEL positive cells were observed in the hippocampus or other subcortical structures.
In subsequent experiments, ISEL positive cells were counted in three coronal sections of the
cerebral cortex through the site of maximum impact in control, 6 hour, 24 hour, 48 hour, and 7
days post TBI brains and the results are represented graphically in figure 2. ISEL positive cells
were not observed in other regions of the brain. Compared to control brains, the number of ISEL
positive cells in the three sections was significantly increased in the cortex and subcortical white
matter at 6, 24, and 48 hours following TBI (figure 2). At 7 days following TBI the number of
ISEL positive cells in the region of the cortex that receives maximum impact (section 4, breagma
—-1.8 mm) was still significantly increased compared to control (figure 2). We observed that,
compared to all other groups, the number of ISEL positive cells in the cortex and subcortical
white matter peaked at 24 hours following TBI in the region directly under the site of maximum

impact (figure 2). As the cell death that we observed occurred over the course of a week in a
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localized area of the brain, we used a sensitive method to amplify the DNA fragmentation signal
known as LM PCR. Figure 3 shows the presence of the characteristic fragmentation pattern in
DNA extracted from the cortex and subcortical white matter at 24 hours following TBL. In
contrast, DNA fragmentation was not detected in DNA extracted from cortex and subcortical

white matter of control animals.

The expression of procaspase-3 and cleavage of PARP following TBI was detected using
Western blot techniques with cytosolic protein from TBI and control cerebral cortex tissue and
primary antibodies to either procaspase-3 or PARP. The densitometry of procaspase-3 protein
bands from each group are represented graphically in Figure 4C. At 6 hours following TBI the
level of 32 kDa procaspase-3 was significantly decreased in the cortex and significantly
increased in the subcortical white matter compared to control (figure 4A and C). At 24 hours
following TBI, the amount of procaspase-3 was still significantly decreased in the cortex
compared to control and the amount of procaspase-3 was significantly decreased in the
subcortical white matter compared to 6 hour post TBI (figure 4B and C). It had previously been
reported that active caspase-3 specifically cleaves the 116 kDa DNA repair enzyme PARP into
89 kDa and 24 kDa fragments (128, 158). Thus, to determine if the decrease in procaspase-3
observed following TBI was associated with an increase in the active form of the enzyme,
cleavage of PARP was assessed. The densitometry of the 116 kDa full length PARP protein and
89 kDa PARP fragment from each group is represented graphically in Figure 5 Bl and B2.
Western blot analysis of nuclear protein extracts revealed that the amount of 116 kDa PARP was
significantly decreased while the amount of the 89 kDa fragment is significantly increased in the
cortex and subcortical white matter at 24 hours following TBI compared to control (figures 5 A,

B1, and B2). The 105 kDa a-catenin was used as a loading control to ensure that equal amounts



of protein from each group were probed in the Western blots (figures 4 A and B and 5 A).

Given that the region of the cerebral cortex where ISEL positive cells were observed was
known to contain a large population of neurons and oligodendrocytes, we postulated that these
were the probable cell types undergoing cell death in our model of TBI. A double labeling
immunofluorescent technique with the ISEL stain and primary antibodies to specific cell markers
for neurons and oligodendrocytes was used to identify the dying cells. Using the double labeling
procedure with an antibody directed against MAG, which is a specific cell marker for
oligodendrocytes, revealed that oligodendrocytes were predominantly located in the subcortical
white matter (figure 6 A). The ISEL positive cells in the subcortical white matter also appeared
to be stained with the anti MAG antibody (figure 6 B and C). A few of the ISEL positive cells in
the cortex also stained positive with the MAG antibody. However, using the double labeling
procedure with an antibody directed against NeuN protein, which is a specific cell marker for
neurons, the majority of the ISEL positive cells in the cortex appeared to be stained with the anti

NeuN antibody (figures 6 D, E and F).

3.2 Inflammation in the Cerebral Cortex of Wildtype C57/Bl6 Mice following TBI

To determine if inflammation in the cerebral cortex occurred in our model of TBI, we attempted
to detect activated microglia and TNF-a in the brain and determine the time course for each
following trauma. Activated microglia were identified using an immunofluorescent staining
procedure with a primary antibody to CD11b, an adhesion receptor specifically expressed on the
activated resident inflammatory cells (181). The amoeboid shaped activated microgiia were
predominantly observed in the injured region of cerebral cortex following TBI (figure 7 A and

B). In contrast, no activated microglia were observed in brain sections from control animals
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(figure 7 C). The number of activated microglia present in a region of damaged cerebral cortex
at each time point following TBI is expressed graphically in figure 7 F. The number of activated
microglia was significantly increased compared to control at 6, 24, and 48 hours following TBI
with maximum microglial activation occurring at 24 hours following TBI (figure 7 F). A double
labeling immunofluorescent technique with primary antibodies specific to TNF-a, and NeuN
was used to detect the presence of TNF-o and the association of TNF-a with neurons. As figure
7 D demonstrates, TNF-a (green stain) was observed in the injured cortex and subcortical white
matter and was often associated with the cell membrane of neurons (red stain) following TBI.
TNF-a staining was observed in the extracellular space and did not appear within the cytosol of
cells in the cerebral cortex. No TNF-a staining was observed in the cerebral cortex from control
animals (figure 7 E). The amount of TNF-a present in a region of damaged cerebral cortex at
each time point following TBI is represented graphically in figure 7 E. Compared to the control
group. the amount of TNF-a was significantly increased at 6 hours, 24 hours, 48 hours, and 7
days following TBI (figure 7 F). Maximal levels of TNF-a in the cerebral cortex was observed
at 6 and 24 hours following TBI (no significant difference in the level of TNF-a at 6 and 24

hours post TBI) (figure 7 F).

3.3 Expression of Naip following TBI

We attempted to determine the effect of TBI on the expression of endogenous mouse Naip in
our model. Changes in the expression of Naip following TBI were detected using Western blot
and immunofluorescent techniques with a primary antibody specific for murine Naip. The

densitometry of the Naip protein bands from each group are represented graphically in figure 8
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C. The number of cells expressing Naip in a section of cerebral cortex is expressed graphically
in figure 9 D. Western blot analysis of cytosolic protein extracts reveal that at 6 hours following
TBI, the level of Naip and associated fragments in the injured cortex and subcortical white
matter was significantly increased compared to control (figure 8 A and C). However, at 24 hours
following TBI, the level of Naip and associated fragments in the cortex and subcortical white
matter appeared to be significantly decreased compared to control (figure 8 B and C). The 105
kDa a-catenin was used as a loading control to ensure that equal amounts of protein from each
group were probed in the Western blots (figures 8 A and B). Immunofluorescent staining
techniques revealed that at 6 hours following TBI the number of cells expressing Naip in the
injured cerebral cortex was significantly increased compared to control, with the majority of cells
displaying a diffuse staining pattern throughout the cytosol and nucleus (figure 9 A and B and
D). The number of cells expressing Naip in the cortex at 24 hours following TBI was
significantly decreased compared to 6 hours post trauma but was still significantly increased
compared to control (figure 9 A, B, C, and D). At 24 hours post TBI, the number of cells
expressing Naip in the subcortical white matter was not significantly different than in control
subcortical white matter (figure 9 D). Naip expression appeared in the cytosol and nucleus of
cells 24 hours post TBI, but the staining pattern was not as diffuse as that observed at 6 hours

following trauma.

3.4 Detection of the CMV NAIP Construct and Protein in Transgenic C57/Bl6 Mice

Mice that express human NAIP were used to determine if an overexpression of the IAP could
attenuate cell death in the cerebral cortex following TBI. Transgenic mice were identified from

wildtype litter mates using a PCR technique with primers specific for NAIP exons 5-6 and 5-9.
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Thirty cycles of PCR were used to visualize the 380 bp exon 5-6 specific product and the 840 bp
exon 5-9 specific product from the genomic DNA of transgenic animals (figure 10 A). Neither
PCR product was present in the genomic DNA from wildtype litter mates. As a positive control,
the cloned human NAIP gene was used in both PCR procedures (lane P, figure 10 A). To ensure
that the primers were specific for human NAIP, wildtype mouse genomic DNA was used in both
PCR procedures as a negative control (lane Ny, figure 10 A). A “blank” PCR reaction containing

no DNA was used to ensure that components of each PCR mixture were not contaminated (lane

Na, figure 10 A).

Immunofluorescent techniques with a primary antibody specific for human NAIP was used to
detect the presence of this protein in the cerebral cortex of transgenic mice. As shown in figure
10 B, NAIP appeared to be expressed in neuron-like cells throughout the cortex of transgenic
mouse brain (figure 10 B). NAIP expression was also detected in both oligodendrocyte-like cells
(small round cells) and astrocyte-like cells (larger, star shaped cells) throughout the subcortical
white matter of transgenic brain (figure 10 D). In contrast, NAIP positive cells were absent in

the cortex and subcortical white matter of wildtype animals (figure 10 C and E).

3.5 Apoptosis in the Cerebral Cortex of Transgenic C57/Bl6 Mice Following TBI

We determined the effect of overexpression of NAIP on cell survival, DNA fragmentation,
procaspase-3 expression, and PARP cleavage in the brain following TBI. The ISEL stain was
used to identify cells with fragmented DNA in sections of brain from control and 24 hour post
TBI wildtype and NAIP transgenic mice. The number of ISEL positive cells in the cortex and
subcortical white matter from each group are represented graphically in figure 11. In the

transgenic cortex and subcortical white matter, the number of ISEL positive cells at 24 hours
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post TBI was significantly decreased compared to the number observed at the same time point in
the wildtype cortex (figure 11). Most notably, the number of ISEL positive cells in the
subcortical white matter at 24 hours post TBI was not significantly different than the number

observed in control subcortical white matter (figure 11).

Western blot techniques were used with primary antibodies to procaspase-3 and PARP to
determine the effect of NAIP overexpression on procaspase-3 expression and PARP cleavage in
samples of cortex and subcortical white matter following TBI. Densitometry of the procaspase-3
protein band from each group is represented graphically in figure 12 C. In both wildtype and
transgenic animals at 24 hours post TBI, expression of procaspase-3 in the cortex was
significantly decreased compared to control (figure 12, A, B, and C). However, at 24 hours
following trauma the expression of procaspase-3 in the subcortical white matter from transgenic
brain was not significantly different than the expression of procaspase-3 in control subcortical
white matter (figure 12 B and C). Densitometry of the 116 kDa full length PARP and 89 kDa
PARP fragment from each group are represented graphically in figure 13 Cl and C2. The
amount of PARP cleavage observed in transgenic cortex and subcortical white matter at 24 hours
post TBI was significantly decreased compared to that observed in wildtype cortex from the
same time point (figure 13 A, B, Cl, and C2). The 105 kDa a-catenin protein was used as a
loading control to ensure that equal amounts of protein from each group were probed in the

procaspase-3 and PARP Western blot (figures 12 and 13).

3.6 Inflammation in the Cerebral Cortex of CMV NAIP Transgenic CS7/Bl6 Mice Followin

IBI

Expression of CD11b and TNF-« in the cerebral cortex of CMV NAIP mice following TBI was
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investigated to determine if a similar response to TBI occurred in transgenic and wildtype brains.
Immunofluorescent staining with a primary antibodies to CD11b and TNF-a were used to detect
the presence of activated microglial cells and expression of TNF-« in the cerebral cortex. The
number of activated microglia and the expression of TNF-a in the cerebral cortex and
subcortical white matter is expressed graphically in figure 14. The increase in the expression of
CD11b and TNF-a induced by trauma at 24 hours post TBI was not significantly different

between wildtype and transgenic mice (figure 14).

3.7 Neurological Outcome in Wildtype and CMV NAIP Transgenic C57/Bl6 Mice Following
IBI

We examined the effect of NAIP overexpression on neurological outcome in our model of TBI.
To test neurological outcome in transgenic and wildtype C57/Bl6 mice that had undergone the
control or TBI procedure, a modification of the Morris water maze was used (119). Transgenic
and wildtype mice that had undergone control or TBI procedure were allowed to recover for 48
hours. Animals were then given five trials per day in the water maze over a five day period.
Latency times for each trial were recorded and the average for each day is represented
graphically in figure 15. The average latency time for each group appeared to decrease over the
first four days of the water maze testing period (figure 15). However, due to the large standard
deviations in latency time in each group, none of the average latency times between transgenic

and wildtype groups were significantly different.
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Figure 1: ISEL positive cells in the cerebral cortex of wildtype C57/Bl6 mice. The ISEL
procedure was used to detect fragmented DNA in injured brain tissue. ISEL positive cells were
observed in the subcortical white matter (A, arrows) and the cortex (B, arrows) (100 X
magnification). The staining in the TBI brains was compared to the staining observed in control

(no trauma) white matter (C) and cortex (D) (100 X magnification). (n =5 mice / group)
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Figure 2: Counts of ISEL positive cells in the subcortical white matter (A) and cortex (B)
from wildtype mice following TBI. ISEL positive cells were counted in three coronal sections
through the impact region from sham, 6 hour, 24 hour, 48 hour, and 7 days post TBI mice. *p <

0.05 compared to control, #p < 0.05 compared to all other groups. (n =5 mice / group)
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Figure 3: Ligation mediated PCR amplification of fragmented DNA in samples of brain
from wildtype C57/BI6 mice. Using specific adaptor oligonucleotides, DNA cleaved between
nucleosomes in brain samples was amplified after a total of 30 cycles of PCR (2 samples / group
are shown). Lane L designates the Sall digested lambda DNA ladder used for the molecular
weight marker. The laddering pattern characteristic of internucleosomal DNA cleavage was
visible in samples of cortex (C) and subcortical white matter (W) at 24 hours following trauma.
The DNA ladder was not visualized in samples of cortex or subcortical white matter removed

from control brains (no trauma). Brain samples pooled from 5 mice.
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Figure 4: Expression of procaspase-3 protein, detected using Western blot techniques, in
wildtype CS57/Bl6 brain. Western immunoblots of procaspase-3 protein were measured in
samples of brain taken from control animals (no trauma) and animals at 6 hours (A) and 24 hours
(B) following trauma [control cortex (CC) and subcortical white matter (CW), trauma cortex
(TC) and subcortical white matter (TW)]. The density of the protein band in the TBI groups is
represented as a percentage of the optical density of the protein band measured in the respective
control group (C). *p < 0.05 compared to control, #p < 0.05 compared to 6h post TBL. (n=5

mice / group)
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Figure 5: Cleavage of PARP, detected using Western blot techniques, in wildtype C57/Bl6
brain. The full length PARP protein and the PARP fragment were measured in control (no
trauma) cortex (CC) and subcortical white matter (CW), at 24 hours post trauma in the cortex
(TC), and at 24 hours post trauma in the subcortical white matter (TW) (A). Density of the full
length PARP protein (B1) and PARP fragment (B2) band in the TBI groups is represented as a
percentage of the optical density of the protein band measured in the respective control group.

*p < 0.05 compared to control. (n =5 mice / group)
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Figure 6: Identification of ISEL pesitive subcortical white matter oligodendrocytes and
cortical neurons following TBI. Immunoflourescent staining of myelin associated glycoprotein
(MAG) labels oligodendrocytes in the subcortical white matter and cortex (A, 10 X
magnification). Cells that are ISEL positive within the subcortical white matter (B, arrow) also
stain with MAG (C, arrow) (100 X magnification). Immunofluorescent staining for neuronal
nuclear protein (NeuN) labels neurons in the cortex (D, 10 X magnification). Cells that are ISEL
positive within the cortex (E, arrows) also stain with NeuN (F, arrows) (100 X magnification). (n

= 5 mice / group)
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Figure 7: Expression of CD11b and TNF-a in wildtype C57/BI6 cerebral cortex. Brain
sections from the injured region of wildtype and transgenic animals were stained for the presence
of the activated microglial marker CD11b. Activated microglia were observed in the injured
region of the cortex (A, 10 X magnification) and subcortical white matter (B, 100 X
magnification) following trauma. The staining in the trauma brains was compared to the staining
observed in the cerebral cortex from the control animals (no trauma) (C, 10X magnification) to
estimate the levels of background. Brain sections from wildtype animals were stained for the
presence of TNF-a. TNFo was observed in the injured region of the cortex and subcortical
white matter following TBI. TNF-a was often associated with neurons in the cortex (D, arrows,
100 X magnification) following TBI. The staining in the trauma brains was compared to the
staining observed in the cerebral cortex from control animals (no trauma, stained for the presence
of CD11b) (E, 10 X magnification). The number of activated micrglia and the level of TNF-at in
a 10um section of injured cerebral cortex from wildtype animals is represented graphically (F).

*p < 0.05 compared to control. (n = 5 mice / group)
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Figure 8: Expression of Naip, detected using Western blot techniques, in wildtype C57/Bl6
brain. Expression of Naip and associated fragments were measured in brains from control (no
trauma) animals, and at 6 hours (A) and 24 hours (B) following trauma [control cortex (CC) and
subcortical white matter (CW), trauma cortex (TC) and subcortical white matter (TW)]. Density
of the full length Naip bands are represented graphically as a percentage of the optical density of
the protein band measured in the control group (C). *p < 0.05 compared to control, #p < 0.05

compared to 6 hour post TBI group. (n =5 mice / group)
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Figure 9: Expression of Naip, detected using immunofluorescence techniques, in C57/Bl6
wildtype brain. Naip positive cells in sections of cerebral cortex from control (A, no trauma), 6
hours post TBI (B), and 24 hours post TBI (C) (100 X magnification). The number of positive
cells observed in 10um sections of the injured cerebral cortex from control, 6 hours post TBI,
and 24 hours post TBI brains are represented graphically (D). *p < 0.05 compared to control, #p

< 0.05 compared to 6 hour post TBI group. (n =5 mice / group)
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Figure 10: Detection and expression of NAIP and in CMV NAIP C57/ BI6 mice. Using two
sets of specific primers, NAIP was amplified in the genomic DNA from tail samples of CMV
NAIP transgenic pups and wildtype litter mates following 30 cycles of PCR. Lane Nland N2
designate the wildtype mouse genomic DNA and "blank” negative controls, respectively. Lane P
designates the cloned NAIP positive control. Lane M designates the 1 kb ladder used for the
molecular weight marker. The remaining lanes represent DNA from separate litter mates
(wildtypes and heterozygotes for NAIP transgene). Aliquots were electrophoresed on a 1%
agarose gel to resolve the expected 380 bp (amplification of NAIP exons 5 - 6) and 840 bp
(amplification of NA/P exons 5 - 9) fragments. Expression of the NAIP protein in the cerebral
cortex from transgenic animals was detected using immunofluorescent techniques. NAIP
positive cells were observed throughout sections of cortex (B, 20 X magnification) and
subcortical white matter (D, 100 X magnification) from transgenic animals. No cellular staining
for NAIP was observed in the cortex (C, 20 X magnification) or subcortical white matter (E. 100

X magnification) in sections of brain from wildtype litter mates.






Figure 11: Counts of ISEL pesitive cells in the subcortical white matter (A) and cortex (B)
of CMV NAIP and wildtype C57/BI6 mice. The number of ISEL positive cells in three coronal
sections through the impact region from control (no trauma) and 24 hour post TBI wildtype and
transgenic groups. *p < 0.05 compared to control, #p < 0.05 compared to all other groups. (n =

5 mice / group).
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Figure 12: Expression of procaspase-3 protein, detected using Western blot techniques, in
wildtype and CMV NAIP C57/Bl6 brains. Procaspase-3 protein was measured in control (no
trauma) cortex (CC) and subcortical white matter (CW) and 24 hour post trauma cortex (TC) and
subcortical white matter (TW) in both wildtype (A) and CMV NA/P transgenic (B) animals. The
density of the protein band in the TBI groups is represented as a percentage of the optical density
of the protein band measured in the respective control group (C). *p < 0.05 compared to control.

(n =5 mice / group)
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Figure 13: Cleavage of PARP, detected using Western blot techniques, in wildtype and
CMV NAIP C57/BI6 brains. The full length PARP protein and the PARP fragment were
measured in control (no trauma) cortex (CC) and subcortical white matter (CW) and 24 hour post
trauma cortex (TC) and subcortical white matter (TW) in both wildtype (A) and CMV NAIP
transgenic mice (B). Density of the full length PARP protein (C1) and PARP fragment (C2) band
in the TBI groups is represented graphically as a percentage of the optical density of the protein
band measured in the respective control group. 'p < 0.05 compared to wildtype group, *p < 0.05

compared to control. (n =5 mice / group)
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Figure 14: Expression of CD115 and TNF-alpha in wildtype and CMV NAIP CS57/Blé
brain. Expression of CDI11b and TNF-o was quantified in the injured region of the cortex and
subcortical white matter at 24 hours following TBI in wildtype (Wt) and transgenic (Tg) mouse
brains. *p < 0.05 compared to control (5 wildtype mice / group, 3 CMV NAIP transgenic mice /

group)
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Figure 15: Morris water maze latency times for wildtype and CMV NAIP transgenic mice.
Beginning 48 hours post TBI or sham procedure, mice were given five trials a day for five days
and the latency time was recorded for each trial. The mean +/- standard deviation water maze

latency time for each group on each day is represented graphically. (n = 6 mice / group)
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4.0 Discussion

4.1 Apoptosis in C57/Bl6 Wildtype Brain Following TBI

Apoptosis of cortical neurons and subcortical white matter oligodendrocytes had been observed
in several in vivo models of TBI (38, 137). This apoptotic cell death had been shown to cause
neurological deficits and to involve internucleosomal DNA fragmentation and caspase-3
activation (38, 60 137, 140, 190). In contrast to other well described TBI models, the
experimental animals used in this study were mice, the scalp of the mouse was closed during the
procedure, and severe brain deformation was not generated (37, 38, 56, 60, 111, 112). Given the
central role of apoptosis in mediating TBI pathology, we were interested in identifying the time
course of apoptotic death, biochemical mediators of apoptosis, and the cell type undergoing

apoptosis in our model of TBL

Apoptosis in the cerebral cortex of wildtype brains post TBI was distinguished through the
detection of DNA fragmentation and caspase-3 activation, the two best accepted hallmarks of
apoptosis. The increased number of ISEL positive cells observed in the regions of the cortex and
subcortical white matter that received an impact force in our model, indicated that DNA
fragmentation occurred in cells of the injured cerebral cortex up to 7 days following TBI.
Similar to results reported from other in vivo TBI models, the maximum number of ISEL
positive cells present in the cortex and subcortical white matter was observed at 24 hours post
TBI in the region that received maximum impact (38). Evidence that the ISEL positive cells
represented apoptotic cell death was obtained from the observation of ‘ladders’ indicating
internucleosomal DNA cleavage in agarose gels of DNA from the cortex and subcortical white
matter at 24 hours post TBI. Although recent studies had suggested that this type of DNA

fragmentation could occasionally occur in necrotic cells as well, internucleosomal DNA



fragmentation is still considered to be the primary hallmark of apoptosis (29, 49, 79). A second
hallmark of apoptosis observed in most cell types is the proteolytic cleavage of procaspase-3 to
form active caspase-3 (49). Compared to control and 6 hour post TBI groups, a decrease in the
level of procaspase-3 in the cortex and subcortical white matter was observed at 24 hours
following TBI suggesting that at the time point when the maximum number of ISEL positive
cells were observed in the cerebral cortex, the proenzyme was cleaved and active caspase-3 was
generated. Cleavage of specific substrates, such as the DNA stabilizing protein PARP, by active
caspase-3 generates many of the degenerative changes associated with apoptosis (128, 158, 178).
PARP cleavage was detected in the cortex and subcortical white matter at 24 hours post TBI
which, taken together with the decrease in the proenzyme observed at this time point, indicated
that caspase-3 was activated in injured tissue 24 hours following trauma. Thus, the detection of
ISEL positive cells, internucleosomal DNA fragmentation, and activated caspase-3 in the region
of the cerebral cortex that received injury provided strong evidence for the occurrence of
apoptosis in our model of TBI. Data from this study also indicated that following TBI cortical
neurons and subcortical white matter oligodendrocytes were the primary cell types sensitive to
apoptosis. These observations are in agreement with several in vivo studies that had
demonstrated selective apoptosis of cortical neurons and subcortical white matter

oligodendrocytes following TBI (38, 125, 139,190).

4.2 Inflammation in C57/Bl6 Wildtype Brains Following TBI

Inflammation is increasingly being recognized as a contributing factor to the apoptosis that
occurs following CNS trauma (21, 84, 87, 139, 160, 161, 171, 186). This study revealed that

inflammation occurred in the injured cerebral cortex following trauma, and the data indicated
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that a proapoptotic cytokine might mediate apoptosis following TBI. Previous studies had
demonstrated that both activated microglia and infiltration of blood borne inflammatory cells
could contribute to CNS inflammation post TBI (168). However, inflammatory cells that entered
the brain through the injured blood brain barrier did not significantly accumulate until 18 — 24
hours post TBI while microglial activation was often observed immediately following trauma
which suggested that the early inflammatory response to TBI was mediated by activation of the
resident inflammatory cells (56, 84, 88, 168). The data from this study revealed that microglial
activation was an early event with a maximum number of activated microglia observed in the
cerebral cortex at 24 hours following TBI. The blood brain barrier did not appear to be
extensively disrupted and infiltrating blood borne inflammatory cells were not observed at any
time point following TBI. These results provide additional evidence that activated microglia
generate the early inflammatory response to TBI.

Microglia release several factors, such as the proapoptotic cytokine TNF-q, that play a role in
the immune response and in mediating the damage associated with CNS trauma (56, 74, 153,
163). Although TNF-a is produced largely by glial cells following CNS trauma, neurons have
also been observed to produce this cytokine (87). TNF-a derived from microglia is considered
to be a proinflammatory and proapoptotic agent while neuronally derived cytokines appear to be
involved in information transfer between cells (14). In this study, the presence of high levels of
TNF-a in the cerebral cortex during maximum microglial activation and the observation that
TNF-a was not present within the cytosol of cerebral cortex cells indicated that this cytokine
originated from the microglia. Several studies had demonstrated that TNF-a associated with
neurons following TBI and was a potent apoptotic stimulus for both cultured neurons and

oligodendrocytes (32, 87, 99, 163, 194). In this study, we demonstrated that TNF-a associated
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with neurons during the acute period post TBI, which suggested that TNF-o. might have
stimulated the cell death observed in our model of TBI. The data also provided further support
for the role of TNF-a in mediating neuronal and oligodendrocyte apoptosis following TBI.
Recent reports by Bruce et al. (1996) and Scherbel et al. (1999), had suggested that TNF-a
might play a dual role in head trauma, accelerating cell death during the acute phase and
facilitating cellular and neurological recovery during the chronic phase post TBI (21, 153).
Although the chronic effect of TNF-a. was not examined in this study, the sustained presence of
TNF-a in the injured cerebral cortex after most apoptotic death had occurred provided additional

evidence for the theory that this cytokine might have a nonapoptotic role during the chronic

period following TBI.

4.3 The Role of Naip in Mediating Cell Survival Following TBI

This was the first study to report alterations in the expression of endogenous Naip following
TBI and the data suggested that the role of Naip could be to promote cell survival in the cerebral
cortex post trauma. Using Western blot and immunofluorescent techniques, a dramatic increase
in Naip expression was observed at 6 hours post TBI in the cortex and subcortical white matter.
The increased expression of Naip occurred when TNF-a levels were at a maximum and early
changes in procaspase-3 were observed which suggested that levels of Naip were elevated in
response to these proapoptotic signals. Several in vitro and in vivo studies had demonstrated that
exposure of neurons and oligodendrocytes to high levels of TNF-a stimulated apoptosis through
the TNFRI1 receptor and involved activation of caspases-8, -9, and -3 (32, 87, 99, 102, 106,

109, 163, 194). It had been shown that the antiapoptotic protein BCL-2 was only partially able
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to block TNF-a induced apoptosis due to the inability of this protein to influence the activity of
caspase-8 or -3 (117, 182). As NAIP was believed to prevent apoptosis by interacting with
caspase-3 and had been shown in vitro to effectively inhibit TNF-a stimulated apoptosis, it was
postulated that this IAP would have a more significant role than BCL-2 in preventing death
receptor induced death (103, J. Maier, personal communication). Thus, it is tempting to
speculate that in cortical and subcortical white matter cells Naip expression was rapidly
increased following TBI in an attempt to block caspase-3 activity and TNF-a induced apoptosis.
The theory that increased Naip expression might promote cell survival following TBI is
supported by observations from Xu et. al. (1997) where hippocampal neurons resistant to
apoptosis induced by ischemia were shown to increase the expression of this IAP (187).
Although the transcriptional pathway responsible for increased expression of Naip following
CNS trauma has not been described, the transcription factor NF-xB might be involved. In vitro
cell culture studies had demonstrated that expression of two members of the IAP family, HIAP!
and HIAP2 were increased following TNFR2 induced NF-kB activation (170). It is believed that
these two IAPs are sequestered at TNFR2 and, although able to inhibit caspases in vitro, do not
interact with the TNFR1 apoptotic pathway in vivo (144, 147). These reports indicated that NF-
KB played a role in [AP transcription and therefore suggests that this transcription factor could

increase expression of MNaip in response to TNFR1 induced apoptosis.

Western blot analysis revealed that cytosolic levels of Naip were significantly decreased in the
cortex and subcortical white matter compared to sham during the time when maximum apoptosis
was observed providing further evidence for the protective role of endogenous Naip following
TBI. As Naip levels decreased between 6 and 24 hours following TBI, the number of apoptotic

cells present in the cortex and subcortical white matter directly under the site of maximum
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impact almost doubled. Taken together, the 6 hour and 24 hour post TBI Naip data demonstrated
that the ability of the cells to prevent apoptosis decreased as levels of Naip decreased, which
suggested that an increase in Naip expression promoted cell survival and a decrease in Naip
expression allowed apoptosis to proceed following TBI. Recent reports by Xu et al. (1997),
Holchik et al. (2000), and Perrelet et al. (2000) had demonstrated that a similar decrease in Naip
expression was associated with increased neuronal apoptosis in in vivo models of stroke,
epilepsy, and motor neuron damage (73, 134, 187). These studies, together with the data
presented in this report indicated that Naip had a role in mediating cell survival following CNS
trauma. The apparent discrepancy between the level of Naip and the number of cells expressing
Naip in cortex tissue at 24 hours post TBI compared to control might be due to different
sensitivities between the two methods used to detect the protein. Alternatively, Naip might move
from the cytosol to the nucleus following TBI which would generate inconsistencies in the
measurements of Naip protein level and the number of cells expressing Naip. [t had been
observed in vitro that following exposure of cells to an apoptotic stimulus, Naip translocates
from the cytosol to the nucleus (David Barnes, personal communication). Thus, exposure of the
cerebral cortex cells to TNF-a (or other unidentified proapoptotic stimuli) in our model of TBI
might trigger translocation of Naip into the nucleus at 24 hours following TBI (as noted the-
staining pattern of Naip was more nuclear and not as diffuse at 24 hours following TBI compared
to 6 hours following TBI). As the cytosolic protein extracts were used in the Naip Western blots,
the level of cytosolic Naip could appear to decrease while the number of cells expressing Naip
could still be elevated compared to sham. Western blots of the nuclear protein extracts and
confocal microscope analysis of Naip location at 24 hours post TBI would aid in determining if

translocation of the protein occurred following TBL
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This study provided additional evidence for the role of NAIP in promoting cell survival in SMA
patients. One of the primary unanswered questions in the molecular pathogenesis of SMA
pathology is whether loss of endogenous NAIP expression exacerbates o-motor neuron death
and SMA phenotype (27, 142). The apoptotic morphology of the motor neurons observed in the
spinal cords of affected children had lead to the speculation that SMA was the result of
inappropriate apoptosis (149). In 1995, NAIP and SMN! were identified as the two candidate
causative genes for SMA (95, 147). Recent work by Lefebvre (1995) and others had
demonstrated that deletions of SMN/ exon 7 were associated with virtually all cases of SMA and
the remaining cases presented different mutations and deletions in SMN! (95, 179). These
studies strongly indicated that SMN/ was the causative gene in mediating SMA pathology (95,
179). In comparison, NAIP had also been detected in tissues that demonstrate SMA pathology
and found to be deleted in 60 - 80% of type I patients and in 15 - 42% of type II and III patients
which suggested that expression of NAIP aids in determining phenotype severity (40, 120, 147).
Additionally, several studies had revealed that NAIP was a potent antiapoptotic agent able to
inhibit apoptosis stimulated by a wide variety of triggers (92). Thus, NAIP was proposed to be a
modifying gene in SMA pathogenesis (27, 142). In this model, deletion of NAIP and SMNI
result in extensive motor neuron apoptosis and the severe type I phenotype while deletions of
SMN1 alone results in limited apoptosis and the milder type II and III phenotype (33). The data
presented in this study, together with recent reports which revealed that a decrease in
endogenous Naip expression lead to enhanced apoptosis in models of CNS injury provided

further evidence for the role of NAIP as a modifying gene in SMA pathology (73, 187).
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4.4 Apoptosis in CMV NAIP C57/Bl6 Transgenic Brain Following TBI

Historically, transgenic animals had been widely used in medical science to gain a better
understanding about the molecular mechanisms involved in gene transcription, embryogenesis,
and disease pathology (72). In this study, NAIP transgenic mice were used to further evaluate
the role of NAIP with regards to caspase-3 activation and DNA fragmentation following TBI and
the data indicated that this IAP promoted cell survival through the inhibition of caspase-3
activity. To generate the transgenic mice used to establish a heterozygous breeding colony, a
NAIP construct under transcriptional control of the CMV promoter was injected into the
pronucleus of a newly fertilized mouse egg. Pronuclear injection is the most common technique
employed to develop transgenic animal strains (78). In this procedure foreign DNA integrates
into random sites within the genome usually at the one cell stage of embryo development (72).
Thus, every cell of the mature animal contains the foreign DNA. In this study, PCR techniques
were successfully utilized to identify transgenic mice from wildtype litter mates. The CMV
element is one of the most common promoters employed to generate transgenic animals (22).
This promoter is unregulated and constitutively active resulting in continuous expression of the
foreign DNA (22). For this reason, it was believed that NAIP would be expressed in all cells that
contained the construct, including the cells in the region of the cerebral cortex where apoptosis
was observed in wildtype mice. Immunofluorescent techniques were used to demonstrate the
expression of NAIP in neuron - like and oligodendrocyte - like cells throughout the cerebral

cortex of mice containing the CMV NAIP construct.

This was the first study to demonstrate that an overexpression of NAIP enhanced cell survival
in the cortex and subcortical white matter at 24 hours following TBI. DNA fragmentation,

detected using the ISEL stain, was significantly reduced in the cortex and subcortical white
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matter of transgenic animals at 24 hours post TBI compared to wildtype brain from the same
time point. In particular, the number of ISEL positive cells in the subcortical white matter from
transgenic animals at 24 hours post TBI was not significantly different than the number observed
in the transgenic sham brains. These resuits suggested that NAIP overexpression was protective
against DNA fragmentation and enhanced cell survival of both cortical and subcortical white
matter cells at 24 hours following TBI. A similar attenuation of cortical cell death following TBI
in mice overexpressing BCL-2 was recently observed by Ragupathi et. al. (1998). However,
although BCL-2 was expressed in cells throughout the brain, an attenuation of subcortical white
matter cell death was not reported (140). As both cortical neurons and subcortical white matter
oligodendrocytes had been shown to be the primary apoptotic cell types following TBI, the data
presented in this study indicated that NAIP could have a greater potential to prevent the cell
death associated with TBI compared to BCL-2. It had been speculated that the enhanced ability
of NAIP to prevent TNF-a induced apoptosis and cell death following TBI might be due to the
interaction of NAIP with caspases downstream from the site of BCL-2 activity (73, 117, 182, J.

Maier, personal communication).

In this study, NAIP overexpression appeared to enhance cortical cell survival at 24 hours
following TBI and the data indicated that this protection might result from decreased caspase-3
activity at this time point. The interaction of the BIR domains of NAIP with active caspase-3
had been observed in vitro and it is through this interaction that NAIP is believed to exert its
antiapoptotic effect (92, J. Maier, personal communication). In this study, Western blot analysis
revealed that procaspase-3 levels were significantly decreased in the transgenic cortex at 24
hours post TBI compared to control. These results did not differ significantly from the results

obtained from the wildtype animals. The data suggested that NAIP overexpression did not have
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an effect on activation of caspase-3 or on activation of caspases upstream from caspase-3 at this
time point. Western blot analysis of PARP cleavage was used to indirectly detect the presence of
active caspase-3 in the cortex and to examine the effect of NAIP overexpression on caspase-3
activity following TBI. Although PARP cleavage was significantly increased following TBI in
the transgenic cortex compared to control, the amount of PARP cleavage was significantly
reduced in the transgenic cortex post TBI compared to the cleavage observed in wildtype cortex
at the same time point following TBI. Taken together with the ISEL data, these results suggested
that the reduced cortical cell death observed in the transgenic cortex 24 hours after TBI was due
to a heightened inhibition of caspase-3 activity compared to wildtype and provided further
evidence that the antiapoptotic effects of NAIP are mediated through the interaction with active
caspase-3. However, as the ISEL and Western blot data show, NAIP overexpression was
insufficient to completely attenuate DNA fragmentation and PARP cleavage in the transgenic
cortex 24 hours post TBI. Thus, it appeared that NAIP overexpression was not able to totally
prevent caspase-3 activity in the cortex at this time point. These results are complementary to a
study by Simons et. al. (1999) where NAIP was shown to delay, but not attenuate, cell death in
cerebellar granule neurons exposed to low potassium media (162). It had been suggested that the
inability of NAIP to permanently halt apoptosis in some cells was reflective of saturation of the
protein with active caspase-3 (J. Maier, personal communication). As there is no evidence that
NAIP interacts with caspases upstream from caspase-3 or that NAIP can interact with more than
one active caspase-3 enzyme it was thought that progressive cleavage of procaspase-3 would
result in increased occupation of NAIP with active caspase-3 (146, J. Maier, personal
communication). Eventually the entire cytosolic NAIP pool would be occupied and further

caspase-3 activation would result in DNA fragmentation and cell death. The complete effect of

75



NAIP overexpression on caspase-3 activity and cortical cell death cannot be determined in this
study due to the fact that the apoptosis time course in the cortex of transgenic animals following
TBI was not investigated. It is possible that caspase-3 activation, DNA fragmentation, and
PARP cleavage continue in the cortex and that NAIP overexpression does not permanently
inhibit cortical cell death but rather delays apoptosis following TBI. However, overexpression of

NAIP might prolong the therapeutic window for other antiapoptotic therapies following TBI.

In the transgenic brain, subcortical white matter cells appeared to be profoundly protected from
apoptosis at 24 hours post TBI and the data indicated that the protection observed at this time
point was due to inhibition of active caspase-3. In the subcortical white matter, procaspase-3
levels following trauma did not differ between wildtype and transgenic animals but there was a
marked attenuation of PARP cleavage in NAIP transgenic animals compared to wildtype mice
following trauma. Taken together with the ISEL data, these results strongly suggested that at the
24 hour time point following trauma in the.NAIP transgenic animals, activation of caspase-3 in
the subcortical white matter was dramatically reduced compared to wildtype. These results
provided additional evidence that NAIP promoted cell survival through the inhibition of active
caspase-3. However, attenuation of apoptosis in the subcortical white matter of transgenic
animals might be mediated by factors other than NAIP. Several studies had demonstrated that
oligodendrocyte survival depended on the presence of growth factors that originated from
neuronal axons (10, 11, 194). These growth factors had been shown in vivo and in vitro to
promote survival by inhibiting oligodendrocyte apoptosis (10, 194). The importance of CNS
growth factors in attenuating TNF-a induced apoptosis was recently shown by Ye and D’Ercole
(1999) who demonstrated that, following exposure to TNF-a, IGF-1 promoted oligodendrocyte

survival either through the inhibition of the apoptotic pathway upstream from caspase-3 or by
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blocking TNF-a stimulation of apoptosis (194). Therefore, the attenuation of caspase-3
activation and cell death observed in the subcortical white matter of the NAIP transgenic brains
at 24 hours following TBI might be due to the enhanced survival of the cortical neurons which
release axonal growth factors in the transgenic brains. If the hypothesis that NAIP delayed cell
death following TBI is valid, than as the cortical cells begin to die in greater numbers in the
transgenic brain, growth factors would be withdrawn causing caspase-3 activation in the
subcortical white matter. At this point, oligodendrocyte apoptosis in the transgenic brains might
be further delayed compared to wildtype through the inhibition of caspase-3 activity by NAIP.
Elucidation of the time course of neuronal and oligodendrocyte cell death in the NAIP transgenic
brains will aid in determining the precise role of NAIP overexpression on caspase-3 activity and
apoptosis in the subcortical white matter following TBI. However, the data presented in this
study demonstrated for the first time that an overexpression of NAIP enhanced both cortical and

subcortical white matter cell survival, thereby extending the therapeutic window following TBI.

4.5 Inflammation in C57/Bl6 CMV NAIP Transgenic Brains Following TBI

As inflammation during the acute period following TBI is known to be an important mediator
of tissue damage, the inflammation in the transgenic cerebral cortex was measured to ensure that
a similar response occurred in both CMV NAIP and wildtype brains post TBI. The generation of
transgenic animals had been shown to occasionally cause phenotypically visible insertional
mutations (5-15% of transgenic lines) which might deleteriously affect biological systems (72).
To guarantee that the CMV NAI/P transgenic mice did not express a defect in the inflammation
response to TBI, immunofluorescent techniques were used to measure microglial activation and

levels of TNF-a in the cerebral cortex at 24 hours following TBI. Similar levels of activated
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microglia and TNF-a were present in wildtype and transgenic cerebral cortex at 24 hours after
TBI indicating that insertion of NAIP did not alter the inflammation response in the transgenic
animals. The data also showed that differences in the inflammation response between CMV
NAIP and wildtype brains did not play a role in the reduced apoptosis observed in the transgenic
cerebral cortex and provided further evidence that it was the role of NAIP in inhibiting apoptosis

that promoted cell survival following TBI in the transgenic brain.

4.6 Neurological Outcome in Wildtype and CMV NAIP Transgenic C57/Bl6 Mice Following
IBI

The ability of NAIP overexpression to improve cognitive outcome following TBI was
investigated. Both clinical cases and animal models of TBI had been associated with deficits in
cognitive (spatial memory and learning) and neuromotor function (60, 112, 140, 166). The
deficits were thought to result from the apoptotic cell death that occurred within the sensory /
motor cerebral cortex and hippocampus following TBI (140). In animal models of CNS trauma,
deficits in cognitive and neuromotor function had been assessed with specific neurological
scores. These scores had also been used to determine the ability of therapeutics to promote
neurological recovery following TBI (140, 153, 160). The effect of overexpression of the
endogenous antiapoptotic protein BCL-2 on neuromotor function following TBI had been
investigated with a four point neurological score (140). Using this score Ragupathi et. al. (1998)
demonstrated that, compared to wildtype, an overexpression of BCL-2 could attenuate cortical
cell death but had no effect on neuromotor outcome following TBI (140). These results
indicated that although an overexpression of BCL-2 was able to enhance cell survival, it was not

able to preserve cell function following TBI. One possible explanation for the discrepancy is
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that by inhibiting one step in the apoptotic pathway, cells were held in a state of ‘suspended
animation’ between survival and death where normal function was not possible (140). A
beneficial effect of BCL-2, or any antiapoptotic protein, on spatial learning and memory
following TBI had not been reported. This was the first study to examine the effect of
overexpression of NAIP on these cognitive factors post TBI using the Morris water maze
neuroscore (16, 119). The Morris water maze is a well described neurological score that had
been used with in vivo models of CNS trauma to detect deficits in spatial memory and learning
which are associated with damage to the cerebral cortex and CA|1 region of the hippocampus (16,
60, 118, 153). As NAIP overexpression had been shown to decrease cell death in the cortex and
subcortical white matter following TBI, it was thought that the transgenic animals subjected to
TBI would have improved cognitive function compared to wildtype litter mates. However, as the
data indicated, due to the large standard deviations associated with the latency times within each
experimental group conclusions about the effect of NAIP overexrression on spatial memory and
learning could not be determined. It is possible that the Morris water maze might not have been
the correct test to assess cognitive function in this study as this neurological score had been
shown to be more sensitive to damage within the CA1 region of the hippocampus, an area where
very minimal damage was detected in this model of TBI (118). The five point neurological score
developed by Dunnett et. al. (1981) might be more useful than the Morris water maze in
determining the effect of NAIP overexpression on neurological outcome following trauma (54).
In comparison to the Morris water maze_ the Dunnett score measures deficits in both motor and
cognitive function and is highly sensitive to damage in the cortex and subcortical structures (44,
54). In future investigations, this score may prove beneficial in determining the role of NAIP

overexpression on both motor and cognitive function following TBI.
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4.7 Conclusion

This study was the first to provide evidence that NAIP promoted cell survival following TBI
through the interaction of this protein with mediators of apoptosis. Previous studies had shown
that NAIP was expressed in the brain and spinal cord and was deleted in the majority of type 1
SMA patients which suggested that this [AP was involved in promoting the survival of healthy
CNS cells (147, 188). Additionally, NAIP had been shown to be an important mediator of cell
protection in several in vivo models of CNS injury (73, 134, 187). However, prior to our study
the role of NAIP in TBI, the most common form of pediatric CNS trauma, had not been
investigated. As a member of the IAP family, NAIP had been shown to promote cell survival
through the inhibition of apoptosis stimulated by a variety of agents including TNF-a (92). It
had been demonstrated in vitro that this apoptosis inhibition occurred due to the ability of the
BIR domains of NAIP to inhibit caspase-3 activity (92, J. Maier, personal communication). As
previous studies had shown that the apoptotic cell death associated with TBI was primarily
mediated through the TNF-a pathway and activation of caspase-3, it was hypothesized that an
overexpr:-sion of NAIP would attenuate cell death and improve neurological outcome following
TBI (38, 160, 190).

The data presented in this study suggested that, during the acute period post TBI, cortical
neurons and subcortical white maiter oligodendrocytes were selectively vulnerable to apoptotic
cell death. Additionally, the occurrence of the apoptotic death correlated with increased levels of
the proapoptotic cytokine TNF-o following TBI. This study was the first to show changing

levels of endogenous Naip in the cerebral cortex during the acute period post TBI.

Transgenic animals that expressed human NAIP were used to investigate the role of this IAP on

caspase-3 activity and neurological outcome following TBI. We were the first to demonstrate
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that an overexpression of NAIP enhanced cell survival following head trauma. The indirect
evidence that the cerebral cortex of NAIP transgenic animals contained significantly less
caspase-3 activity following TBI compared to wildtype brains from the same time point was
consistent with the theory that NAIP prevented apoptosis through the inhibition of caspase-3
activity. It is possible that an overexpression of NAIP might not perpetually halt caspase activity
and cell death, but rather delay apoptosis thereby extending the therapeutic window in the brain
following TBI. Comparison of the apoptosis time course in Naip! deficient, NAIP transgenic,
and wildtype animals would help to clarify the exact role of Naip and NAIP overexpression on
apoptosis post TBL. It was postulated that due to the enhanced cell survival in the transgenic
cerebral cortex, these animals would have improved neurological function compared to wildtype
litter mates following TBI. Unfortunately, due to the large standard deviations in the Morris
water maze data, the effect of NAIP overexpression on neurological outcome following TBI
remains to be elucidated. Regardless, this study has identified NAIP as a new and exciting

potential therapeutic target that could be utilized to attenuate the cell loss associated with TBI.
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