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ABSTRACT

The Study of the Neurophysiology of High Strain Rate Nerve Injury.
(December 2003)
In Hong Yang, B.S.; M.S., KyungHee University

Co-Chairs of Advisory Committee: Dr. Hsin-I Wu
Dr. Theresa A. Good

The study of the mechanism of traumatic brain injury (TBI) processes at the
cellular level is vital to obtain characterization of nerve cell damage after mechanical
deformation. This understanding is needed to find feasible therapeutic targets for
mechanically damaged neurons. To study the cellular level of TBI damage, development
of a new in vitro cellular model of TBI might be done to simulate in vivo cellular TBIL.

In this research, two studies were performed: (1) the design and construction of an
in vitro cell stretching device to mechanically injure cells and (2) the characterization of
the molecular and cellular level of the TBI mechanism. The cell stretching device design
allows for the precise control of cell strain and duration of stretching cells such that TBI
can be mimicked. Analysis of the cellular and molecular level mechanisms of TBI in the
proposed in vitro model might help in the design of therapeutic strategies for the
treatment of TBI. Our proposed mechanism of injury due to TBI is as follows: after the
cell is stretched, a cellular signaling molecule is released to activate the cellular signaling
pathway. The activated cell signal may activate kinases which phosphorylate proteins and
initiate new protein synthesis. Newly phosphorylated and synthesized proteins may
activate the apoptotic process.

Using a variety of pharmacological agents, one could block steps in the
hypothesized mechanism and examine the effect of those agents on downstream cellular
processes and cell apoptosis. For example, the inhibitions of calcium transport, protein
synthesis, and caspases were performed to examine the initial activation of the signaling
pathway and the role of both in the apoptosis process. Proteomics of TBI may help the
understanding of the mechanism of TBI related protein expression. This work will

contribute to the discovery of new therapeutic targets and better treatments for TBI.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Traumatic Brain Injury

Traumatic brain injury (TBI) is one of the major public health problems and the
leading cause of death of individuals under 44 years old in United States. The risk of
experiencing a TBI is highest among teenagers, young adults, and people older than 75
years of age. Most studies indicate that the highest rates of TBI occur between 15 to 24
years of age (CDC, 1999). The leading causes of TBI are vehicle crashes, accidental
falls, bicycles accidents, pedestrian’s falls, and firearms (Thurman et al., 1999). The
National Institutes of Health (NIH) reported that 5 million TBI cases occur in the United
States each year (CDC, 1999) among which about 100,000 people die. Nearly 750,000
people are hospitalized a year (CDC, 1999) and about 80,000 of TBI survivors live with
significant disabilities (CDC, 1999). Consequences of TBI are loss memory, deficits in
judgment and emotion, and other mental and physical disabilities. The cost of TBI is an
estimated $56.3 billion the U.S. in 1995, (Thurman et al., 1999).

Due to the many occurrences and the significant impact of TBI on a society, a
great deal of efforts has been done to prevent and to find treatments for TBI. To prevent
the TBI and TBI-related disabilities, many policy and safety measures have been
enacted. For instance, the increase of helmet use during recreation and sports activities,
the improved use of child safety seats and seat belts, and improved trauma care
surveillance systems and clinical preventive services are all examples of practices that

have implanted to prevent TBI and TBI related disabilities (Pollock and Lowery, 2001).

This dissertation follows the style of Bioengineering and Biotechnology.



Because TBI does not occur in a controlled or reproducible manner, it is difficult
to perform controlled laboratory experiments that mimic TBI. Studies of mechanical
impact have been performed by using a dummy to characterize the forces generated
upon head impact. However, the effect of mechanical displacement on nerve cells at a
cellular or molecular level are difficult to study in in vivo models or simulation with
dummies. The goal of this research is to improve the understanding of TBI at a cellular
and molecular level through the development of a simple in vitro model of mechanical
injury to neuron-like cells and the analysis of cellular and molecular level changes that

occur in that model after injury .

General definition and initial mechanism of traumatic brain injury.
Traumatic brain injury is also referred to as acquired brain injury. Traumatic brain
injury occurs when a sudden physical impact on the brain or skull causes mechanical
damage to the brain tissue. When an excessive mechanical force is applied to the brain,
the brain deforms. The mechanical effects of TBI are associated with strain rate, and
rate of head acceleration (Gennarelli, 1996). The strain rate to brain tissue that occurs
during TBI has been estimated to vary in the range from 1 to 5s' (Chu et al., 1994; Ueno
et al., 1995; Ommaya, 1995). In biological tissues, which are generally viscoelastic
materials, some of the initial force applied to the head is absorbed, leading to a damping
of the load and prolonged, oscillatory stresses within the tissue (Bradshaw et al., 2001).
Bone, scalp, dermal and subcutaneous layers all play a role in absorbing and transmitting
impact forces to the underlying central nervous tissue (Hubbard, 1971). Contact forces
on the brain generate a mechanical stress wave and skull deformation. Deformed brain
tissues undergo a variety of pathological processes that lead to the loss of function
associated with TBI. The cellular events in the pathological pathways that lead to the
physiological effects of TBI will be discussed later in this chapter.

Types of traumatic brain injury.  TBI can be generally classified as focal

brain injury or diffuse brain injury (DAI). Focal brain injury is in a restricted area of



brain while diffuse brain injury or diffuse injury describes a pattern of injury in areas of
the brain that exceed the area of impact. In most cases focal injury leads to more diffuse
damage. The examples of focal TBI are contusion, epidermal hematoma and subdural
hematoma. Hematoma means a matter of clotted blood that forms in a tissue, organ, or
body space as a result of a blood vessel rupture. Contusions are generally associated with
the skull fractures. Epidermal hematoma is caused by the deformation of skull bone
where dural fiber and vascular attachment are sheared. Subdural hematoma is caused by
the surface artery tearing and is associated with contusion. However, there are examples
of contusion such as shaken baby syndrome where contusions not associated with
fracture. Diffuse axonal injury is caused by the acceleration and deceleration of tissues
in the brain. The rotational acceleration is the key component of diffuse axonal injury
(Gennarelli, 1996). The shearing of axons block the communication between the nerve
cells. The shear and other stress associated with tissue acceleration and deceleration are
what is believed to give rise to the cellular level damage to large numbers of neurons
during brain injury (Margulies et al., 1990).

Primary brain and secondary brain injuries are categorized by the initial impact
and subsequent injury. A primary brain injury occurs at the beginning of brain insult.
Primary brain injuries are associated with the initial contact force and the subsequent
inertial force. The severity of primary brain injuries depend upon numerous variables
such as the intensity of initial contacting forces, degrees of tissue deformation, location
of injury and skull thickness. A secondary brain injury is a result of a pathological
response of brain to a primary brain injury. A secondary brain injury develops within
hours or days after the primary brain injury. Blood vessel rupture, cell lysis, cell
apoptosis in response to the release of high levels of excitatory neurotransmitters, and

increased intracranial pressure are all associated with secondary injury.

Treatment of traumatic brain injury patient. Medical treatment of TBI is
critical to prevent further damage. Improper care may cause additional brain injury and

other injuries. An important step in the treatment of head injury is lowering the



intracranial pressure (ICP). Prevention of elevated ICP is the key to prevent ischemia
and hematoma, both of which are associated with reduction in blood and oxygen
supplies resulting in further neurodegeneration associated with TBI. ICP can be
monitored by a ventricular catheter, subarachnoid bolts, and a fiber optic parenchymal
monitor. The elevated cerebral fluid can be drained by only a ventricular catheter. A
fiber optic paprenchymal monitor is minimally invasive device to monitor ICP. Also
surgical removal of hematoma is important to prevent further brain damage. Moreover,
various pharmacological agents are used to lower the elevated ICP. B-adrenoreceptor
blocker and osmotic diuretics are examples of agents. To reduce the increased cellular
metabolism associated with secondary injury in TBI, cooling blanket and nasogastric
acetaminophen are used for hyperthermic treatment. Action is also taken to reduce
glutamate and free radicals after TBI. Glutamate and free radicals contribute
significantly to secondary brain injury. Glutamate is an amino acid which causes
excitotoxicity via excessive introduction of calcium into cells through the NMDA
receptor. Free radical can cause damage to cells similar to that caused by glutamate.
Removal of glutamate, blockage of NMDA receptor, and use of free radical scavengers

(antioxidants) all are used to block secondary brain injury (Triyoso and Good, 1999).

Research review of traumatic brain injury. There are several approaches that
have been taken previously to try to understand the mechanism of neurodegeneration
associated with injury. It is considered that direct measurement of strain is difficult or
nearly impossible to perform in animal models. Therefore many theoretical models were
developed to study the damage of brain on impact. However, the post traumatic
symptoms and combined effect of different cells, bones, blood, and tissues are most
easily researched in animal models of TBI. Ir vitro models of TBI are used to study to
cellular and biochemical neurodegeneration of TBI at cellular levels. In the following

section, animal, theoretical, and in vitro models will be individually reviewed.



Animal models of traumatic brain injury. One of the earliest and most widely
used approaches to understand TBI is the use of animal models of injury. In an animal
model, a defined injury can be administrated after which the cellular and tissue level
damage can be examined (Gennarelli et al., 1982; Gennarelli, 1983; Tornheim et al.,
1984; Nusholtz and Kaiker, 1986; Huelke and Nusholtz, 1986; Nusholtz and Ward,
1987; Martin et al., 1989). Advantages of using animal models of TBI include the
ability to observe the complex interactions of tissue, blood supply, and bone. The effect
on the whole animal following injury can be examined. Therapeutic strategies can be
tested in the animal to examine their ability to attenuate the effect of injury.
Experimental procedures to simulate the TBI in animal models include weight drops,
penetrating force applications, and fluid percussions (Martin et al., 1989; Pravdenkova et
al., 1996; Yakovlev et al., 1997). Pravdenkova and his coworker induced TBI in rats by
dropping a 450-g weight from a height of 2 m on rat skulls (Pravdenkova et al., 1996).
Brain cells and DNA were isolated after TBI and apoptosis was quantified. The
maximum level of DNA fragmentation was detected at 10 h after TBI and an increase in
the activity of the Ca/Mg-dependent endonuclease associated with apoptosis were
detected. Conti and his coworker induced TBI in rat by lateral fluid-percussion (Conti et
al., 1998). They showed that the apoptosis of injured cells differed by region and cell
type. The number of apoptotic cells in the white matter was increased as early as 12 hr
after injury and peaked by 1 week. An increase in apoptotic cells was observed in the
hippocampus at 48 hr, whereas in the thalamus, the apoptotic response was delayed,
peaking at 2 weeks after injury. Golding and coworkers induced TBI in rate by severe
controlled cortical impact using cylinder which was 5 m/sec, 130-msec duration, and 3-
mm deformation (Golding et al., 1998). They investigated differences in calcium levels
associated with injury in their model. Using the monkeys, diffuse axonal injury was
investigated by accelerating the head without mechanical impact (Gennarelli 1983).
Monkey heads were accelerated without impact in one of three directions which are
sagittal head motion, oblique head motion, and full lateral head motion within 10-

20msec by a pneumatic shock tester. From the animal model experiments, the effects of



different types of mechanical load to the brain were characterized. However, while these
studies were able to capture much of the complexity of interactions between cells and
tissues during TBI, this same complexity makes it cumbersome to elucidate molecular
level pathways that lead to neurodegeneration. An understanding of molecular level

pathways is paramount if molecular level treatments for TBI are to be developed.

Theoretical modelings and mechanical experiments of TBI. We and others
hypothesize that it is the level of shear or tensile stress the rate of strain and the extent of
strain that occur in CNS tissue during TBI that are the greatest determinants of the
cellular and molecular level changes that lead to neurogeneration. To this end, it is
important to be able to estimate levels and rates of stress and strain during TBI. In vivo
measurement of stress and strain during TBI is quite difficult or nearly impossible.
However, over the past 25 years, many theoretical models have been developed to
predict mechanical forces, stresses, and strain in the brain associated with TBI (Aldman,
1986; Takizawa et al., 1988; Ruan and Prasad, 1995; Margulies et al., 1990; Krabbel and
Appel, 1995; Ommaya, 1995; Bradshaw et al., 2001; Bandak et al., 1995; Chang et al.,
2000; Kleiven and von Holst, 2002). Theoretical models focused on how mechanical
forces were distributed on head and neck, what the level of stress causes the deformation
of tissue, and relative stress or strain within different tissues associated with different
mechanical impacts. In mechanical models, brain tissues were considered as elastic
materials (Ommaya, 1995) or viscoelastic materials (Lindgren, 1966). In studies of brain
tissue, in order to obtain theoretical values readily, assumptions concerning mechanical
properties were made, such as incompressibility, homogeneity, and linearity. To
estimate mechanical damages of a skull, dummy models were frequently used for
obtaining the distribution of the strain and stress on the skull during the impact
(Takizawa et al., 1988; Ruan and Prasad, 1995; Bradshaw et al., 2001). In some
experiments, the dummy head was filled with materials such as silicon that mimicked
the viscoelastic properties of brain tissue (Bradshaw et al., 2001). Two and three-

dimensional finite element approaches were also used in modeling of TBI (Takizawa et



al., 1988; Margulies et al., 1990; Krabbel and Appel, 1995; Chang et al., 2000; Pintar et
al., 2001; Kleiven , 2002). Impact conditions of TBI were characterized as strain is more
than 5 % and duration of strain is more than 8§ ms (Margulies et al., 1990; Chu et al.,
1994; Ueno et al., 1995; Bradshaw et al., 2001). The tolerance of diffuse axonal injury
was characterized by using a mechanical model (Margulies et al., 1990). The threshold
of diffuse axonal injury (DAI) which was empirically derived value for a critical shear
strain associated with severe diffuse axonal injury in primates was 0.1 in strain. From
theoretical models and mechanical experiments, effects of blood vessel rupture, the
relationship between head and neck, the range and the duration of strain were
characterized. Variables of TBI obtained from the theoretical models and mechanical

experiments were applied to the in vitro and animal experiments.

In vitro models of traumatic brain injury. Even though the values of stress
and strain during TBI were precisely predicted from the mechanical and mathematical
models, the cellular changes by mechanical impact are still not well characterized. In
order to investigate the cellular response to TBI, a number of in vitro models of TBI
have been developed. Because neurons are pivotal building block of brain, most models
have focused on examining the response of neurons to specific mechanical insults.
Primary neuron culture and neuron-like cell lines were used in vitro models of TBI.
Primary neuron cultures can only be obtained in limited supply from neonatal animals.
Cells are easily injured and loose their connections to each other during dissection and
harvesting. To avoid some of these complications, a number of immortalized cell lines
are also used (Triyoso and Good, 1999). To examine how other cells react to
mechanical insult in brain, endothelial cells and astrocytes have also been used (Laplaca
et al., 1997). The advantages of in vitro models include: precise control of strain and
stress, homogeneity of cell culture, ease in characterization of the specific cellular and
biochemical process; and reproducibility of results.

Stress and strain were generated in in vitro TBI models using following methods;

axon transaction, fluid hydrodynamic shear, and biaxial strain applied to attached cells



via deformation of growth matrix. The first in vitro model of TBI was the transectional
damage of axon of neuron to investigate the TBI (Ramon y Cajal, 1928). The most
universal in vitro TBI models employ hydrodynamic shear stress application and
stretching cells upon a membrane (LaPlaca and Thibault, 1997; Triyoso and Good,
1999). In hydrodynamiac shearing, cells were grown on a plate and shear stress was
applied using rotational flow generated by a secondplate placed near the cells (LaPlaca
et al., 1997; LaPlaca and Thibault, 1997; Triyoso and Good, 1999). The level of strain
generated in these in vitro models was up to 50% and strain and stress applied to neuron
in vitro experiments were based on the theoretical models (LaPlaca et al., 1997;
Galbraith et al., 1993). Using the shear stress induced cell strain models, neurons
responded to high strain rate deformation via an increase in cytosolic calcium and
release of lactate dehydrogenase (LaPlaca et al., 1997). These results indicated necrotic
cell death occurred in these models (LaPlaca et al., 1997; LaPlaca and Thibault, 1997).
In low strain rate hydrodynamic shear models apoptosis pathways were activated. At
low strain rate, pulsatile hydrodynamic shear stress led to higher levels of apoptosis than
the steady hydrodynamic shear stress (Triyoso and Good, 1999). LDH release from cells
was not detected.

As an alternative to hydrodynamic shear stress, tensile stress has been used to
deform cells. In these models tissue or cells were grown on an elastic, homogeneous,
linear, and isotropic matrix which was stretched in controlled manner (Donna and
Geddes, 2001; Craig and Clark, 2001; McKinney et al., 1996). In the squid giant axon, a
20% uniaxial strain caused severe injury of axon (Galbraith et al., 1993). Astrocytes and
glial cells were grown on an elastic membrane, and were stretched for 50ms (McKinney

et al., 1996).



Astrocytes, glial cells, and endothelial cells were much more resistant to stretch-
induced injury at the range of 50 ms and up to 170% of strain than normal state. Ellis
and coworkers stretched injured astrocytes, glial cells, and endothelial cells
simultaneously to detect the multi cellular damages. Intracellular calcium level was
increased and glutamate concentration was sharply increased after injury. Released
glutamate from the astrocyte and glial cells could activate calcium transport via NMDA
receptors. mRNA expression from cells injured in a stretching device was characterized
(Marciano et al., 2001). From the DNA micro array analysis of injured nerve cells,
apoptotic related genes were detected.

Some investigators have used hydrostatic pressure as a means to injure neurons
as an in vitro model of TBI. The hydrostatic pressure experiment was applied to neurons
to elucidate the effect of compression at 15 atm for 10 min (Murphy and Horrocks,
1993). Results from these types of models have been largely inconclusive.

In vivo, cells undergo compression, shear stress and tensile stress during TBI.
Therefore, all of the types of in vitro models developed could contribute to the
understanding of cell response to traumatic injury. In addition, while neurons are the
component of the central nervous system that receive the most attention due to their
central function, many different cell types (astrocytes, glia, and endothelial cells, for
example) are present in the CNS and could contribute to neurodegeneration observed

after TBI.
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Neuronal Cell Death

General review of neuronal cell death in neurobiochemistry and
neurophysiology. The nervous system is one of most controlled and integrated systems
in higher organisms. The central nervous system (CNS) is the pivotal center of entire
nerve system. The key structure of the CNS is the neuron. The role of the neuron is the
conduction of nerve impulses from one part of body to another. A neuron consists of a
cell body, an axon, and dendrites (Figure 1-1). The cell body, also called the soma or
preikaryon, contains the nucleus and is surrounded by granular cytoplasm. Dendrites are
usually highly branched structures extending from the cytoplasm. Neurons normally
have multiple dendrites. The axon is usually a single long and thin structure which plays
a role transmitting the nerve impulse.

During TBI, neurons undergo cell death via two modes; necrosis and apoptosis.
Necrosis is characterized as an abnormal cell death pathway that does not exist in normal
neurophysiology. Necrosis can be triggered by extreme condition such as mechanical
breakdown of cellular structures, high concentrations of glutamate, and an inflammatory
response by macrophage and microglia. Necrosis can not be controlled. Apoptosis, in
contrast, is a normal event during neuronal development. Apoptosis can be detected
during the process of neuron differentiation. Apoptosis can be activated by specific
pathways and involved a known set of proteins, caspases, that carry out the controlled
dismantling of the cellln TBI, apoptosis is considered to be the main neuronal cell death
pathway.

In general, there are important chemicals associated with neurodegeneration
during TBI. Those chemicals are calcium, glutamate, nitric oxide, G proteins, and
phospholipase C. Calcium, the most abundant ion in the body, is an extracellular

electrolyte. Calcium is not only a structural component of bones, and teeth, but also is
involved in blood coagulation, excitability of nerve tissue, and neurotransmitter release.
An action potential in a neuron typically leads to the opening of voltage gated calcium

channels in the neuron, causing a calcium influx into the cell. The increased localized
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Figure 1-1. Structure of neuron.
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calcium concentration triggers neurotransmitter release from the nerve terminal, either
signaling another neuron or prompting some muscle action at the neuromuscular
junction. On the other hand, in nerve injury, elevated intracellular calcium level is
considered a key factor in cell death. Excessive intracellular calcium leads to
inappropriate activation of a number of proteins, and typically leads to cell death via
apoptosis.

Glutamate is one of the essential amino acids. In the central nervous system,
glutamate is an excitatory neurotransmitter (it triggers the excitation of other neurons).
Glutamate release from the nerve terminal (into the synapse) is triggered by intracellular
calcium. Glutamate can also lead to the entry of calcium into the cell through voltage
gated glutamate channels. When glutamate binds to particular ion channels (the NMDA
channel, for example), calcium can enter into the cell. In neurons, excessive glutamate
levels tends to lead to excitotoxicity (or cell death from over excitation of the cell).
During TBI, glutamate can be released from the blood, astrocytes, other glial cells, and
neurons by mechanical damage.

Another pathway of intracellular calcium increase is via G protein activation.
General role of G proteins in nervous system is as a second messenger. G proteins carry
signals from transmembrane receptors to intracellular effectors. One intracellular
effector is phospholipase C, which when activated, can cause the release of calcium from
intracellular stores. G protein signaling pathway is important in the mechanism of
neuron apoptosis associated with low strain rate nerve injury. (you need references)

Nitric oxide (NO) and free radicals are considered to be neurotoxic chemicals.
The role of nitric oxide in the nervous system is as a retrograde neurotransmitter, which
is believed to be important in learnng and memory. However, the role of NO in the
brain can change surprisingly under TBI condition. During TBI, the concentration of
NO is 100 times higher than that observed under normal conditions. It reacts with the
superoxide anion to form peroynitrite, which can damage cellular proteins. NO can

cause energy failure and DNA damage by blocking ATP production and impairing
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DNA replication (Iadecola et al., 1996). Overall apoptotic pathway of TBI are

illustrated in Figure 1-2.

General neuronal cell death pathways. Necrosis: Cell death by necrosis is the
abnormal pathway of cell death. It is not the normal developmental pathway of cell
death in neuron. Morphology of necrosis is associated with breakdown of cell
membrane and endoplasmic reticulum, cell swelling, and cell lysis (Steller, 1995; Huang
and Tatro, 2002; Meloni et al., 2002). Mainly, necrosis can be caused by uncontrollable
cellular reasons. Also, necrotic cell death results in an inflammatory response of
microglia and macrophage. Biochemical characteristics of necrosis are rapid ATP
depletion and structural change of mitochondria (Mattson et al., 1993; Steller, 1995).
Mechanical damages of sub-cellular structure lead to necrotic cell death pathway. In the
area of ischaemia and highly concentrated glutamate released from damaged cells,
necrosis occurred frequently by extremely elevated intracellular calcium (Huang and
Tatro, 2002; Berti et al., 2002; Meloni et al., 2002). Highly toxic level of glutamate was
released from the neuron by TBI (Choi, 1994; Dugan and Choi, 1994). Glutamate can
bind to NMDA and AMPA channels to increase the intracellular calcium level which
causes the additional damages. A huge increase of calcium leads neuron to necrosis but
mild increase of calcium leads to apoptosis (Ankarcrona et al., 1995). A huge increase
of calcium induces the endonuclease, calpain, protease, and the production of free
radical. At the period of calcium increase, mitochondria acts buffer storage of calcium.
It blocks the oxidative phosphorylation and leads to release of free radicals like nitric
oxide and peroxynitrite which also cause the increase of intracellular calcium. In
mitochondria, condensation of the inner membrane and dissipation of metrical granules
occurs during the necrosis (Trump et al., 1965). As for the appearances between
necrosis and apoptosis, necrosis begins with mitochondria swelling and chromatin
clusterin, while apoptosis begins with cytoplasmic condensation and separation of
apoptotic bodies. The characteristics of necrosis and rate of necrosis rely upon the initial

intensity of injury (Ito et al., 1975).
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Effect of Stress on Neurons
—} Ca** Ca

—3 EG‘““‘“‘M

C az+ l

CaM Kinase

!

Phosphorylated protein

/

C 2 2+
P e —— Ca""/Calmodulin
L-Arg \ Ca”" 2
Ca
¥

NO + Free radicals
l CDKs

peroxynitrite L

!

Protein Svnthesis

hosphorylated protein

l Protein Svnthesis
&

DNA Fragmentation

Apoptosis

Figure 1-2. Overall process of apoptosis in a neuron as a result of mechanical insult.
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Apoptosis: The meaning of apoptosis in Greek is falling down. Apoptosis is
essential for normal tissue development and homeostasis, and it contributes to certain
forms of neuropathological pathway. Damaged neuronal cells or not well differentiated
neuronal cells could be eliminated via apoptotic pathway (Steller, 1995; Simonian et al.,
1996). The morphology between apoptosis and necrosis is totally different. The
morphological changes of apoptosis are chromatin condensation, cytoplasmic shrinkage,
and plasma membrane blebbing (Steller, 1995). Apoptosis can be initiated in different
pathways, but most common pathway is caspases related pathways. Apoptosis was first
found in C. elegans. In development of neuron, neurons which cannot reach their target
would not obtain the neurotrophic factor from the target and hence those neurons
undergo apoptosis. In vitro neuronal culture, apoptosis can be initiated by the removal
of nerve growth factors mimicking the developmental effect of neuron. In neuron
development, the features of neuronal apoptosis are that apoptosis occurs only early
connection period of neuronal development and it depends on the connection between
neuron and target cell. The triggers of apoptosis in brain damage or TBI are broad.
There are four major molecules involved in apoptotic process. These are the caspases,
the adaptors, members of the tumor necrosis factor (TNF) receptor (TNF-R), and Bcl-2
proteins.

A group of cysteine proteases, so called caspases, is essential for apoptosis (Zhao
etal., 1998; Woo et al., 1998). Caspases can be detected in all cells undergoing
apoptosis. As a consequence, for these mice lacking caspase-3 or caspase-9 have
increased numbers of neurons in the brain so caspase-3 and capases-9 are related to
neuronal developmental apoptosis. A potent inhibitor of all known caspases, p35, can
hamper the apoptosis in various call line (Sugimoto et al., 1994; Hay et al., 1994; Beidler
et al., 1995; Datta et al., 1997). Caspases play a role in regulators of cell death initiation
and degradation of cellular substrates during the end of apoptosis. At least 14 caspases
have been identified in mammals (Alnemri et al 1996; Zhao et al., 1998). Caspases are
synthesized as zymogens, which have very low intrinsic enzymatic activity. From the

so-called initiator caspases (e.g. caspase-8 and caspase-9) start a sudden large amount of
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increasing caspase activity by processing and activating so-called effector caspases (Woo
et al., 1998). Some caspases, particularly effector caspases, cleave and inactivate certain
vital cellular proteins, such as DNA repair enzymes, lamin, gelsolin, MDM2 (an
inhibitor of p53), and protein kinase C (Thornberry and Lazebnik, 1998; Adams and
Cory, 1998). There are also enzymes that can be activated directly or indirectly by
caspase-mediated proteolysis. Caspase-3 can remove a negative regulatory domain from
the kinase p21-activated protein kinase 2, which is deemed to trigger plasma membrane
blebbing (Rudel and Bokock, 1997). The capases-activated Dnase (CAD) is normally
inactivated by binding to an inhibitor, iCAD. During apoptosis, iCAD is cleaved by
caspases, and this leads to release of the active endonuclease which generates the
characteristic internucleosomal DNA cleavage.

Many proteins found as structural similarity with Bcl-2 which is the prototypical
inhibitor of apoptosis (Adams and Cory, 1998). The Bcl-2 family consists of anti-
apoptotic gene family (bcl-2, bel-x;, bel-w) and pro-apoptotic gene family (bax, bid, bad,
bak) (Kozopas et al., 1993; Gibson et al., 1996; Lin et al., 1996). These proteins can
form homodimer and heterodimer interacting with each other. Among these, the well
studied protein is Bcl-2. Bcl-2 is an intracellular protein located in mitochondrial
membrane and it can prevent from the apoptosis by reinstating calcium level inside of
mitochondria (Chao et al., 1995). Also, Bcl-2 can inhibit the thapsigargin induced
calcium level from endoplasmic reticulum (Kozopas et al., 1993). Bcl-xL is another
protein which has anti-apoptotic activity. Bcl-xL can inhibit the release of cytochrom c
from mitochondria, and caspases 9, activator of apoptotic cascade, can be suppressed
(Kozopas et al., 1993; Lin et al., 1996). As described above, the apoptosis pathway is
regulated by the caspases enzymes. Inhibition of caspases enzyme and their gene
expression can protect neuron from the apoptosis (Fink et al., 1999; Piccioli et al., 2001).

TNF receptors can activate proliferation, differentiation, and cell death
(Ashkenazi and Dixit, 1998; Nagata, 1997; Wallach et al., 1999). TNF receptors are
activated by a group of structurally related ligands that belong to the TNF ligand family.
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Members of the TNF-R family can also activate the transcriptional regulators NF-kB and
Jun kinase.

In the dynamic of cell death, apoptosis varies in vivo and in vitro. In trophic
factor deprivation of PC12 cell, total apoptotic events took over 1-4 days but apoptotic
characteristics were detected within 6 hrs (Oberhammer et al., 1991). In case of in vivo
axotomy and target deprivation experiments, apoptosis occurs over 7 days but within 6
hrs, apoptosis was detected morphologically.

Apoptosis and necrosis are the traditional style of cell death. Necrotic cell death
pathway is quite difficult to be controlled and inhibited. However, apoptotic cell death
pathway can be controlled and be inhibited by blocking the activator protein of
apoptosis. Early expressed apoptotic genes can be beneficial for finding out the

therapeutics and procedures of apoptosis related diseases.

The Causes of Apoptosis in TBI

Axonal injury (axotomy). The rapid mechanical displacement during TBI
sheared axons at the time of injury causes them to retract and to expel a ball of axoplasm,
forming a reactive axonal swelling or retraction ball, the traditional histological feature
of diffuse axonal injury (Povlishock, 1992). In axonal injuries induced by TBI, the
degeneration of axon is not immediate but is a delayed process for four to 24 hours
depending upon the severity of injury known as secondary axotomy (Maxwell et al.,
1997). In those axotomically damaged neuron, protein synthesis occurs for axonal
regeneration (Fletcher and Xue, 2000; Lund et al., 2002). Transcription factors (c-jun
and jun D), growth factors and receptors, cytoskeletal proteins, and cytokines are widely
expressed (Maxwell et al., 1997; Castagne and Clarke, 1999; Fletcher and Xue, 2000;
Castagne et al., 2001; Lund et al., 2002). Also, damages of axons can cause not only
axon degeneration but also the neuronal death, which may occur via apoptosis or
necrosis. Necrosis of neuron occurs when damaged axons are very close to neurons
(Martin et al., 1998). In retinal ganglion cells, apoptosis occurred after axotomy but

over expression of Bcl-2 inhibited apoptosis (Bonfanti et al., 1996). Some of retinal
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ganglion cells died by necrosis after axotomy (Cui and Harvey, 1995). However, most
of axonaly injured neuron undergo apoptosis (Povlishock et al., 1992; Lund et al., 2002).
Because neurons are in axotomy states, they cannot reinstate connections with their
targets. These chromatolytic neurons enter into apoptosis. Glutamate receptors and
excitotoxic mechanisms are also associated with axotomized neurons (Lieberman et al.,
1971; Greensmith et al., 1994; Iwasaki et al., 1995). However, it is still indistinct how
axotomy causes the neuronal death. It is an important area to research for axon
regeneration.

To inhibit apoptosis by axotomy and axon regeneration is one of the key factors
to overcome the axonal injuries in TBI. The pathway of apoptosis induced by axotomy
is similar to the pathway of apoptosis induced by damaged cell (intracellular calcium
increase, caspases, free radical, glutamate). There are two possible stratagems to
overcome the axotomical deaths. To inhibit the axotomical cell death requires to block
the apoptosis causes. However, even though neuron was saved by the apoptosis, the
connection between the neuron should be recovered by regeneration of axon and neurons
(Van Ooyen and Willshaw, 1999). Recently, one report suggested that neurite
outgrowth induced by bFGF, LN, or N-cadherin was strongly inhibited by a treatment
with inhibitors of the mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK), activation in embryonic chick retinal neurons (Perron and
Bixby, 1999). Also, an electrical activity is important factor of neuron regeneration.
Not only do neurotrophic factors need to signal neurons but neurons should be reactive
to these factors by generating electrical activity of axons to elongate axons (Shen et al.,
1999). Recent report suggested that to potentiate synaptic transmission by neurotrophins
, presynaptic depolarization should be controlled by presynaptic cAMP levels
(Boulanger and Poo, 1999).

The failure of axon regeneration could cause a malfunction of brain. Axon
degradation and regeneration need precisely be controlled. To find out the therapeutic

method of TBI, axotomy should be combined with the injury of cell itself.



19

Calcium and glutamate. Roles of calcium in nerve cells are broad and calcium
is a ubiquitous intracellular signaling molecule (Sattler and Tymianski, 2000). Examples
of calcium as signaling molecules are for cell growth, differentiation, exocytosis, and
synaptic activity. Due to the great importance of calcium, levels of calcium are precisely
controlled. Normally, the intracellular calcium concentration is about 100 nM, or 10 ~ 4
times lower than extracellular cellular calcium (Sattler and Tymianski, 2000). The
excessive import of cellular calcium has been suggested to be the pathway of cell death
(Choi et al., 1994; Schanne et al., 1994). If intracellular calcium level increases
massively, it causes the breakdown of the plasma membrane that occurs early in
necrosis. Moderate increase of intracellular calcium may mediate apoptosis. The
concentration of intracellular calcium is regulated in the 50-300nM range in normal
neuron. The elevated intracellular calcium level in TBI can be elevated mainly by
several sources which are physical damage of cell membrane, receptor mediated
glutamate toxicity, import from the voltage calcium channel, and release from the
endoplasmic reticulum through phosphoinositol (Figure 1-3). Extracellular calcium
levels can be increased by release of calcium from adjacent damaged cells in TBI.
Through damaged cell membrane, calcium can be entered cytosol. Mostly calcium
increase by damaged cell membrane causes necrosis because the membrane breakdown
causes the abrupt and extreme increase of cytosolic calcium level (Steller, 1995; Huang
and Tatro, 2002). Also, the concentration of intracellular calcium level can be increased
by an activated NMDA receptor that was in turn activated by glutamate which was
released from the damaged astrocyte or glia. About 100 pm of glutamate can cause to
reach the highest calcium level that leads to necrosis in neuron and glia in vitro but
lower than 100um of glutamate level can cause apoptosis (Nagata, 1997). Glutamate is
an essential amino acid that is the major excitatory neurotransmitter in the mammalian
nervous system by increasing the intracellular calcium level. It is present at millimolar
concentrations in mammalian nerve system and has an excitatory effect on the central
nervous system (Vexler and Ferriero, 2001). Postsynaptic effects of glutamate are

mediated by a number of cell-membrane
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receptors (N-methyl-D-aspartate (NMDA), kainate, and 2-amino-3-(3-hydroxy-5-
methylisoxazol-4-yl) propionate receptor). In TBI cases, intracelluar calcium increase
through the NMDA receptor by glutamate has been considered as the main pathway of
calcium increase (Schanne et al., 1979; Lobner and Lipton, 1993). Opening of NMDA
receptor channels require glutamate and depolarization of the post synaptic neuron.
NMDA receptor antagonists have placated the TBI (Graham et al., 1993; Vexler and
Ferriero, 2001).

Activation of G-protein by other signals may also lead to increase of cytosolic
calcium level. Activated G-protein activates phospholipase C. Phosphoilpase C
produces the IP; from PIP,. Released IP; leads release of calcium from the endoplasmic
reticulum (Laplaca and Thibault, 1997). Voltage gated calcium transport is another
source of intracellular calcium increase. Peripheral injections of kainate can cause
degeneration of hippocampal cells (Mattson,et al., 1993, Simonian et al., 1996).

When the calcium level increases in cytoplasm, one of intracelluar calcium
regulation mechanism is mitochondrial calcium buffering. Mitochondria uptake calcium
to regulate the cytosolic calcium level. At a high intracellular calcium level,
mitochondrial membranes would be dysfunction with swelling and would release the
cytochrome c. Released cytochrom c activates Apaf-1 that in turn activates caspases.
Bcl-2 family proteins, including bax, bid and bcl-xL, regulate the release of cytochrome
¢ and other apoptogenic factors from mitochondria. Cytochrome c interacts with Apaf-1
and caspase-9 to form an apoptosome. Apoptosome can activate caspase-3. Caspases can
also be activated by cell surface tumor necrosis factor (TNF) receptors via caspase-8.
Also, an elevated calcium level may play a role in activation of protease, generation of
free radical, and activation of new protein synthesis.

From the description given above, calcium is a vital cellular molecule in TBI.
Consequently, pharmacological inhibition and restoration of increased intracellular
calcium level are the primary strategy of neuroprotection in TBI. The stratagems of
regulating the calcium rise in cytosol are blocking of calcium import, stimulating the

calcium export, and holding the calcium by tight binder. In TBI, NMDA channels and
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voltage gated calcium channels are the main ways of calcium import (Faden et al., 1989;
McBurney et al., 1997; Leski et al., 1999). By blocking these channels, the apoptotic

pathway can be inhibited. Calcium channel blocking agents are listed in Table 1-1.

Nitric oxide and free radicals. Nitric oxide (NO) is a free radical gas which can
move through the cell membrane by diffusion. It has a short life time and unstable
structure. Nitric oxide (NO) plays a key role in the pathogenesis of TBI (Beckman, and
Koppenol, 1996; Triyoso and Good, 1999; Boucher et al., 1999). Nitric oxide can be
synthesized by NO synthase with several calcium sources. NO synthase controlled by
calmodulin is activated by an elevated intracellular calcium via NMDA channels,
voltage gated channels, and release from the endoplasmic reticulum activate the neurons
(Boucher et al., 1999, Fleming and Busse, 1999). Also, NO can be synthesized in
astrocytes and microglia by activating the NO synthase. In TBI condition, high levels of
NO react with superoxide radical (O;"), that forms peroxynitrite (ONOQO"). Peroxynitrite
(ONOQ)) is highly reactive molecule which has a long half life comparing to NO.
Peroxynitrite (ONOO) is highly reactive to OH" radical. It travels through cell
membrane and reacts with protein, membrane lipids, and nucleic acid to make oxidative
forms. At low level of NO, mitochondria is the key target of cellular damage
(Pellegrini-Giampietro et al., 1988; de Haan et al., 1992; Zhang et al., 2002). Nitric
oxide can react with cytochrom c to inhibit the ATP production. A low level of ATP
leads depolarization that slack calcium entry through the voltage gated calcium channels.
It can lead cells to apoptosis.

The definition of free radical is that molecules have unpaired electrons thus it has
highly reactive characteristics. Most common free radicals in TBI are superoxide (O;),
hydrogen peroxide (H»0,), and hydroxyl radical (OH"). Superoxide can be transformed
to hydrogen peroxide in aqueous solution. It reacts with metal ions and converts into
hydroxyl radical. The binding between metal bound to protein and superoxide causes the

protein degradation. Hydroxyl radicals react with ribose phosphate and pyrimidine
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Steps in cellular

mechanism

Inhibitor

Change expected in

subsequent steps

Ca’" entry into cell

EGTA (Non specific calcium channel inhibitor)

a-Conotoxin (voltage gated calcium channel)

NMDA receptor

Memantine
D-(-)-2-amino-5-phophonovaleric acid ( AP-5)
MKS801

G protein activity
PLC activity
Phosphorylation
Protein synthesis
Apoptosis

Glutamate release

PLC activity Neomycin Phosphorylation
U71822 Protein synthesis
Apoptosis
Ca’' release from
stores
Protein synthesis Cycloheximide Apoptosis

Protein synthesis
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residue of DNA to break and modify DNA strand and base (Wilson and Gelb, 2002).
Also, it peroxidates the membrane lipids (Maas, 2001; Wilson and Gelb, 2002). Free
radical can cause necrosis and apoptosis. Necrosis results from the breakdown of cell
membrane lipids and proteins by free radicals. Apoptosis can be caused by NO that
induces the oxidative stress to cells.

Oxidative damages in TBI are mainly caused by free radicals. To reduce
oxidative stresses in TBI, free radical production should be reduced and scavenging free
radicals should be activated. Scavenging agents for free radical reduction are ascorbic
acid (vitamin C), a-tocopherol (vitamin E), and Glutathione. Ascorbic acid and o-
tocopherol are general free radical scavengers. Glutathione can actively scavenge the
singlet oxygens and singlet hydroxyl radicals, and peroxidates H,O, Also, the act of
inhibiting of NO synthase and scavenging NO can reduce further damages of brain
(Fiebich et al., 1998; Spinnewyn et al., 1999). Activation and injection of superoxide
dismutase to TBI may reduce superoxide levels (Spinnewyn et al., 1999). In Parkinson’s
disease, the transinfection of virus which posseses superoxide dismuatse expression

system reduced the free radicals in brain (Faden et al., 1989; Barkats et al., 2002).

Possible connection of apoptosis during TBI with growth factor, heat shock
proteins, DNA repair enzyme, and calpains to apoptosis. Neurotrophic factors have
been reported to manage the neuronal cell death and survival (Gustafson et al., 1999;
Vexler and Ferriero, 2001). In TBI, especially hypoxia and ischemia, BDNF, NGF,
basic fibroblast growth factor, growth hormones are reported to have neuroprotective
ability (Kirschner et al., 1996; Gustafson et al., 1999; Han et al., 2000; Vexler and
Ferriero, 2001). In vitro studies demonstrated that the survival effects of neurotrophic
factors can be mediated via activation of the phosphatidylinositol 3-kinase (PI3-kinase)
pathway in granule neurons (Kirschner et al., 1996). Neuroprotection by neurotrophic
factors could also be mediated via the extracellular signal-related protein kinase (ERK)
pathway and activation of the phosphatidylinositol 3-kinase pathway by BDNF showed

cell survival (Han et al., 2000). Heat shock protein, hemeoxydase, is limiting factor of
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degradation of hemoproteins such as NOS, peroxidase, catalase and cytochrome P450
and has two isoforms, H)-1 ans HO-2 (Ferriero et al., 1990). HO-1 is related to NF-xB
regulation and AP-1. High levels of HO-1 expression in TBI is considered as
neuroprotection (Ferriero et al., 1990). PARP is a ubiquitous protein in repair of DNA
damage. Over expression of PARP caused apoptosis in neuron and inhibition of PARP
suppressed the neuronal death (Dirnagl, 1999). Calpains are calcium inducing protease.
Elevated intracellular calcium level may activate the calpains and cause apoptosis.
Inhibition of calpains by calpastatins that are endogenous an inhibitor of caplain showed

decrease of neuronal cell death (Blomgren et al., 1999).

New protein expression and phosphorylation during TBI. Relatively, few
proteins play roles in the form of primary translation product in function. Most of them
are modified in one or several ways. The examples of protein modification are
phosphorylation, glycosylation, fatty acid acetylation and so on. Such modifications
have been shown to be essential for particular aspects of protein function.
Phosphorylation is one of protein modification. In neuronal apoptosis, phosphorylation
of specific protein is also considered as the one of may play a role in apoptosis
associated with changes in gene expression and membrane receptor activities resulting
the apoptosis and apoptosis related protein expression. One of examples of apoptotic
phosphorylation is G protein activation (Laplaca and Thibault, 1997; Triyoso and Good,
1999). That is activation of specific pathway by phosphorylation the specific protein.
Phosphorylation of G protein can elevate intracellular calcium via activating
phospholipase C. It is considered one of sources of intracellular calcium activator in
neurodegeneration. Other examples of phosphorylations of proteins are p38 MAP kinae
and c-Jun N terminal kinase (Kawasaki et al., 1997; Schwarzschild et al., 1997; Yang et
al., 1997). Kawasaki and coworkers found that glutamate stimulated activation of p38
and stress-activated protein kinase (SAPK, also known as c-Jun N-terminal kinase
(JNK)), and the mitogen-activated protein kinase. It could activate transcription of

apoptosis related genes via enhancing the transcriptional associated factor
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tethering(Mattson et al., 2003). The phosphorylation of cyclin-dependent kinase 5
(CdkS5) is a proline-directed serine/threonine kinase whose activity is associated with
postmitotic neurons (Waetzig and Herdegen, 2002). Cdk5 normally plays a role in cell
cycle regulation. Waetzig and coworker showed that the deregulation of Cdk$ activity
either through generating a more stable proteolytic product of p35, or by stabilizing
Cdk5/p35 complex is also associated with phosphorylation of tau, a major component of
neurofibrillary tangles associated with neurodegeneration. However, it is not clear that
what gene’s transcription is activated by what protein’s phosphorylation.

The study of protein expression during TBI can give us the useful insights of
possible therapeutics and treatment. Using the gene chip, Feuerstein and coworkers
categorized genes after cerebral ischemia and trauma. It showed that first waves, c-fos,
c-jun, and jun B, are activated within minutes of nerve injury. Hsp70 and hsp72 which
are heat shock proteins were expressed as second wave within two hours. TNF-a, IL-1,
11-6, P-selec, ICAM-1, and growth factors were expressed as third wave. Forth wave is
the genes related to the inflammation. Last fifth wave was genes which are associated
with secondary injury and repair process of brain injury. Mattzilevich and coworker
also categorized the gene expression after TBI using rat cortical impact injury. Within 3
hours after TBI, cyclin B, cyclin, GADD45, Cu Zn SOD, and neutrophil related genes
were expressed. At 24 hour time point, most of gene expressions were suppressed
except for cdc-2 and cyclin-B-kinase. However, apoptotic genes were not detected
because whole hippocampal neurons were used for DNA micro array. From the
analysis of DNA micro array, it was quite difficult to ascertain that apoptotic genes were
expressed after TBI. However, the involvements of apoptotic genes and proteins in TBI
have been characterized by other researchers by Northern blot (Mikawa et al., 1995;
Raghupatti et al., 1996). The role of cyclin dependent kinase in TBI were considered as
they delay the cell cycle to repair damages to injury or the signal of cell cycle may
contribute the apoptosis (Dash et al., 2001, Park et al., 2000). Nitric oxide related genes
and Cu Zn suoeroxide dismutase (SOD) genes were also expressed. Mikawa and

coworkers showed that c- Jun mRNA expression was higher in an injured transgeneic



27

mouse which expresses Cn Zn SOD than a normal injured mouse. Lindsberg and
Goodman found that heat shock proteins and cytokines were highly expressed in injured
brain over 24 hours after TBI (Lindsberg et al., 1996; Goodman et al., 1990). Heat
shock protein may stabilize the injured cellular structures and cytokines may be
associated with inflammation response and neurotrophin release on injury. Neurotropic
factors such as NGF, bFGF, and IGF were expressed in the beginning of TBI
(Hashimoto et al., 1993). The release of neurotropic factors from injured neurons could
reconnect the damaged synaptic connections.

As we have discussed now, many genes were involved in TBI. However, actual
proteomic study has not performed until now. Though the level of mRNA expression of
certain gene could be associated with the protein expression of that, there is no guarantee
that mRNA expression coincide with protein expression. For example, if certain protein
could be ubigitinated and degraded by proteases, it is difficult to identify protein
integrity with mRNA level. Thus, proteomic study in diseases should have been
developed. The meaning of proteome is the entire protein complement in cell, or tissue.
In general, proteomics research include protein activities, modifications and localization,
and interactions of proteins in complexes. By studying global patterns of protein using 2
dimensional electrophoresis, it can enhance understanding of biochemical and
pathological properties of TBI. In clinical and pharmacological research, proteomics can
give rise to develop many possible therapeutic of TBI. Also, it can be used as one of

diagnosing tool of diseases.

SH-SYS5Y neuroblastoma cell line. In order to study the biochemical and
pathological condition of TBI, numerous in vitro models have been developed and
primary cell cultures and immortalized cell lines were used for their analyses. Due to
the possible damage during the harvesting the primary cell cultures from the animals, a
number of researchers have used immortalized cell line in neuron research.

SH-SYS5Y cell were used in our research. It has a number of advantages in

neuronal research. Here are: it was subcultured from human neuron,; it is differentiated
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by NGF-f, retinoic acid, and phorbolester 12-O-tetradecanoyl phorbol-13-acetate (TPA)
easily ; differentiated SH-SYS5Y cells secrete neurotransmitter; it has homogeneous cell
population, biochemical property of differentiated SH-SYS5Y cell is close to neuron in
brain. The morphology and characteristic of SK-N-SH cell lines have been
characterized (Biedler et al., 1973; Biedler et al., 1978). SH-SYSY cells are the
neurblastoma cell lines which were subcloned from SK-N-SH cell line. The doubling
time of SH-SYSY cell line is 44 hours. Differentiated SH-SYSY cells by NGF-3 show
the neurite growth and cell volume increase which comes from the increased metabolism
of neurotransmitter. Differentiated SH-SYSY cells by retinoic acid show relatively long
neurite. Within 30 minutes, SH-SY5Y cells show action potential (Kuramoto et al.,
1981). Differentiated SH-SYSY expresses epinephrine, dopamine-f3-hydroxylase, and
acetylcholinasterase which are associated with production of dopamine, acetylcholine,
and gamma amino butyric acid (GABA). SH-SYS5Y cells have ion channels and
receptors which are ligand-gated channel, metabotropic glutamate receptor, receptors of
insulin growth factor I and II etc. The calcium channels of SH-SY5Y are AMPA,
kainate, G protein coupled calcium channel (not membrane calcium channel), and
NMDA receptor coupled calcium channel (Naarala et al., 1990). They are featured
calcium channels which are found in brain neuron. It also have been used extensively in
neuronal research (Maruyama et al., 1997; Triyoso and Good, 1999; Button et al., 2003;
Tang et al., 2003)
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Conclusion

Numerous researches have been done in TBI. From animal models and in vitro
models of TBI, it have been characterized that neuronal cell deaths in TBI are
consequences of apoptosis and necrosis. Apoptosis and necrosis exhibit totally different
cell death morphology. However, main causes of apoptosis and necrosis are connected.
In TBI, apoptosis is considered pivotal pathway of neuronal death and biochemically
preventable pathway. Apoptosis in neuronal death of TBI is not identical to natural
apoptosis in neuron. Apoptosis can be caused by various conditions in TBI. The major
pathway of apoptosis in TBI is illustrated in Figure 1-2. The prevention of apoptosis is
the key component of TBI prevention, but apoptosis can be caused by various sources
and apoptotic pathways also vary. Therefore, biochemical properties of cellular level of
neuronal death should be analyzed and combined to find therapeutic methods of

neuronal death and to block the further damages of TBI.
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CHAPTER1II

DEVELOPMENT OF A DEVICE FOR HIGH STRAIN
RATE INJURY TO NEURONS AND
NEURON-LIKE CELLS

Introduction

Traumatic brain injury results in about 100,000 deaths and 500,000
hospitalizations per year in the United States (CDC, 1999). Traumatic brain injury is
caused by the displacement of brain tissue and neurons due to tissue acceleration
associated with mechanical impact to the head. Mechanical insult associated with TBI
causes changes in cellular events and damages cellular structures (Tornheim et al., 1984;
Nusholtz and Ward, 1987; Lee and Haut, 1989). During TBI, brain tissues and cells are
exposed to shear and tensile stress, and compression (Ommaya et al., 1995; Pintar et al.,
2001). The predicted strain rates associated with TBI range from 1 to 5 s, or about
10% strain in 20 to 100 ms (Chu et al., 1994; Ueno et al., 1995; Gennarell, 1996).

In order to study the changes in cells of the central nervous system during TBI at
a cellular or molecular level a number of approaches have been taken, including in vivo
animal models, in vitro models using hydrodynamic shear to deform cells, and in vitro
models which rely on tensile stress applied to cells via their attachments to a growth
surface (LaPlaca et al., 1997; Laplaca and Thibault, 1997; Triyoso and Good, 1999).
Each of these methods has both advantages and disadvantages. Using hydrodynamic
shear to deform neurons can be problematic because of difficulties in achieving strain
rates that mimic the in vivo injuries (Chu et al., 1994; Ueno et al., 1995). However,
hydrodynamic shear may be a more appropriate way to administer low strain rate injury
as might occur in glaucoma or carpel tunnel syndrome (Triyoso and Good, 1999). In the
case of the in vivo animal models, injury is applied by dropping a weight on the skull of
the animal. In this model it is quite difficult to measure or to control the applied strain or

stress to cells. Thus, a good in vitro model, in which cells are strained at an appropriate
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rate and duration for TBI, and in which good control of the mechanical insult to cells is
attainable, is desired. Currently, a number of in vitro models have been developed by
several research labs that deliver appropriate magnitude of strain to cells, at a high rate.
The in vitro model developed by Geddes and coworkers utilizes tensile stress to injure
cells, but has a problem of cell spreading on a membrane and relatively long stretching
time (from 50ms to 100ms) (Geddes et al., 2001). The uniaxial strain system built by
Craig and coworkers also uses long times of strain which exceed those estimated during
TBI(Craig and Clark, 2001). The device developed by Morrison et al can stretch cells
within 20ms (Morrison et al., 1998b). However, the strain profile in the device is
nonlinear, resulting in cells experiencing various levels of injury in the device. An in
vitro TBI device was developed and validated at TAMU cellular engineering lab. The
device applies a stress to cells over a period of 20 to 100ms, with a controllable strain

level. The strain produced in the device is uniform and uniaxial.

Materials and Methods

General description of the high strain rate application device. The system is
based on the Flex Plate system. The strain field is induced on a membrane by applying a
vacuum that stretches the membrane attached on a flexible bottomed plate. Cells
attached to the membrane deform with the membrane. The device is composed of four
separate parts, a plate loading deck, a solenoid three way valve, a vacuum pump, and a
computer (Figure 2-1). The plate loading deck has 6 planar cylinders (28mm diameter
each) and one of them has an optical window that allows for viewing cells on the
flexible membrane on the microscope. A flexible bottomed plate was used for cell
culturing (Flexcell, Mckeesport, PA). It has 6 wells of silicon rubber membranes with an

identical diameter of 35 mm. Each well of the flexible bottomed plate is centered at the
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Figure 2-1. Simplified experimental set up of a high strain rate application device.
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center of a planar cylinder. The solenoid three way valve (SV-900, Omega, Stamford,
CT) is connected to the plate loading deck and the vacuum pump through tubings. The
solenoid three way valve is controlled by the computer using LabView

(National Instruments, Austin, TX). The time needed to open the solenoid three way
valve is from 10 to 20 ms and the closing time is from 20 to 40ms, according to the
manufacturer. In the valve closed position, the pressure between the flexible bottomed
plate and the plate loading deck is approximately 1 bar. The volume of air between the
flexible bottomed plate and loading deck is estimated to be less than 10 mL. The
minimum pressure that vacuum pump (Trivac, Export, PA) can produce as low as 5%107
mbar and the pumping speed is 9.7 m**hr’', as stated in the manufacturer’s specifications
When the valve opens, air is pumped out between the flexible bottomed plate and the
plate loading deck. The 10 mL of air could be theoretically removed in approximately 4
ms, if the pump were operating at maximum speed. In turn, the membrane attached to
the flexible bottomed plate deforms downward, introducing an equibiaxial strain in the
membrane, which is transmitted to the cells (Figure 2-2). The strain profile of the
membrane was recorded with a Cannon G2 camera (Lake Success, NY) or a MTI RC300

camera (Michigan City, IN) attached to a Zeiss Axovert Microscope (Chester, VA).

High strain rate application. For a high strain rate application, membranes
attached to the flexible bottomed plates were loaded on the plate loading deck. To avoid
the air leaking between the deck and flexible bottomed plates, they are clamped with a
plastic plate. The vacuum pump was turned on for 5 min to ensure a rapid application
shown in Figure 2-2. The time of high strain rate application of 30 ms was set before
opening the valve. The time of high strain rate application is the time between the signal
to open and close the valve. If the valve opened slowly (20 ms) and it took an additional
4 ms to evaculate all of the air from the space between the flexible bottomed plate and
loading deck, then the time need to achieve maximum strain would be approximately 24
ms. Alternatively, if the valve opened quickly and air was evacuated from the space

between plate and loading deck during valve opening, then the time needed to achieve
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Figure 2-2. Schematic drawings of a membrane deformation device.
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maximum strain would be closer to 4 ms. As an approximation, we assumed an

intermediate value of 10 ms to achieve maximum strain.

Strain measurement. Three marks were placed on the membrane that defined a
triangle (Figure 2-3). Using images of the membrane before and after deformation
obtained using the camera attached to the microscope, triangle areas were measured.
Strain was estimated as the ratio of the difference in areas after and before strain to the
area after strain.

Marks used for strain measurement were placed either at the center of the flexible
bottomed plate of towards the edge of the plate such that the uniformity of the strain
could be estimated. For each device configuration used to generate different strain
levels, strain measurements were made at least 3 times, both at the center and the edge of

the strain device.

Strain rate measurement. To estimate strain rate or time needed to achieve
maximum strain in the device, images of the flexible bottom plate with markings used
for determination of strain were obtained as a function of time using both the CCD

camera and the video camera attached to the microscope.

Results

Strain analysis of attached membrane. A theoretical analysis is formulated to
verify the strain along the radial direction. The membrane that is attached to the flexible
bottomed plate is circular. Thus during the deformation of the membrane, the part
supported by planar cylinder experiences a uniform strain. Strain characterization of the
membrane was performed. The strain profile over the membrane by changing the radius

is characterized. Let the radius of membrane before the high strain application be ‘R’
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Before After

Figure 2-3. Strain analysis of a stretched membrane.

A: Normal state, B: Stretched state
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and radius of membrane after the high strain rate application be ‘R + Ar’,
Area(before) = 7R,
Area(afier) = (R + Ar)*,

Area ,, — Area,,,,, Ar  Ar, Ar
gArea = =2_+(_) zz—a
Areay,,, R R R

where €are, 1S the area strain. Thus the strain of the high strain rate application device
has a near linear strain profile for small strains when the Ar? term is negligible.

The strain profiles of the membranes are listed in Table 2-1. The strain levels
were changed by increasing the gap between the application deck and the flexible
bottomed plate using a rubber plate. This enabled us to produce 3 distinct strain levels
that could be used to examine the effect of strain on cellular injury. The strain profiles
of the membranes were calculated by marked areas of triangles at different position on
membrane to verify the homogeneity of strain of the deformed membrane. There were
no statistical differences between strains at the inner and outer area of membrane (p<?).
During the high strain application, most of the membrane experiences a uniform strain,
except the portion that is not supported by the planar cylinder. Thus, during the cell
culture and proteomic experiments (Chapter III and Chapter V), cells located in the

middle of membrane were used for analysis.

Characterization of strain rates. Strain, degree of brain tissue deformation, is
one of deleterious mechanical components of TBI. Also, a strain rate (¢/time) is another
key factor of TBI. From mechanical simulations of TBI, the range of strain rate of TBI
was predicted from 1 to SS'I(Chu et al., 1994; Ueno et al., 1995; Gennarell, 1996). The
strain rates of our device were characterized using the CCD camera of fluorescent
microscope and regular digital camera. To record the membrane deformation, the time of
strain was set at 30ms. The degree of strain is controlled by adding a rubber plate to the
loading deck by increasing the gap between the flexible bottomed plate and the plate
loading deck. Fifteen frames per second were recorded by each CCD camera. As seen

in Figure 2-4, during the high strain rate application, the membrane was stretched only at
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Table 2-1. Strain profiles of membranes for different set ups.

Low: no rubber plate between the flexible bottomed plate and the plate loading deck.
Medium: Rubber plate between the flexible bottomed plate and the plate loading deck.
High: Rubber plate between the flexible bottomed plate and the plate loading deck.

Membrane Stretch | Area Strain (;re.)

Low 0.05 + 0.014
Medium 0.151 + 0.011
High 0.258 £ 0.013
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Figure 2-4. Frames captured by CCD camera during the high strain application.

The time of strain was at 30ms. The time between frames is 66ms. Only middle frame

shows that the membrane is being stretched.
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middle frame in Cannon camera. The frames recorded by MTI CCD camera via
microscope showed that only middle frame is unfocused because of dropping of
membrane during stretching. From this result, the membrane stretching time is
guaranteed to be less than 132ms. Even though we are not unable to claim the
membrane was stretched within 10 ms to 24 ms, the lower and upper bounds of our
theoretical estimates of time needed to achieve maximum strain based on pump and
valve specifications, because of technical difficulty of CCD camera, repetitive
experiments showed that the only one frame captured the stretched membrane state of
the high strain rate application device. Theoretically, we estimate the highest strain rate
achieved in the device was approximately 26 s™'. Based on videomicroscopy
measurements of strain as a function of time, the strain rate in the device was 2 s'or
higher at the highest strain levels used. Both estimates fall within the range of strain

rates expected during TBI.

Discussion

There are many techniques for mechanical stimulation of cells in vitro. The
techniques of mechanical stimulation of cells that have been developed have in general
had resulted in a physical environment in vitro that approximated the physical
environment in vivo. Hydrostatic pressure and platen abutment was used for compressive
loading system to study cartilage response to mechanical force (van Kampen et al.,
1985,) and ligament cells response to hydrostatic pressure (Yousefian et al., 1995). The
stretch system by uniaxial displacement (Vandenburgh et al., 1989) was employed to
study myotube and bone cells (Murray et al., 1990). The stretch system by culture plate
bending was used to research the cardiocyte growth (Decker et al., 1997). The circular
culture membrane distention was applied to TBI (Ellis, et al., 1995; Morrison et al.,
1998a; Geddes et al., 2001). The plane culture membrane distention was used to study
mechanical force to human oral cell (Norton et al., 1995). The fluid shear system was
applied to study high and slow strain rate nerve injury (Laplaca and Thibault, 1998;
Triyoso and Good, 1999).
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Traumatic brain injury is caused by the mechanical displacement of brain tissues.
Over the past decades, many in vitro models of TBI have been developed to characterize
the effects of mechanical forces and deformation on cells of the central nervous system
(Laplaca et al., 1997; Laplaca and Thibault, 1997; Morrison et al., 1998a; Geddes et al.,
2001). A number of methods have been used to injure cells that are analogous to the
mechanical displacement seen in TBI including hydrodynamic shear applications to
neurons, and tensile stress applied to an elastic substrate to which cells are attached (Chu
et al., 1994; Ueno et al., 1995; Laplaca et al., 1997; Morrison et al., 1998a; Triyoso, e t
al., 1999; Craig and Clark, 2001).

The high strain rate application device developed in the Cellular Engineering Lab
at TAMU was based on an existing membrane deformation device where cells were
attached to the membrane (Banes et al., 1985). The high strain rate application device
has several advantages. First, the high strain rate application device has a relatively
linear and homogeneous strain contour independent of cell orientations. The
homogeneity and isotropy of strain enables the device produce the same mechanical
deformation for the entire population of cells. The device developed by Morrison and
coworkers is similar to our device, however, during the deformation, their device
stretches the membrane nonlinearly resulting in nonhomogeneus and aniostropic strains
over the population of cells (Figure 2-5). Differences in strain application to cells may
result in different biochemical responses from cells. In addition, the flat surface for cell
culture in the device developed at TAMU provides a superior surface for cell
attachment, while attachment is more problematic in spherically shaped devices such as
that of Morrison and co workers. Attachment is essential for transmission of the strain
from the membrane to the cells (Figure 2-5). Strength of the TAMU device is the optical
window below the cell culture surface, making it possible to observe cells via a
microscope during the deformation. The optical window can be used to study the actual
cell deformations during the high strain rate application and also to investigate, via novel
detection methods, biochemical changes in cells and culture medium in real time during

and after injury. The study of morphology neurodegeneration at an early stage can be
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identified. Third, the strain administered in the high strain rate application device can be
changed by adding rubber plates on the plate loading deck easily. To change the strain
of membranes by the device developed by Morrison et al needs to replace the membrane
that has different strain profile. It is quite cumbersome to change membranes to produce
different strain profiles because membrane and membrane loading deck should be sterile
for cell culturing. The device developed by Geddes et al was based on stretching the
membrane by pressing it down with a cylinder (Figure 2-5). It may cause the cell
detachment of the membrane. Also, it is quite difficult to produce different strain levels
by changing the vacuum levels within 100ms. Since the high strain rate application is a
fast process, it is difficult to control the deformation by using the mechanical
components. The device hydrodynamical shearing of neuron developed by Laplaca and
coworkers showed that the time of shear stress application was more than 200ms. It
couldn’t simulate the actual time of mechanical force application during TBI.

The profound understanding of neurodegeneration is required for effective
treatments and new therapeutics. Precise control of the high strain rate application to
neurons may enable us to more carefully study the pathological events leading to
neurodegeneration. The in vitro high strain rate application device uses an innovative
method to control the precise mechanical deformation parameters of TBI. Using our
device, primary injuries of neurons can be produced and by culturing the injured neuron,
secondary injuries of neuron can be studied. However, the actual strain rate was not
verified because of technical difficulty. Thus, it is crucial to evaluate the real membrane
deformation profile during the high strain rate application. Eventually, our device will
provide a much needed method to investigate neurodegeneration caused by mechanical

nsults.
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Normal state: }—‘ M_i—‘ LI:l_‘
Stretched state: \\_/\ ~ ~

Figure 2-5. Schematic illustrations of the cells attached membrane based cell stretching
devices.

A: Device developed by Morrison et al 1998a, B: Device developed by Craig and Clark,
2001, C: Device developed at TAMU cellular engineering lab.
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CHAPTER III

HIGH TENSILE STRAIN RATE LEADS TO APOPTOSIS

IN SH-SYSY CELLS

Introduction

Traumatic brain injury is a leading cause of death for people under 45 years old
in the United States (CDC, 1999, Thurman, 2001). The cost of TBI is an estimated
$56.3 billion the U.S. in 1995, (Thurman, 2001). Traumatic brain injury is associated
with mechanical displacement of brain tissue and acceleration of the head. During brain
tissue damage, nerve cells may be sheared, compressed and stretched. Mechanical
insults to neurons can lead to damage to the cell body and to the axon of the neuron.
Numerous experiments have been carried in animal models and cell culture models to
better understand the progression of TBI (Gennarelli et al., 1982; Gennarelli et al., 1983;
Tornheim et al., 1984; Nusholtz and Ward, 1987; Lee and Haut, 1989). Animal models
of TBI typically consist of dropping a weight from a fixed height onto the skull of the
experimental animal. To mimic TBI in vitro, neurons have been stretched, compressed
and sheared by different mechanical devices (Murphy and Horrocks, 1993; LaPlaca et
al., 1997; Laplaca and Thibault, 1997; Triyoso and Good, 1999; Craig and Clark, 2001,
Geddes et al., 2001). There are many advantages of in vitro models of TBI. In animal
models, it is difficult to precisely control the mechanical insult to the tissue and it is
relatively difficult to measure progression of injury. In vitro models, while much
simpler, enable the experimentalist to more precisely control mechanical insult and
isolate mechanistic steps in injury after the insult. Based on the animal models of TBI, it
is believed that neurons undergo apoptosis (Dirnagl et al., 1999). Free radical generation
and release of intracellular calcium may contribute to apoptosis associated with TBI
(Rudel and Bokoch, 1997, Marciano et al., 2001 ). Loss of calcium homeostasis could

result from the NMDA receptor activation by released glutamate from the damaged cells
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(McBurney et al., 1997). In addition, oxidative damage caused by free radical or excess
Nitric Oxide production could lead to mitochondrial dysfunction, which could contribute
to apoptosis associated with TBI (Beckman and Koppenol, 1996; Triyoso and Good,
1999; Boucher et al., 1999).

In this chapter, to examine the mechanism of the neuronal cell death associated
with TBI, differentiated SH-SYS5Y cells were injured in the device described in Chapter
III. The rate, duration, and magnitude of injury were chosen to mimic conditions
occurring during TBI. The effects of high strain rate injury on neuronal death were
characterized as a function of time after insult. To prevent apoptosis in injured cells
different therapeutic pharmacological candidates were applied to mechanically damaged
cells. The categories of therapeutic agents tested were: calcium channel blockers,
NMDA receptor inhibitor, G protein inhibitor, phospholipase C (PLC) inhibitor, and
protein synthesis inhibitor. All of these agents play a role in regulation of calcium
homeostasis in neurons. In our experiments, only Neomycin, a nonspecific agent which
blocks PLC activity as well as caspase inhibitors, had any effect on prevention of
apoptosis associated with a high strain rate mechanical injury. This is in sharp contrast
with result from the low strain rate injury in which the G protein, PLC pathway was very
important in injury associated apoptosis. These findings may help to understand the
mechanism of cell apoptosis after mechanical damage and how different forces in vivo

contribute to injury.
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Materials and Methods

Materials. Minimum essential media (MEM) Eagle’s with Earl’s salts and non-
essential amino acids, fetal bovine serum, penicillin, streptomycin, fugizone, and
trypsine/EDTA were bought from the GibcoBRL (Grand Island, NY). B—nerve growth
factor, EGTA, Neomycin, U73122, w—conotoxin, pertussis toxin, D-(-)-2-amino-5-
phophsphonovaleric acid (AP5), Ryanodine, cyclohexamide, propidium iodide, and
cadmium chloride were obtained from Sigma (St. Louis, MO). Nonspecific caspases
inhibitor, inhibitors of caspasel, and caspase3 were obtained from R&D (Minneapolis,
MN). Methanol free formaldehyde was obtained from Poly Sciences Inc. (Warrington,
PA). Caspases inhibitors are small protein fragment can block the Caspases activity.
TUNEL apoptosis detection kit was obtained from Promega (Madison, WI). Flexible-
bottomed culture plates, BioFlex® Untreated Culture Plates, were obtained from Flexcell

International (Hillsborough, NC).

Cell culture. The human neuroblastoma cell line, SH-SYS5Y, was used for all
experiments. SH-SY5Y cells were cultured in a humidified 5% (v/v) CO*/air
environment at 37°C. The composition of medium used to grow SH-SY5Y cell were
minimum essential medium with 10% fetal bovine serum, 100U ml" penicillin, 100 pg
ml” streptomycin, and 3 mM L-glutamine. Prior to the stretch experiments, SH-SY5Y
cells were grown at a density of 5,000,000 cells per 100cm” tissue culture flask. For
experiments, SH-SY5Y cell were differentiated for 6 days by adding 30ug ml™" human

B-nerve growth factor to cells in the flexible bottomed plates.

Application of shear injury at a low strain rate. Differentiated SH-SYSY cells
were cultured on the flexible bottomed plate. The flexible bottomed plate was placed on
the cell stretching deck and vacuum was applied. The cells were stretched for 30 ms.

The strain of cells was 16.2%. Device details are described in Chapter II.
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Application of low shear strain rate to cells. The shear stress apparatus was a
modification of a cone and plate viscometer (Triyoso and Good, 1999). It consisted of a
GlasCol stirrer and motor controller from Omega (Terre Haute, IN), and a stainless steel
cone (Texas A&M Chemical Engineering machine shop, College Station, TX). The
cone had a 5° angle relative to a stationary tissue culture dish containing a layer of SH-
SYSY cells. Culture medium filled the space between the cone and the layer of cells.
To generate pulsatile shear stress, the rotating cone was started and stopped. In 90
minute pulsatile, the cone was rotating for 13 minutes and then stopped for two minutes,
repeatedly for a period of 90 minutes. In 90 minute steady, the cone was rotating for 90
minutes without stopping. Except for the control cells, all cells were exposed to shear at
1 dynes cm™. This strain level was sufficient to cause a 5% cell strain within 10 minutes

stress application (Edwards et al., 2001)

Apoptosis detection. Apoptosis was detected and measured according to the
manufacturer’s instructions using TdT-mediated dUTP nick and end labeling (TUNEL)
assay kit from Promega (Madison, WI). For each apoptosis experiment, 1-2 million
cells were used. To prepare the cell for apoptosis assay, the cell culture medium was
removed from the flexible bottomed plates and trypsin/EDTA was added to detach the
cells from the flexible bottomed plates. The cell suspensions were centrifuged and
washed with phosphate buffer saline (PBS) two times. Cells were fixed with methanol
free formaldehyde for 20 minutes. Two times of wash with PBS were done and cells
were permeablized by 70 % of ethanol. After at least four hours of incubation at —20°C,
cells were washed with PBS and labeled with fluorescein-12-dUTP by terminal
deoxynucleotide transferase (TdT) at 37°C for one hour. This reaction labels broken
DNA strands which are indicative of cells undergoing apoptosis. Immediately, after
TdT enzyme reaction, 20mM of EDTA was added to block the further reaction. Cells
were washed with PBS containing Bovine serum albumin (BSA). Afterwards, propidium
iodide, which contains whole DNA, was added to cells and incubated in the dark for 30
minutes. The results of the TUNEL assay were analyzed with a FACS Caliber flow
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cytometry using a 15 mW argon laser at 488nm excitation wavelength. Emission filters
of 530 nm bandpass for green fluorescence (Fluorescien) and 585 nm for red
fluorescence (Propidum iodide) were used. Cellquest software (Becton Dickinson) was

used to determine the percentage of apoptotic cells.

Inhibition of apoptosis during high tensile strain rate induced nerve injury.
Pharmacological agents were selected to block the specific steps in a hypothesized
mechanism of strain induced cell apoptosis. The pharmacological agents used for
inhibition of neuronal apoptosis are listed on Table 3-1. Percentage of apoptoic or
TUNEL positive cells was measured 24 hours after high strain rate injury was applied to

cells.

Measurement of PLC activity. PLC activity is measured using *H-Labled
Phophatidylinositol as described (Fukuda et, al., 1994). To100ul substrate solution plus
50 pl Ca**/EGTA solution, 50-0 pl of water and 0-50 pl of PLC enzyme source are
added to make a final volume of 200 pl. The final assay mixture contains 50 pg of
PtdIns, 1%o0f octylglucoside, 0.1mM DTT, 1mM EGTA, and 3mM CaCl, in 50 mM
HEPES buffer. After incubateing the reaction for 10 min at 370C, the reaction is
terminated by adding 1 ml of chloroform/methanol/HCI (100:100:0.6 by volume),
followed by 0.3ml of 1NV HCL containing SmM EGTA. The aqueous and organic phases
are separated by centrifugation, and the upper aqueous phase is analyzed with

scintillation counter.

Data analysis. All data were shown as the mean + the standard error of the mean
of n independent determinations. Each independent determination represented a single
culture well in which cells were stretched and agent was applied for a specified time. To
determine if a data set was significantly different than a control or negative data set, the

t-test with unequal variance was used. Criteria of p<0.05 and p<0.001 were employed.
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Table 3-1. List of possible therapeutic candidates for use in high strain rate nerve injury.

Steps in cellular

mechanism

Inhibitor

Amount and
incubation time

prior to injury

Ca”" entry into cell

EGTA (chelating agent of calcium )
o-Conotoxin (voltage gated calcium
channel blocker)
D-(-)-2-amino-5-phophonovaleric acid
( AP-5) (NMDA receptor blocker)
MKS801(NMDA receptor blocker)

1ImM, 1.5 hours
0.4uM, 0 hours

50uM, 0 hours

50mM, 0 hours

PLC activity Neomycin 2mM, 0.25 hours
U71822 2uM, 0.25 hours

G protein signaling | Pertussis 10pug ml™”, 4 hours

Protein synthesis Cycloheximide 10ng ml™', 4 hours

Caspases Inhibition

Caspase 1 inhibitor (877 Da)
Caspase 3 inhibitor(668 Da)

Caspases total (inhibitors of Caspase 1

and 3)

10uM, 1 hour
20uM, 1 hour
20uM, 1 hour
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Results

Application of stress to SH-SYSY cells at a high strain rate leads to
apoptosis. During TBI, neuronal cells are mechanically injured. A number of different
stress act upon neurons during the TBI. To identify the specific effect of a high strain
rate tensile stress on neuron-like cells, we deformed differentiated SH-SYS5Y cells at
high strain rate and measured the percentage of cells with fragmented DNA using the
TUNEL assay. A 16% strain was applied to cells for 30ms. The strain rate was
estimated to be greater than 10 s. Before the high strain rate injury to SH-SY5Y cells,
most of cells were in G1-phase as seen in Figure 3-1. In Figure 3-2, representive flow
cytometer results from TUNEL stained cells exposed to high strain rate applied injury
are shown. Cells in G1-phase and other phases gradually became apoptotic over 24
hours. Specifically, as seen in Figure 3-2, C, a small peak showed up between the G1
peak and the apoptosis peak. This peak could represent cells in which the cell cycle
machinery was activated, suggesting that mechanical insult resulted in a certain level of
cell cycle activation. From these results, we identified that apoptosis occurs over 24
hours after high strain nerve injuries. To identify the apoptosis initiation time, we the
level of apoptosis after high strain rate injury application to cells at a number of times
after injury. As seen in Figure 3-3, the percentage of apoptosis after high strain injury to
cells was more than 7% at all times measured after injury while the percentage of
apoptotic cells in the control group was less than 2.2%. This difference was significant
at p<0.05. In the injured cells, the percentage of TUNEL positive cells increased rapidly
within 30 minutes, with 90 percent of the total apoptosis fraction of injured cells reached
within 1 hour. The portion of apoptotic cells after injury remained the same over a 24

hour period.
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Figure 3-1. Representative flow cytometry analysis of uninjured differentiated SH-
SYSY cells stained with TUNEL agents.

Red area is G1-phase. Blue area is S-phase Sky blue area is cell debris.

Differentiation means the process by which different cell types arise to fulfill specialized
function. If cells were well differentiated, cell cycle stages of differentiated cells
stopped at G1/GO phase. G1/GO phase (Gap phase) is the starting and ending phase of
cell cycle. S phase is second phase of cell cycle where cells complete the DNA
synthesis. G2 phase is another gap phase after S phase. M phase is next phase of G2

where mitosis occurs. After mitosis, cell enters G1/GO0 phase again.
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Figure 3-2. Representative flow cytometry analysis of TUNEL stained differentiated
SH-SYS5Y cells before and after high strain rate injury.

(A): negative control. (B): 4 hours after injury. (C): 8 hours after injury. (D): 24 hours
after injury. Cells that are apoptotic A, in G0/G1, S, G2, and M phase are indicated.
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Figure 3-3. High strain rate injury leads SH-SYS5Y cells to apoptosis.
TUNEL assay was performed at different times after injury. Error bars represent mean
+ standard deviation and n independent measurements where n is 3. T-test showed that

all data from injured cells after 0 hours are statistically different from uninjured cells at 0

hours and, p value <0.01.
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Inhibition of apoptosis using caspase enzyme inhibitors. Caspases enzymes
are known as the key regulators of apoptosis (Sugimoto et al., 1994; Hay et al., 1994;
Beidler et al., 1995; Xue et al., 1996). At least 14 different caspases have been identified
in mammals (Datta et al., 1997; Wallach et al., 1998). Caspase 1 is related to
inflammation and caspase 3 is associated with chromatin degradation. To check the
caspase enzyme contribution to apoptosis in cells injured at a high strain rate, caspase
enzyme inhibitors were added to cells before injury. Apoptosis was measured at 24
hours after injury since apoptotic cells after injury reached a constant level after 24 hours
(Figure 3-3) and in the clinical situation, doctors monitors TBI patient more than 1 day.
As seen in Figure 3-4, the percentage of apoptotic cells after injury decreased in the
presence of caspases inhibitors. A general caspase inhibitor was just as effective as
inhibitors specific for caspase 1 and 3. These results suggest that caspase inhibitors may

be able to prevent some cell damage associated with TBI.

Inhibition of G protein signaling and phospholipase C. G proteins are
membrane proteins that play an important signaling role within neurons. Activation of
G protein triggers phospholipases activation including phospholipase C (PLC) and
protein kinase C. Activation of PLC is related to calcium release from the endoplasmic
reticulum and calcium homeostasis. To examine the possible connection between G
protein signaling, PLC activation and high strain rate nerve injury, pertussis toxin,
U73122 and neomycin were used to block the activation of G proteins and PLC,
respectively and apoptotsis was measured at 24 hours after injury. Pertussis toxin is a
specific inhibitor of GTP hydrolysis and G,/G; activation. Neomycin is a blocker of
adenylyl cyclase and PLC, and U73122 is a PLC inhibitor. As seen in Figure 3-5,
Pertussis toxin exacerbated the cellular damage. However, Neomycin attenuated
apoptosis of injured cells. In the case of U73122, the level of apoptosis was the same as
positive controls. From these results, we observed that apoptosis of injured cells was

inhibited only by Neomycin, and not by typical inhibitors of a G protein/ PLC pathway.
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Figure 3-4. Effect of caspase inhibitors on SH-SY5Y cell apoptosis after high strain
rate injury. Negative: No high strain rate applied to SH-SYS5Y, Positive: High strain rate
applied to SH-SYSY cells, Casp-Total: High strain rate applied to SH-SYSY cells with
inhibitors of Caspases 1 and 3 added prior to injury, Casp 3: High strain rate applied to
SH-SYSY cells with Caspase 3 inhibitor added prior to injury, Casp 1: High strain rate
applied SH-SYS5Y to cells wit h Caspase 1 inhibitor added prior to injury. Error bars
represent mean * standard deviation of n independent measurements where n is 3. **: p
<0.01, *: p <0.05 compared to positive. The treatment of Caspase inhibitors on

unstrained cell had no effect.
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Figure 3-5. Effect of inhibition of G protein activation and PLC activation on cell
apoptosis after the high strain rate injury. Negative: No high strain rate applied to SH-
SYSY cells, Positive: High strain rate applied to SH-SY5Y cells, Neomycin: High strain
rate applied to SH-SYSY cells with inhibitor of PLC and adenylyl cyclase added prior to
injury, U73122: High strain rate applied to SH-SYS5Y cells with inhibitor of PLC added
prior to injury, Pertussis: High strain rate applied to SH-SYS5Y cells with inhibitor of G
protein activation added prior to injury. Error bars represent mean * standard deviation
and n independent measurements where n is 3. **: p < 0.01 compared to positive

The treatment of Neomycin, U73122, and Pertussis on unstrained cell had no effect.
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The protective effects of Neomycin may originate from the adenylyl cyclase inhibition

properties of drug.

Inhibition of apoptosis by blocking calcium transport. Calcium has a pivotal
role in neuronal cell signaling and survival. Many reports showed that calcium is
associated with apoptosis during TBI (Faden et al., 1989, Graham et al., 1993,
McBurney et al., 1997, Leski et al., 1999, Vexler and Ferriero, 2001). We examined the
anti-apoptosis activity of calcium transport blockers. We used EGTA, a calcium-
chelating agent, w-Conotoxin, an inhibitor of a voltage gated calcium channel, and AP-5
and MK801 blockers of the NMDA receptor, to prevent calcium entry into cells after
injury (Figure 3-6). None of them significantly affected cell apoptosis levels in injured

cells.

Inhibition of apoptosis by blocking protein synthesis. As seen in Figure 3-7,
we examined the anti-apoptosis activity of a protein synthesis inhibitor. We used
cycloheximide to block protein synthesis. As seen in Figure 3-7, cycloheximide could

not block cell apoptosis in injured cells.

Application of shear stress to SH-SYSY cells at a low strain rate leads to
apoptosis. During TBI, cells are exposed to tensile stress, shear stress, and compression
with both fast and slow dynamics. Our lab has researched low strain rate nerve injury
using modification of a cone and plate viscometer (Triyoso and Good, 1999). As seen in
Figure 3-8, apoptosis associated with low strain applied to cells increased with the

application time of mechanical insult.

Activation of phospholipase C after a low strain rate injury. To identify the
activation of PLC after a low strain rate injury, Phospholipase C (PLC) activity was
measured. Negative control and 13 minutes of low strain rate to cells showed basal

levels of PLC activity. However, shear stress applied for 90 minutes, either steady or
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Figure 3-6. Effect of calcium entry inhibitors on apoptosis after injury.

Negative: No high strain rate applied to SH-SYSY cells, Positive: High strain rate
applied to SH-SYSY cells, EGTA : High strain rate applied to SH-SYS5Y cells with
EGTA added to cells in culture 90minutes prior to injury, ®w-Conotoxin: High strain rate
applied SH-SYS5Y cells with ®w-Conotoxin added to cells 0 minute prior to injury, AP-5:
High strain rate applied SH-SYSY cells with AP-5 added to cells 0 minute prior to
injury. MK801: High strain rate applied SH-SYS5Y cells with MK801 added to cells 0
minute prior to injury. None of the agents applied significantly attenuate apoptosis
associated with injury. EGTA caused cell detachment in uninjured cells. Error bars

represent mean * standard deviation and n independent measurements where n is 3. p <

0.01 compared to positive
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Figure 3-7. Effect of inhibition of new protein synthesis on cell after the high strain rate
injury. Positive: High strain rate applied to SH-SYSY cells, Cycloheximide: : High
strain rate applied to SH-SYSY cells with cycloheximide added to cells in culture 4
hours prior to injury. Error bars represent mean * standard deviation and n independent

measurements where n is 3. p>0.05 compared to positive. Cycloheximide treatment of

uninjured cells had no effect in apoptosis.
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cyclic, led to an increase in PLC activity (Figure 3-9, Figure 3-10).

Inhibition of apoptosis by blocking activation of phospholipase C. During
low strain rate injury, the Phospholipase C (PLC) was activated. We used Neomycin to
inhibit apoptosis by blocking PLC activation. As seen in Figure 3-9, neomycin only
significantly reduced the level of apoptosis in cells exposed to 90 minutes cyclic shear
stress, suggesting that apoptosis under other conditions of low strain rate injury was not

associated with the PLC pathway.

Discussion

During TBI, mechanical stresses and strains can trigger neurodegeneration. The
duration of the greatest magnitude mechanical insults to brain tissue, as predicted by
theoretical simulations of TBI, is from 20ms to 100ms (Margulies et al., 1990, Margulies
and Thibault, 1992). Based on these simulations, it is believed that cell strains of 10% or
more are achieved during this time period. We used an in vitro model of high strain rate
mechanical injury, 16% strain in less than 30 ms, to mimic the mechanical insult that
occurs during TBI. Differentiated SH-SYSY cells, human neuroblastoma cell line, were
used in the model. Apoptosis was observed in cells within 30 minute after mechanical
insult was applied. The flow cytometry results showed that possible involvement of cell
cycle related proteins after injury. The flow cytometry result of negative control,
differentiated SH-SY5Y cells, showed three peaks which are cell debris peak, GO/G1
peak, and S-G2-M peak. After injury, the S-G2-M peak was moved or/and combined
with G1/GO peak, and peaks were moved to the apoptotic area. These phenomena may
be associated with cell cycle positively or negatively. Differentiated SH-SYSY cells are

postmitotic neurons that should not be able to replicate.
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Figure 3-9. Effect of phospholipase C inhibition on cell apoptosis after low strain rate
nerve injury. Apoptosis was measured immediately after injury. Negative: No injury
applied to cells, Negative w/ Neo: No injury applied to cells incubated with Neomycin,
13 min: 1 dyne/cm’ of low strain rate applied to cells for 13 minutes, 13 min w/Neo: 1
dyne/cm’ of low strain rate applied to cells with Neomycin for 13 minutes, 90 min
steady: 1 dyne/cm” of low strain rate applied to cells for 90 minutes, 90 min steady w/
Neo: 1 dyne/cm” of low strain rate applied cells with Neomycin for 90 minutes. 90
cyclic: 1 dyne/cm? of low strain rate applied to cells for 6 cycles of 13 minute shearing
and 2 minute unshearing, 90 cyclic w/ Neo: 1 dyne/cm® of low strain rate applied to
cells for 6 cycles of 13 minute shearing and 2 minute unshearing with Neomycin. Error
bars represent mean * standard deviation and n independent measurements where n is

3.%:p <0.05 compared to sample without Neomycin.
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Activity of PLC was measured immediately after injury. Negative: No injury applied to
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However, during the apoptotic process in damaged neurons, cell cycle related protein
can be expressed.

The most probable cell cycle proteins that could be expressed associated with
neuron injury would be those associated with the check point system of eukaryotic cells.
For protection and proof reading of DNA damage from a variety of insults, eukaryotic
cells have developed the checkpoint system which delays cell cycle progression to repair
DNA damage since DNA damage can cause abnormal expression and mutation of
proteins, and are lethal to cells (Bartek and Lukas, 2001; Walworth, 2001). In mammals,
the checkpoint kinase 1 (Chk1) is the most important molecule involved in DNA
replication and damage checkpoints. Kaya and coworkers detected the protein
expression of Cyclin D1 and cdk4 from the rat brain following cortical contusion (Kaya
et al., 1999). Interestingly, Cyclin D1 and cdk4 were not detectable in apoptotic neurons
but in non-apoptotic neurons. This may suggest a role for cell cycle proteins in the
survival of neurons after TBI. Increasing the expression or activity of cell cycle proteins
shortly after TBI may be neuroprotective.

Another important protein is p53 in cell cycle and apoptosis. p53 plays a pivotal
role as a detector of DNA damage resulting in growth arrest and apoptosis. DNA
damage stimulates stabilization and accumulation of p53 which starts Glcell cycle arrest
and apoptosis (Fraser et al., 1996). In the normal cells, the concentration of p53 is low.
To activate p53, it should be phosphorylayed by other kinases. Even though p53 can be
activated by different kinases, probably, DNA-dependent kinase (DNA-PK) which is
substrate of caspase 3 could phosphorylate p53 in TBI. In differentiated neurons, p53 is
located in cytoplasm. However, by abnormal insults or stimuli, p53 could be
translocated to the nuclei and play a role in apoptosis and cell arrest. Martin et al and
Lu et al found increased p53 expression in apoptotic cells in traumatized rat (Lu et al.,
2000; Martin et al., 2003).

The retinoblastoma tumor suppressor (Rb) is also important in cell cycle. Rb
interacts with many transcription factors includingthe early gene 2 factor (E2F). E2F is

a transcription factor that plays major role in cell cycle. Also, Rb and Rb-related
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proteins p107 and p130 are the substrates of G; CDKs. Phosphorylation and
dephosphorylation of Rb regulates E2F—protein binding activity which may activate or
deactivate other gene expression. The hypophosphorylated Rb binds to E2F in the G1
phase to repress transcriptional activity. Transcriptional repression is reduced in late G1,
when the Rb family of proteins become highly phosphorylated by one or more CDKs.
Activated E2F enhances transcription of many genes involved in DNA replication and
cell growth control. E2F regulated genes have a role in DNA synthesis, DNA repair,
mitosis, and, apoptosis. Di Giovanni and coworkers checked Rb mRNA expression after
spinal cord injury (Di Giovanni et al., 2003). They found high levels of Rb and E2F
mRNA were expressed after injury. Thus, from the supporting research cited above, we
cautiously speculate that the results of flow cytometry might originate from the
phenomena of cell phase progression of apoptosis and survival of injured cells regulated
by cell cycle related proteins because as seen on Figure 3-1.

The percentage of apoptotic cells did not change significantly at times greater
than 1 hour after mechanical insult. Induction of the apoptotic pathway after TBI is
consistent with in vivo and in vitro experiments of TBI (Ellis et al., 1995; Pravdenkova
et al., 1996; LaPlaca et al., 1997; LaPlaca and Thibault, 1997; Yakovlev et al., 1997;
Fink et al., 1999). Pravdenkova and coworkers induced TBI in rats by dropping a 450-g
weight and measured apoptosis at intervals of 3, 10, 24 h, 3 and 10 days after TBI.
Apoptosis was detected as early as 3 hours. The maximum level of apoptosis occurred at
10 h after TBI (Pravdenkova et al., 1996). Yakovlev and coworkers used fluid
percussion-induced TBI in rats and investigated the potential pathophysiological role of
caspase-3-like proteases. DNA fragmentation was observed at 4 hr after TBI (Yakovlev
etal., 1997). Fink and coworkers found heavily fragmented DNA at 24 hours after
injury (Fink et al., 1999). LaPlaca and coworker induced TBI using hydrodynamic
shearing to cultured neurons. They found that apoptosis and necrosis of neurons were
stimulated by hydrodynamic shearing (LaPlaca et al., 1997; LaPlaca and Thibault,
1997). However, since lactose dehydrogenase was highly measured after injury, the

degrees of shear stress application might be much higher. Ellis and coworkers used
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flexible bottomed plate to deform astrocytes and found that necrosis and apoptosis
occurred after injury (Ellis et al., 1995).

Apoptosis can be activated by different pathways in neurons (Ankarcrona et al.,
1995; Gustafson et al., 1999; Vexler and Ferriero, 2001; Wilson and Gelb, 2002). In
TBI, it is believed that apoptosis is activated by the caspases pathway (Choi, 1994;
Dugan and Choi, 1994; Marciano et al., 2001). During the experimental TBI, caspase 3
expression was associated with the appearance of TUNEL positive cells as well. As
seen on Figure 3-10, activation of caspase 3 could be stimulated by at least two major
initiator pathways which are caspase 8 by cell surface death receptors (extrinsic
pathway), and a caspase 9 by signals from the mitochondria that lead to formation of an
apoptosomal complex (intrinsic pathway). The apoptosis inhibition using the caspases
inhibitors (Figure 3-4) suggest that caspases 1 and 3 are activated in cells exposed to
high strain rate injury, but no statistical differences were seen between the different
caspases enzyme inhibitors used. Our results are consistent with those found in a rat
fluid percussion model of TBI (Knoblach et al., 2002) and an in vitro low strain rate
nerve injury model (Triyoso and Good, 1999). Also, Pike and coworkers measured the
calpain and caspase 3 activity in an in vitro model of TBI with septo-hippocampal cell
cultures (Pike et al., 2000). One hour after injury, lactate dehydrogenase release reached
maximum levels and calpain was partially activated. However, caspase 3 was detected
24 hours later after moderate, but not mild or severe injury. This result implies that
DNA damage and cellular apoptosis could be activated by activating caspase 3 at early
times after TBI.

Physiological role of G protein in the nervous system is as a second messenger
playing a role in neurotransmission and in signal transduction from transmembrane
receptors to intracellular effectors (Figure 3-11). G proteins can elevate intracellular
calcium via activating phospholipase C and can activate diacylglycerols (DAGs).

Homayoun and coworkers found that 4 days after TBI in the rat, free fatty acids and
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The role of diacylglycerol is as a lipid second messenger that triggers cell growth and
apoptosis. DAG can be produced during signal transduction by hydrolysis of membrane
phospholipids. Excessive production of DAG can lead to degradation of the cell
membrane excessive breakdown of membrane phospholipids. Floyd and coworkers
found that inositol polyphosphate levels increased up to 10 times relative to those found
in normal cells in an in vitro model of TBI in which astrocytes were stretched, and
inhibition of PLC by Neomycin and U73122 showed a decrease of inositol
polyphosphate levels (Floyd et al., 2001). In our experiments, blocking of G protein
activation by pertussis did not show anti-apoptotic activity in high strain rate injury
(Figure 3-5). However, inhibition of PLC by Neomycin resulted in a dramatic decrease
in the percentage of apoptotic cells in high and low strain rate injury but inhibition of
PLC by U73122 was only effective in low strain rate injury (Figure 3-5 and 3-9). This is
consistent with the results of Floyd and coworkers. It implies that PLC and DAG play a
role in TBI, both in low strain rate and high strain rate injuries, activating calcium
increase by PLC and membrane phospholipid degradation by DAG. In our experiment,
only neomycin showed anti-apoptotic activity after injury. Neomycin can block the
activation of PLC and formation of DAG. Thus, the protective effects of neomycin
during models of TBI may be associated with the formation of DAGs after injury as
opposed to the blockage of activation of calcium increase.

Roles of calcium in nerve cells are numerous (Sattler and Tymianski, 2000). The
excessive increase of intracellular calcium levels has been suggested as a common cell
death pathway in neurons (Choi et al., 1994; Schanne et al., 1994). In TBI, intracellular
calcium increase has been considered as pivotal in the injury pathway (Faden et al.,
1989; McBurney et al., 1997; Leski et al., 1999). We used EGTA, o-Conotoxin, AP-5,
and MKS801 to block the calcium entry to cells. However, none of these agents were
able to prevent apoptosis in our injury model (Figure 3-6). EGTA is a general calcium
chelating agent. Xiong and coworkers used EGTA to block the calcium entry into cells
in traumatized rat model. They showed that the addition of EGTA to the traumatized rat

restored intracellular calcium levels to control levels. ®-Conotoxin is a blocker of the
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voltage gated calcium channel. Wolf and coworkers used w-Conotoxin to block the
voltage gate calcium channel in an in vitro model of axonal stretch. They showed that
blocking of the voltage-gated calcium channel by w-Conotoxin attenuated the post-
traumatic increase in calcium (Wolf et al., 2001). In our hands, we only measured if
EGTA and m-conotoxin could prevent apoptosis, but not how they affected calcium
levels. Therefore, our results are not inconsistent with the other investigators, and may
suggest that while calcium does enter cells from the extracellular space, entry through
the voltage gated calcium channel does not lead directly to cell apoptosis in TBI.

AP-5 and MKS8O01 are potent blockers of the NMDA receptor, which is a
glutamate gated calcium channel. In our model of injury, addition of AP-5 and MK801
led to higher numbers of apoptotic cells after injury (Figure 3-6). In TBI, high levels of
glutamate are thought to be released, which activate NMDA receptors and lead to
increased calcium entry into the cells. Many articles showed the involvement of the
NMDA receptor and the anti-apoptotic effect of blocking the NMDA receptor in TBI
(Schanne et al., 1979; Lobner and Lipton, 1993; Graham et al., 1993; Vexler and
Ferriero, 2001). However, in vivo blocking calcium transport through the NMDA
receptors in the perinatal rat causes extensive apoptosis (Ikonomidou et al., 1999). This
suggests that role of the NMDA receptor in synaptic activity, development, and
neuroplasticity in brain is very important. If, in our model, blockade of the NMDA
receptor inhibited a neuroplastic response to injury, then our observation of increased
apoptotic activity is consistent with observations by Ikonomidou and others.

The inhibition of protein expression by cycloheximde during high strain rate
injury showed that blockage of protein expression exacerbates the apoptosis after high
strain rate injury (Figure 3-7). However, Allen and coworkers showed antiapoptotic
activity of cycloheximde in combined mechanical trauma and metabolic impairment in
astrocyte (Allen et al., 1999). Triyoso and coworkers (1999) also observed the anti-
apoptotic effects of cycloheximide in a low strain rate nerve injury model. One possible
explanation of the difference in results is that in our experiment, because the degree of

mechanical insult was low, the majority of neurons initiate repair mechanisms after
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mechanical injury, e.g. check point system. Thus, inhibition of protein expression might
block the repair mechanisms of injured neurons, resulting in the increase in the apoptosis
observed after injury.

The high and low strain rate injury models showed different levels of cell
apoptosis after injury (Figure 3-3, 3-8). In low rate strain injury, the percentage of
apoptotic cells were higher than the high strain rate injury, and activation of
phospholipase C was detected, but only in low strain rate injury of sufficiently long
duration (90 minutes as opposed to the 30 ms of high strain rate injury). As seen in
Figure 3-5, and 3-6, inhibition of G protein activation, inhibition of PLC and calcium
entry into the cells had no effect on apoptosis observed after high strain rate injury.
These results suggest that the G protein signaling pathway and calcium entry from the
extracellular space are not associated with apoptosis after injury. In low strain rate
injury, G proteins (Triyoso and Good, 1999) and PLCs were activated (Figure 3-12) and
inhibition of G protein activation and PLC activation showed anti-apoptotic activity.
However, in high strain rate injury, inhibition of G protein activation could not reduce
the percentage of apoptotic cells. In the low strain rate injury, it has been suggested that
shear stress on the cell membrane activates the G protein pathway. The tensile stress
applied to cells in our high strain rate device would not have the same physical effects
on the cell membrane. Also, as previously mentioned, PLC and DAG could be activated
in high strain rate injury. In high strain rate injury, the time of mechanical insult was
30ms. It is possible that the G protein signaling pathway was not activated in this short a
time, or only activated at very low levels below our detection capabilities.

In summary, we showed that the high strain rate injury applied to cells caused
apoptosis. Inhibition of Caspases 1 and 3 attenuated apoptosis in high strain rate injury,
while inhibition of G protein activation, and calcium entry into cells had little effect on
apoptosis (Figure 3-13). Inhibition of protein synthesis increased the level of cell

apoptosis after injury. Neomycin, a PLC inhibitor, was able to reduce apoptosis levels in
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our high strain rate injury model. The flow cytometry results suggested possible
connection with injury and cell cycle progression. One possible interpretation of our
results is that cell repair mechanisms were very important for cell survival (and
apoptosis prevention) in our high strain rate model of TBI, while in other models of
injury, such as the low strain rate and long duration injury model previously developed
in the lab, repair is less important as the level of injury is more severe. Precise study of

cell cycle and PLC or DAGs in TBI awaits further study.
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CHAPTER IV
CHARACTERIZATION OF PROTEIN SYNTHESIS
AND PHOSPHORYLATION OF NERVE INJURY
INDUCED BY HIGH STRAIN RATE

Introduction

In spite of remarkable achievements in our understanding of the genomic basis of
deadly diseases such as cancer, AIDS, Alzheimer disease, and TBI, extensive disparities
exist between insight into pathogeneses and development of diagnoses and treatments.
One approach to expanding our knowledge of the pathogenesis of TBI and possibly
guiding development of treatment is the use of proteomics.

Genomics means a biochemical study of mapping, sequencing, and investigating
genomes or genes. Typically, the genomics is studied by examining levels of gene
expression or mRNA levels within cells. Proteomics comes from the “Protos” meaning
“First” in Greek. Proteomics refer to a study of proteins and their function in the cell.
The significance of proteomics originates from the differences between genomics and
proteomics. First of all, the human genome consists of about 50,000 genes. In contrast,
human body contains more than 100,000 proteins. The quantity of mRNA of a certain
gene cannot represent the quantity of a protein, its product, since the lifetime of each
protein is different. Cellular pathways can be activated or deactivated by small
modifications of proteins such as phosphorylation, methylation, hydroxylation, or the
loss of such modifications. These modifications have little connection with the mRNA
levels measured with gene arrays. For example, G protein activation in low strain rate
injury is connected to apoptosis. G protein activation is associated with GTP binding.
The activated G protein can activate phospholipase C and sub-sequential pathways.
These cellular changes are very important in response to certain types of injury, but none
are associated with changes in gene expression. Only by studying changes in cellular
proteins (chemical and structural modifications) using proteomics can these changes be

observed. Thus, proteomics is currently most useful tool in biomedical science.
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Traumatic brain injury is caused by mechanical insult and acceleration of brain
tissue. However, even though many experiments have been done examining nerve cell
death by mechanical injury, the characterization of protein expression and modification
in early stages of neuronal death has not been done previously. In this chapter, protein
expression and protein phosphorylation modification during early stages of neuronal cell
death induced by mechanical injury are characterized using pulse chase experiments and
proteomics tools. These contribute to our understanding of the molecular level changes
that occur during neuronal cell death associated with mechanical insult. This work may

guide development of new treatments for TBI.

Materials and Methods

Materials. Eagle’s Minimum essential media (MEM) and non-essential amino
acids, fetal bovine serum, penicillin, streptomycin, fugizone, and trypsine/EDTA were
bought from the GibcoBRL (Grand Island, NY). B—nerve growth factor, acetonitrile, 3-
[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), urea,
iodoacetamide, ammonium persulfate, ammonium bicarbionate, TEMED, silver nitrate,
sodium thiosulfate, trypsine, formic acid, sodium dodasyl sulfate (SDS), trizma base,
methanol, methionine free minimal essential media, glacial acetic acid, bromophenol,
glycerol, acetone, and dithiothreitol (DTT) were obtained from Sigma (St. Louis, MO).
Methionine S35 labeled was obtain from ICN. Flexible-bottomed culture plates,
BioFlex® Untreated Culture Plates, were obtained from Flexcell International
(Hillsborough, NC). Immobiline™ DryStrip pH 3-10 NL, 13cm, and IPG buffer, pH 3-
10 NL were obtained from Amersham Biosciences (Piscataway, NJ). Complete™ Mini
protease inhibitor cocktail was obtained from Boehringer Mannheim. 30%
Acrylamide/Bis solution, 37.5:1 was obtained from Bio-Rad (Hercules, CA). Gelcode
blue stain reagent was obtained from Pierce (Rockford, IL). Gel-Dry Drying solution
was obtained from Invitrogen (Carlsbad, CA). Pro-Q Diamond phosphoprotein gel stain
was purchased from Molecular Probe (Eugene, OG). Blue x-ray film was obtained from

Phenix (Hatward, CA).
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Cell culture. The human neuronblastoma cell line, SH-SY5Y, was used for all
experiments. The SH-SYS5Y cell line is subclone of SK-N-SH cell line. Cells were
cultured in a humidified 5% (v/v) CO?/air environment at 37°C in Eagles’ minimal
essential media with 10% fetal bovine serum, 100U ml" penicillin, 100 pg ml™!
streptomycin, and 3 mM L-glutamine. Prior to stretch experiments, cells were
transferred to BioFlex® Untreated Culture Plates at a density of 2,000,000 cells per plate
and cells were differentiated in a plate for 7 days by adding 30 pg ml™' human B-nerve

growth factor to flexible bottomed plates.

Application of high tensile strain rate to cells. Differentiated SH-SYS5Y cells
were cultured on the flexible bottomed plate. The flexible bottomed plate was placed on
the cell stretching deck and air was pumped out. The cells were stretched for 30 ms.

The strain experienced by cells was 16.2%. Device details are described in Chapter II.

Total protein purification. 1 hour later after high strain rate application to cells,
cells were scraped and washed with phosphate buffered saline (PBS), pH 7.2. Washed
cells were mixed with cell lysis solution (4% CHAPS, 9.5 M urea, 18mM of DTT, and
one tablet of Complete™™ Mini protease inhibitor cocktail per 1mL of lysis solution) and
incubated for 10 minutes at room temperature. After incubation with lysis solution,
using the 24 and 21 gauge syringes, mechanical forces were applied to cells to break the
chromosomal DNA and cell membranes. The cell lysates were centrifuged at 55,000
rpm for 15 minutes and supernatant of lysate (total protein) was precipitated by cold
acetone and stored for further experiments at -20°C. In phosphorylation detection
experiments, total proteins were delipidated and desalted by chloroform and methanol
after the purification. Supernatants were discarded and pellet was dried in vacuum

centrifuge.
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2 dimensional electrophoresis. 5ul of IPG buffer and 2.5 pl of bromophenol
was added to 250ul of total protein solution. The mixed protein solution with IPG buffer
was load to strip holder (Amersham Biosciences, Piscataway, NJ) and Immobiline™
DryStrip pH 3-10 NL, 13cm was placed. Immobiline™ DryStrip was rehydrated for 16
hours and isoelectric focusing was conducted using IPGphore (Pharmacia Biotech, San
Francisco, CA). Briefly, Immobiline™ DryStrip pH 3-10 NL, 13cm was focused at 500
volts for 1 hour, 1,000 volts for 1 hour, 8,000 volts for 30 minutes, 8,000 volts for 12
hours and 500 volts for 15 hours. Prior to second dimension of SDS gel electrophoresis,
isoelectrically focused Immobiline™ DryStrip pH 3-10 NL, 13cm was processed with
the reducing buffer containing 10mg DTT ImL™" and the alkylating buffer containing
25mg iodoacetomide ImL™". Second dimension of SDS gel electrophoresis was
performed using Imm in thickness and 12% acrylamide/Bis Tris-HCI at 25mA for 3
hours till bromophenol blue band exited from the gel. Gels were stained with Blum

silver staining, Gel code solution, or Pro-Q diamond phosphoprotein stain case by case.

Pulse chase experiment and metabolic labeling. Prior to the high strain rate
experiment, cells were washed with methionine free minimal essential media twice and
cells were incubated with 0.02mCi mL™" of methionine S$* and 1mCi mL™" of
ATP(gamma) labeled. After incubation with labeled S* methionine and 1mCi mL™" of
ATP(gamma), a high strain rate was applied to cells for 30ms and cells were incubated
before the protein purification. Total proteins were purified as described above. Using a
scintillation counter, radioactivity of total protein was measured. To identify the
expressed and phosphorylated proteins associated with high strain rate injury, 2
dimensional gel electrophoresis was conducted. After 2 dimensional gel electrophoresis,

gels were exposed to an X-ray film for 7 days.

In-gel protein digestion for protein sequencing. A gel slice was removed with
a razor blade and placed in an anti-stick tube. The gel was washed with 30% methanol

and 100mM of ammonium bicarbonate. 100mM of ammonium bicarbonate containing
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2.5mM of DTT was added and incubated for 30 minutes at 60 °C. 10ul of 100 mM
iodoacetamide solution was added and the mixture incubated at room temperature in
dark. The gel band was washed with 50ul of ammonium bicarbonate and a mixture of
acetonitrile and 50 mM of ammonium bicarbonate. 5-20 pl of trypsin solution that was
lyophilized in ammonium bicarbonate was added to the gel and incubated overnight.
After trypsin digestion of the gel slice, protein sequence was characterized by mass

spectroscopy.

Identification of protein candidate. Using results of mass spectroscopy of
proteins, protein candidates were identified with the help of the Profound program
(http://129.85.19.192/profound bin/WebProFound.exe). Profound is a search engine
that matches the molecular weights of typic fragments of the unknown protein against
those of known proteins in one of the protein databases. The database used was SWISS-
PROT. Homo sapience was selected as the taxonomic category because SH-SYSY cells
are of human origin cell line. The allowed missed cleavage by trypsin was set 2 to find
undigested fragments. In modification section, iodoacetamide and methionine oxidation
were selected since total protein samples were prepared with reducing and alkylating
buffers. After running Profound program, possible proterin candidates were selected
from protein matches found : Results from the search were ranked by the percent overlap
of sequence. From the probable candidates, the most possible candidates were chosen
by comparing the isoelectric point and molecular weight of the protein candidates to
those of the unknown proteins on the gel, and checking the role of the most possible
protein in the neuron.

Schematic experimental procedures of identification of protein synthesis by

injured cells were described in Figure 4-1.
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Results

Pulse-chase experiment. To identify new protein synthesis associated with
injury, we performed a pulse-chase experiment with metabolic labeling to assess when
and if significant new protein synthesis occurs after injury. As seen in Figure 4-2, the
incorporation of S>> labeled Methionine in total proteins of injured cells is higher than
those of control cells. Methionine is coded as ATG in a gene. ATG is the first codon of
all of genes. Thus, higher radioactivity of total proteins of injured cell than those of
control cells means higher protein expression in injured cells relative to control cells. In
Figure 4-2, protein synthesis increased over the time in both injured and control cells.

The rate of protein synthesis in injured cells was greater than that in normal cells.

Two dimensional electrophoresis. To identify differences in protein expression
associated with injury, 2 dimensional gel electrophoresis on total cellular proteins was
performed and compared with those of normal cells. As seen in Figure 4-3, a different
pattern of protein spots and greater number of proteins were visible on silver stained 2
dimensional electrophoresis gels of high strain rate injured cells relative to untreated
controls. More than 680(%78, n=3) proteins in normal and 700 (+72, n=3) proteins in
injured cells were clearly identified on silver stained gel. While differences in total
protein expression associated with injury were observed via this method, changes in
protein levels would be difficult to discern via this method. We then performed coupled
experiments of metabolic labeling and 2 dimensional electrophoresis. As seen in Figure
4-4, the patterns of S*° labeled proteins from injured cells detected by autoradiograms of

spots of 2 dimensional electrophoresis gels were different from that of normal cells. 46
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Figure 4-2. Increase in radioactivity as incorporated into newly synthesized proteins

after high strain rate injury.

Control cells are treated identically except for application of injury. Methionine S* was

added to cells 30 minute before injury. Total protein were collected at various times

after injury.

Error bars represent mean + standard deviation and n independent measurements where

nis 3. ** indicates results are statistically different than the control at same time after

injury p<0.01.
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Figure 4-3. Representative silver stained 2 dimensional electrophoresis gels.

The range of molecular weight of protein on the gel is from 10,000 to 200,000 daltons.

A: Control, B: high strain applied (1 hour later after injury), MW: molecular weight

(Dalton), pl: isoelectric point.
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(6, n=3) proteins containing Met S>> were detected on X ray film from normal cells and
77 (11, n=3) proteins containing Met S*> were detected from injured cells (Figure 4-4).
About 6.7 % of proteins in normal cells and 11% of proteins in injured cells were labeled
with Met S*°. 7 spots on 2 dimensional gel of injured cells were clearly new proteins.
Other spots represent proteins which existed in both normal cells and injured cells.
However, the concentration of labeled proteins on 2 dimensional gels in injured cells

was much higher than that of normal cells.

Protein spot analysis. There are several patterns of changes in proteins
observed on the 2 dimensional electrophoresis gels and X-ray films before and after
injury. As seen in Figure 4-5, the circled protein pattern on 2 dimensional
electrophoresis gel from injured cells and control cells are comparable. However, the
spot intensities on the X-ray films from injured and control cells are different. This could
be due to increased expression or upregulation of existing proteins after injury. Fig 4-6
highlights a pattern of proteins that indicate newly synthesized proteins associated with
injury. As seen in Figure 4-6, the circled spots on the 2 dimensional electrophoresis gel
of injured cells and the X-ray film of the 2 dimensional electrophoresis gels of injured
cells are similar. However, the circled spot showed a high intensity on the X-ray film.
On the 2 dimensional electrophoresis gel of the injured cells, the spot intensity is very
low. It could be associated with new protein synthesis because the incorporation of S*

of the red circled protein is much higher than other proteins.
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Figure 4-4. Representive autoradiograms of S*° labeled proteins after 2 dimensional
electrophoresis.

The range of isoelectric point of the gel is pH 3 to 10. The range of molecular weight of
protein on the gel is from 10,000 to 200,000 daltons. A: Control, B: Injured (1 hour
later). Circled spots are newly synthesized proteins. The quantity of labeled proteins
from control cells on the X-ray film: 46 spots, The quantity of labeled proteins from
injured cells on the X-ray film: 87 spots, The quantity of newly synthesized protein from

injured cells: 7 spots.
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Figure 4-5. Spot patterns of activated existing protein synthesis after injury.
A: control, B: Injured pl of each gel was 3 to 10. The range of protein molecular weight

was about 100,000 to 10,000.
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Figure 4-6. Identification of newly synthesized protein from injured cells.

A: control, B: Injured. pl and molecular weight of spotted area is 7.8 and 67,000
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Protein sequence identification. Proteins identified as either newly synthesized
or upregulated from 2 dimensional gels were then cut out of gels, digested, and the
fragments analyzed via mass spectroscopy. Analysis of digestion fragments led to the
identification of possible candidate proteins, listed in Table 4-1. The molecular weight
and isoelectric point of candidate proteins matched the molecular weight and isoelectric
point of protein cut off from the gel of a total of 13 digested proteins. 3 proteins were
identified with confidence. Unidentified proteins yielded low numbers of trypic
fragment. If there were less than 1 fragment or overlap of total sequence was less than

20%, no protein identification made.

Phosphorylation on protein detection after the high strain rate injury.
Phosphorylation is one example of protein modifications. To identify the
phorsphorylation of proteins after the high strain rate injury, we separated total cellular
proteins via 2 dimensional electrophoresis then stained gel with a specific
phosphorylation stain. More than 300 spots were identified on 2 dimensional gels from
control and injured. As seen on Figure 4-7, the number of phosphorylated proteins
increased after injury. 5 phosphorylated proteins were identified on 2 dimensional gel
from normal cells. However, 18 phosphorylated proteins were identified on 2
dimensional gel from injured cells. 5 proteins on 2 dimensional gel from the injured
cells were identical to those from normal cells. Thus at least 13 were newly
phosphorylated after injury. As shown in Figure 4-8, the protein patterns on the 2
dimensional electrophoresis gels of injured cells and control cells were quite similar.
We concluded that the high strain rate increased the protein phosphrylation. Also, from
the comparison of gels and transillumated image of phosphorylated spots, a change of
protein location on the gel was noted (Figure 4-9). The phosphorylated proteins

migrated to higher molecular area and relatively neutral pH area (from 3.5 to 3.7).
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Table 4-1. List of protein candidates.
% match: probability calculated by Profound program (the normalized probability that a
protein in a database is the protein being analyzed based on data, experimental

conditions and other background information).

Protein Candidate | Isoelectrical | Molecular Role in the cellular mechanism.
Point Weight
Cytoplasmic 5.0 12.66 kDa A motor for retrograde axonal
dynein light chain transport for movement to the
28%match neuronal cell body.
Human high 5.6 25.05 kDa | Receptor for advanced glycation
mobility group end products (RAGE) mediated
protein (HMG-1) neurite outgrowth.
12% match
Profilin I1 5.8 15.41 kDa Regulate actin, poly-L-proline
14% match and phosphatidylinositol 4, 5
bisphosphate (PIP,




&9

Figure 4-7. Reverse image of Pro-Q diamond stained phosphorylated proteins on 2
dimensional electrophoresis captured by transilluminator.

A: Control, B: Injured. Circled spots were newly phosphorylated after injury. The range
of pI and molecular weight are 3 to 10 and 10,000 to 200,000.
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Figure 4-8. Comparison of silver stained 2 dimensional electrophoresis between control

and injured after Pro—Q staining. A: control, B: injured.
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Figure 4-9. The change of protein location by phosphorylation.

A: Control, B: Injured. The molecular weights and isoelectric points of proteins were
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changed by phosphorylation. pI and molecular weight of phophorylated spot are 4.5 and

20,000.
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Discussion

Proteomics tools have great advantages in exploring the protein synthesis and
modification associated with disease. Traumatic brain injury is associated with
activation of the apoptosis pathways in neurons (Pravdenkova et al., 1996; Yakovlev et
al., 1997). In the apoptosis pathway, many proteins are involved (Sugimoto et al., 1994;
Hay et al., 1994; Beidler et al., 1995; Datta et al., 1997). We performed 2 dimensional
gel electrophoresis to characterize the changes of protein levels associated with our in
vitro model of TBI. About 700 proteins were identified from the 2 dimensional gels
from normal and injured cells. As seen in Figure 4-3, the protein patterns of control and
normal cells were nearly identical. However, S*° labeled proteins in the gels exposed on
X-ray films showed different patterns of protein synthesis. Similar results were obtained
from the pulse chase experiments. From Figures 4-5, and 4-6, we identified cases of
both upregulation of existing proteins and new protein synthesis after injury. Of all
proteins detected, approximately 5% increased in expression after injury and about 1%
were newly expressed (there was no detectable level of those proteins prior to injury).
Jenkins and coworkers performed a similar proteomic study as ours on hippocampal
protein from rat 24hours after moderate controlled cortical impact, an in vivo model of
head injury (Jenkins et al., 2002). They found about 1,500 proteins on silver stained gel
and from the spot matching, about 600 proteins were shown to be same. More than 80%
of protein increased in protein expression. They found that changes in expressions of
cytoskeleton proteins, cell signaling proteins, and phosphorylation of protein kianse B
related proteins. However, in our experiments, we detected about half the number of
proteins and saw increased expression in less than 10% of proteins. Differences in total
proteins detected most likely reflect the quantity of protein loaded on the gel and other
parameters associated with 2 dimensional gel electrophoresis. Differences in percentage
of proteins upregulated probably reflect differences in cell population, time after injury,
strain rate, and other parameters. Time after injury was 1 hour in our experiments. 24
hours after injury is as opposed to Jenkin’s experiments. It is not unexpected that fewer

proteins would be expressed early after injury. It is our hope that by identifying these
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early proteins, that we will discover new avenues to block those changes that occur
within injured cells that commit it to the apoptotic pathway. Differences in model
systems of TBI could cause the different results of proteomic results. /n vivo model, the
complex interaction of tissue, blood supply, and oxygen limitation could play a pivotal
role in protein expression and modification. However, in in vitro model, one may be
able to isolate the effect of strain rate and time after injury. Since there are numerous
differences between in vivo and in vitro models of TBI, the levels of protein expression
and modification could be different.

In neuronal apoptosis, the role of cell cycle and cell migration related proteins
were studied (Kaya et al., 1999; Lu et al., 2000; Barket et al., 2001; Walworth et al.,
2001). The enhanced protein expression could be associated with the apoptosis or cell
cycle regulation. However, the inhibition of protein synthesis led to a higher percentage
of apoptotic cells after injury compared to injured cells where protein synthesis was not
inhibited (Chapter I1I)

Thus, we concluded that excessive or non specific inhibition of protein
expressions might be destructive to cells and/or that some protein expression after injury
might be associated with repair. Some of the proteins that were synthesized within 1
hour in control cells were for normal maintenance.

There were at least 7 newly synthesized proteins after injury. The amino acid
sequences of those proteins were not identified due to the low concentration of proteins
on gels even though the levels of radioactivity of spots were higher than the normal spot
intensities. These newly synthesized the proteinscould be associated with apoptosis and
cell cycle regulation related because those proteins are not normally expressed or/and
activated in differentiated neuron. To obtain anti-apoptotic inhibition of protein
expression, not only can sequences of proteins be characterized but also the role of
expressed protein should be identified.

From the analyses of mass spectroscopy results of highly expressed proteins after
injury, we identified several protein candidates. Candidates are high mobility group

protein 1 (HMG-1), cytoplasmic dynein, and profilin II. High mobility group protein-1
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(HMG-1) is a chromosomal protein which can bind to DNA with histones. The
molecular weight of HMG-1 is 25.05 kDa and its isoelectrical point is 5.6. HMG-1 has
been reported in gene regulation and cellular differentiation (Huttune et al., 1999; Chou
et al., 2001; Kamitani et al., 2001). HMG-1 is an abundant nuclear and cytoplasmic
protein. One role of HMG-1 in neurons is as a receptor for advanced glycation end
products (RAGE) mediated neurite outgrowth (Huttune et al., 1999; Kamitani et al.,
2001). The receptor for advanced glycation end products is a member of the
immunoglobulin superfamily of cell surface proteins interacting with a range of ligands.
Receptor for advanced glycation end products is reported to play a role in neuronal
injury by oxidative stress by activation of NF-kappaB (Huttune et al., 1999). Huttune
and coworkers reported that transfection of RAGE to neuroblastoma cells induces
extension of filopodia and neurites on amphoterin (a major form of HMG proteins)
coated substrates and ligation of RAGE in transfected cells enhances NF-kappaB-
dependent transcription. Both the RAGE-mediated neurite outgrowth and activation of
NF-kappaB are blocked by deletion of the cytoplasmic domain of RAGE. Thus, HMG-1
appears to enhance the neuronal outgrowth and cellular differentiation. While the role of
HMG-1 has not previously been reported to be associated with TBI, it could play a role
in repair of axon or other neuritis after injury.

The second mechanism of HMG-1 is p53 mediated transcriptional activation as a
transcriptional factor. p53 is a tumor suppressor and transcription factor. p53 regulates
gene expressions of proteins such as Bax, Cyclin G, PCNA, and GADDA45 which are
associated with apoptosis prevention, cell cycle, nucleosome formation, and DNA
damage inducible gene, respectively. Also, p53 promotes apoptosis and cell cycle arrest.
Banerjee and coworkers found that HMG-1 induces p53 dependent apoptosis in HeLa
cell (Banerjee and Kundu, 2003). However, inducement of p53 dependent apoptosis by
HMG-1 in neuron has not been reported yet Thus, the role of HMG-1 as a
transcriptional regulator in damaged neuron should be studied. /n vivo and in vitro

transcription, and DNA finger printing method using the p53 associated gene promoters
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are desired to characterize the HMG-1 bound transcription associated factors during the
neurodegeneration.

Third mechanism of HMG-1 is DNA binding protein as a chaperone without
sequence specificity. The precise mechanism of HMG-1 is unclear. HMG-1 could
facilitate the formation of nucleoprotein complex. In our experiment, HMG-1 was
highly expressed 1 hour later after injury. Since HMG-1 has various activities in cells.
To identify the role of HMG-1 associated with chaperone activity in TBI, the study of
high expression of HMG-1 gene in neuron by transfection should be conducted to detect
the effect of enhanced HMG-1 expression, or HMG-1 gene disruption experiment to
examine the nucleosome(DNA and histon complex) stability after injury because the
high or/and low expression of HMG-1 could change the stability of nucleosome after
injury.

We could propose that HMG-1 could be related with salvation pathway of
injured neuron by repairing the damaged neurite or establishing the lost connection and/
apoptosis activation in neuronal cells via enhancing the p53. If the high expression of
HMG-1 in neuron causes the apoptosis, HMG-1 could be associated with p53 activation.
However, if the high expression of HMG-1 in neuron enhances neurite outgrowth,
HMG-1 could be associated with neurite repair or/and regeneration. In future
experiments,we could block the expression of HMG-1 during injury either with anti
sense or siRNA, and then examine the effect on cell apoptosis in our model. If HMG-1
playing repair role, the inhibition of its expression should increase the level of injury.
While if its expression is associated with apoptosis, then blocking its expression should
lower the level of cell apoptosis.

One of the other possible candidates is cytoplasmic dynein light chain. Neuron
has a cell body and axons. During the axon formation, axonal proteins are transported
(anterograde transport) because most of neuronal proteins are synthesized in cell body.
In anterograde movements, membrane organelles, microtubules, and kinesins are
involved. In retrograde transport, for example, transport of nerve growth factors from

the axon terminal to the cell body, cytoplasmic dynein and microtubule motors are
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needed. Cytoplasmic dynein is expressed in the cell body and is transported to axon
terminal in inactive form. The activation of cytoplasmic dynein is associated with the
phosphorylation of dynein subunits. Cytoplasmic dynein has two cytoplasmic dynein
heavy chains, intermediate, light intermediate, and light chains. Cytoplasmic dynein
also plays a role in nuclear migration during axon growth and microtubule organization.
Cytoplasmic dynein has been reported to be one of key components of motor neuron
generation. From the knock-out mouse experiments, mutations of the cytoplasmic
dynein heavy-chain protein caused motor neuron degeneration (Andersen, 2003). Li and
coworkers performed the scanning analysis of crush-operated rat sciatic nerves. After
injury, cytoplasmic dynein synthesis showed that most of the dynein moved in the
anterograde direction and proximal accumulation of dynein increased rat sciatic nerves
(Lietal., 2000). In our experiments, cytoplasmic dynein light chain was expressed
highly 1 hour later after injury. From the roles of cytoplasmic dynein, the high
expression of cytoplasmic dynein could be associated with the formation and
maintenance of damaged synapses by after injury. To identify the role of cytoplasmic
dynein in TBI, dynein driven movement of nerve growth factors, and microtubules
should be studied after injury. Also, genetic level study of cytoplasmic dynein gene
should be performed to identify the transcriptional activation pathway.

Another protein candidate is profilin II. Profilin is a ubiquitous actin binding
protein found in animal cells, plants, and viruses. There are two types of profilins,
profilin I and profilin II. They are thought to regulate actin polymerization in response
to extracellular signals. Profilin IT is a 15.41k Da and was a pl of 5.8. Profilin has the
ability to bind actin, poly-L-proline and phosphatidylinositol 4, 5 bisphosphate (PIP;)
(Kneussel and Betz, 2000). In mice, profilin I is expressed ubiquitously while profilin II
is expressed at high levels only in brain (Witke et al., 1998). In mice brain, profilin I
and profilin II can form complexes with regulators to conduct endocytosis, synaptic
vesicle recycling and actin assembly. Profilin I and profilin II can bind to dynamin I,
clathrin, synapsin, Rho-associated coiled-coil kinase, the Rac-associated protein NAP1

and a member of the NSF/sec18 family. In vivo, profilins binds to dynamin I and
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synapsin in axonal and dendritic processes. Because of its affinity for
phosphatidylinositol 4,5-bisphosphate, profilin also plays a role in the signal
transduction pathway through phospholipase C. One class of molecules in the brain
profilin complexes appears to play a role in signaling through the small G proteins Rac
and Rho. ROCK 2 which can bind to profilin is a Rho-associated kinase. The targets of
ROCK2 are not well understood. Recent biochemical studies have suggested that
profilin plays a key role in promoting actin assembly in the plasma membrane that
makes cell motility and other actin-linked processes (Tojo et al., 2003). In our
experiment, the profilin II expression was enhanced after injury. Due to biological
characteristics of profilin II, even though the role of profilin II is not clear in neuron,
profilin II could be associated with the actin polymerization of cellular structure and/or
axonal regeneration in damaged neuron. To elucidate the role of profilin II in TBI, a
profilin knock-out cell line or anti-sense profilin II gene disruption could be useful in
neuronal injury. If profilin II plays a role in neurodegeneration after TBI, profilin II
deficient cell line would show the less neuron apoptosis.

Phosphorylation is an important protein modification that is associated with
changes in protein activity or function. Tau phosphorylation in Alzheimer disease is one
of the examples of hazardous phosphorylation to cells (Kobayashi et al., 2003). In our
experiment, the phosphorylated protein detection (shown in Figure 4-7) showed that
there were higher levels of phosphorylation of proteins in injured cells than in control
cells. One possibility is that the increase in phosphorylation is associated with anti-
apoptosis. Recently, some papers reported that anti-apoptotic activity of
phosphorylation of the serine-threonine kinase, Akt, in mice (Noshita et al., 2002;
Martin et al., 2003). The serine-threonine kinase, Akt, has been reported in the survival
signaling pathways in many cell systems. Noshita and coworkers examined the Akt and
apoptosis after TBI in mice. Immunohistochemistry showed phospho-Akt was
decreased in the injured brain 1 h after TBI. Expression of Akt was significantly
decreased 1 hour after TBI. However, the phosphorylation of Akt was increased 4 hours

after injury. Furthermore, from the overlapping of apoptosis and cell cycle regulation,
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checkpoint kinase 1 was investigated in DNA replication and damage checkpoints
(Bartek and Lukas, 2001). Checkpoint kinase 1 appears to have anti-apoptotic effects by
repairing the damaged cellular structures. Another possible activator of phosphorylation
is retinoblastoma tumor suppressor (Rb). Di Giovanni and coworkers checked Rb
mRNA expression in spinal cord injury (Di Giovanni et al., 2003). DNA micro array
and Western blots showed high level mRNA of Rb and E2F was expressed after injury.
Cell cycle related proteins were expressed over 24 hours after injury.

Another possibility of increased phosphorylation is apoptosis associated
phosphorylation. It is probable that the protein phosphorylation observed associated
with calcium dependent phosphorylation. The elevated intracellular calcium levels seen
in TBI could be caused by physical damage to the cell membrane, receptor mediated
glutamate toxicity, import from the voltage gated calcium channel, and release from the
endoplasmic reticulum through the phosphoinositol pathway (Floyd et al., 2001). Other
activators of phosphorylation by calcium are p38 MAP kinase and c-Jun kinase.
Calcium uptake by NMDA receptors could cause the activation of p38, MAP kinase and
c-Jun kinase (Graham et al., 1993, Vexler and Ferriero, 2001). p38, MAP kinase and c-
Jun kinase are considered as transcriptional regulator of apoptosis related gene
expression. Mitogen activated protein kinase (MAP), ERK, c-Jun N-terminal kinase
(JNK), and p38 are known to play a critical role in the regulation of cell growth and
differentiation. MAP phosphorylates other intracellular enzymes and transcription
factors. Noshita and coworkers measured ERK phosphorylation after transient focal
cerebral ischemia using transgenic mice that express copper/zinc superoxide dismutase.
In transgenic mice, phosphor ERK was reduced compared with control mice. It showed
that phosphorylation of ERK could activate apoptosis after transient focal cerebral
ischemia. Also, calcium dependent phosphorylations of proteins are associated with the
activation of apoptotic pathway. In high strain rate injury, Floyd and coworkers found
that inositol polyphosphate levels in an in vitro model of TBI, and inhibition of
activation of PLC led a decrease in neurodegeneration (Floyd et al., 2001). Also, some

experiments showed that during an apoptotic process, some proteins are phosphorylated
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to activate apoptosis (Lei and Davis, 2003; Martin et al., 2003; Xu et al., 2003). One of
the phosphorylation related cellular signaling pathway in TBI is cell cycle dependent
phosphorylation. Martin et al examined the target deprivation and axotomy-induced
apoptosis in rat. They found high phosphorylation of p53 after a neuronal injury.
Phosphorylation of p53 in the target deprivation and axotomy-induced apoptosis in the
rat model were detected 4 days after injury and the Akt phosphorylation was detected 4
hours after injury (Noshita et al., 2002, Martin et al., 2003).

Thus, the effects of phosphorylation of proteins in TBI could have anti-apoptotic
and apoptotic effects. Moreover, the phosphorylated proteins we found on the gel have
special significance because those proteins were phosphorylated within 1 hour after the
injury. It could determine the fate of damaged neurons. Study of early phosphorylations
of proteins by mechanical stress could reveal neuronal responses to injury that are part of
restoration pathway and/or death pathway. However, the amino acid sequences of
phosphorylated proteins were not identified due to the low protein concentration. Our
results indicate that mechanical insult can activate phosphorylases (kinases) and
phosphorylation is associated cell injury.

We demonstrated that high strain rate injury can activate protein expression and
phosphorylation of proteins after injury. Both new proteins and currently existing
proteins were expressed following high strain rate nerve injury. Moreover,
phosphorylated proteins were expressed highly after the high strain rate nerve injury.
The roles of highly expressed proteins and effects of phosphorylation after the injury
should be characterized. We believe that this work will contribute to the discovery of

new the therapeutic targets and better treatments for TBI.
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CHAPTER V
OVERALL CONCLUSION AND FUTURE WORK

Traumatic brain injury (TBI) is one of the major public health problems in the
United States. Traumatic brain injury is associated with the mechanical displacement of
brain tissues and acceleration of a head. Mechanical insult associated with TBI causes
changes in cellular events and damages cellular structures. Numerous models of TBI
have been developed to characterize the effects of mechanical displacement of the brain.
Various studies have suggested that mechanical insult to the neuron may cause cell
death. Nonetheless, appropriate approaches to treat or prevent the neurondegeneration in
TBI remain obscure due to the incomplete understanding of the biochemical mechanism
of TBI. Thus, an in vitro model of TBI can give us crucial information for upgrading
the understanding of the mechanism of TBI at both the cellular and molecular levels. In
this chapter, we summarize our experimental results and propose future work. This
work could be valuable to complete our understanding of the mechanism of

neurodegeneration by TBI.

Conclusion

Development of a device for high strain rate injury to neurons and neuron-
like cells. Numerous cell stretching devices have been developed. The evaluated strain
rates associated with TBI range from 1 to 55, or about 10% strain in 20 to 100 ms.
Precise control of mechanical insult to neuron will be useful in elucidating the elaborate
pathological cascade associated with TBI. The in vitro high strain rate application
device developed at Cellular Engineering Lab at TAMU was designed to ensure precise
control of mechanical deformation parameters in the in vitro model of TBI. The high
strain rate application device had several advantages over other devices including: the
production of a relatively linear and homogeneous strain of the membrane, an optical

window that allowed direct microscopic observation of the cells during injury, a simple
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way to change strain of membrane, and the ability to change the strain rate in the device
for both low strain rate injury and high strain rate injury. The relatively linear and
homogeneous strain of the membrane could produce a uniform of high strain injury of
neuron. The optical window of a planar cylinder could be used as a proficient way to
study the cell behavior during the cell death. The strain of the membrane was controlled
by adding a rubber plate between the flexible bottomed plate and the plate loading deck.
We were unable to measure strain rate in real time because of technical difficulty
with the CCD camera. Although frames of membrane profile of CCD camera during the
high strain application showed that the membrane touched the cylinder, actual
deformation profiles of membrane have not been recorded. Indeed, there is a nonlinear
strain area on the outside of the membrane. Thus, the actual linear and homogeneous
area of membrane should be calculated. Furthermore, in order to get a precise control of
strain, the vacuum level of pump should be controlled because the subtle change of

vacuum level might cause different strain or strain rate of the membrane.

High tensile strain rate leads to apoptosis in SH-SYS5Y cells. /n vitro models
of TBI have great advantages over in vivo models in their ability to allow the
investigator characterize the cellular and molecular level of neurodegeneration. We used
an in vitro model of high strain rate mechanical injury to mimic the mechanical insult
that occurs during TBI. High strain rate of differentiated SH-SY5Y cells triggered the
apoptosis within 1 hour after injury. From the flow cytometry analyses, the cell
population in the G1 area was increased after injury, and the cell populations gradually
moved to G1 area over hours. This change could be associated with the activation of
cell cycle related kinases after injury. To understand the affiliation of cell cycle
associated mechanisms and apoptosis in TBI, effects of cell cycle dependent kinases
should be examined by blocking the specific cell cycle stage. Also, since cell cycle
kinases could be associated with expression of various genes in apoptosis inhibition and

activation, cell cycle kinases dependent gene expressions after TBI should be analyzed.
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Apoptosis was observed in cells within 30 minute after injury. The fraction of
apoptotic cells after injury was relatively constant over the 24 hours and the fraction of
apoptotic cells increased immediately after the injury. The percentage of apoptotic cells
did not change significantly at times greater than 1 hour after mechanical insult. Also,
we found that apoptotic cells during high strain rate injury were triggered by the initial
mechanical impact but in low strain injury, the percentage of apoptotic cells showed a
steady raise with time. This effect might be associated with the different application
time of injury or the different mechanical insult. Apoptotic cell death should be
mathematically modeled to predict the effect of mechanical insult on cell death and to
find when after injury apoptosis prevention might be most successful.

In TBI, it is believed that apoptosis is activated by the caspases pathaway. The
caspases inhibition experiments showed that caspase 1 and 3 were involved in the high
strain rate injury of neurons. Experiments blocking caspase 1 and 3 expression at early
stages after injury should be performed because caspase 1 and 3 can be activated by
different pathways in the early stages of apoptosis.

The inhibition of G protein activation, calcium entry, and protein synthesis could
not decrease the fraction of apoptotic cells after the high strain rate injury. However, the
inhibition of phospholipase C activation by Neomycin decreased the apoptotic cells in
high and low strain rate injuries. The role of PLC pathway is not well characterized in
TBI. The anti-apoptotic activity of Neomycin in high strain rate injury might be
associated with a different mechanism than that involved in low strain rate injury. To
identify the precise G protein signaling and PLC pathway in TBI, the activities of G
protein and PLC should be measured with time and apoptosis after TBI. Also, cell cycle
dependent diacylglycerol (DAG) and PLC activation should be studied after TBI
because the substrate of DAG is phospholids in the cell membrane. Thus, the cell
division or membrane disruption could be associated with DAG formation.

To identify the intracellular calcium increase and calcium import from outside
associated with apoptosis after TBI, calcium imaging experiments are needed, along

with measuring the mRNA levels of apoptotic related genes. The gene array and
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calcium imaging data could provide better understanding of calcium associated gene
expression in TBI. Moreover, calcium dependent phosphorylation in the cell should be
characterized coupled with inhibition experiments of phosphorylation after TBI because
the intracellular calcium could be elevated not by importing calcium from outside but by
releasing calcium from endoplasmic reticulum. Activation of PLC is the key component
of calcium release from endoplasmic reticulum.

Protein synthesis inhibition by a nonspecific translation blocking agent resulted
in an increase in the fraction of apoptotic cells after TBI. The increase in apoptosis after
protein synthesis inhibition could be associated with blocking the essential protein
expression for cell maintenance, and/or anti-apoptotic protein expression. From the
proteomic study, the protein expression increased after injury. To decrease the level of
apoptosis after TBI, inhibition of translation of specific apoptosis related genes would be
required. Also, random protein expression could block the gene expression of salvation
or restoration pathway of mechanically damaged neurons.

Our experiment showed slightly different results than other researchers have
reported. In order to find alternative perspectives to understand the mechanism of
mechanical damage in neurons, it should be investigated how neurons maintain their
structure after damage and how the repair mechanism in damaged neurons is associated
with apoptosis. Since most TBI researchers have focused on aspects of
neurodegeneration, understanding of repair mechanisms associated with TBI could

provide us with novel therapeutic stratagems.

Characterization of protein synthesis and phosphorylation after nerve
injury induced by high strain. Proteomics study of diseases is one of the most
promising methods to find new therapeutics. Many proteins are involved in the neuronal
apoptosis pathway. We performed a proteomic study to characterize the protein
expression after the injury. The metabolic labeling of injured cells and normal cells and
pulse chase experiments indicated that normal and injured cells had different patterns on

2 dimensional gels. The protein synthesis was triggered within 1 hour after an injury.
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10% of total proteins were high expressed after injury and some proteins (about 1%)
were newly synthesized after injury. 7 newly synthesized proteins were detected.
Mechanical injury of neuron enhanced the protein expression. However, the roles of
newly expressed proteins were not identified. To identify the role of newly synthesized
proteins, genomic studies and higher level of protein loading during the proteomics
study might be useful. Protein levels of newly synthesized proteins were very low, and
difficult to identify, both because of their abundance and because of the resolution of the
mass spectrometer available. Also, even though mechanical insult to neurons caused
apoptosis, the roles of newly synthesized and highly expressed proteins might be
associated with anti-apoptosis or apoptosis. The coupled experiments of apoptosis
inhibition and proteomics study could give us the crude roles of newly synthesized and
highly expressed proteins. If some newly synthesized proteins are related to apoptosis,
the concentrations of those proteins will be increased.

From the mass spectroscopy analysis, several highly expressed proteins, high
mobility group protein (HMG-1), cytoplasmic dynein light chain, and profilin II, were
identified. Those proteins were expressed highly after injury. The first candidate is high
mobility group protein I. High mobility group protein (HMG-1) plays various roles in
cellular mechanism associated with transcription, DNA stability, chaperone, and
differentiation. Due to the diverse roles of HMG-1, it is quite difficult to ascertain the
specific role of HMG-1 in neurodegeneration by mechanical insult. However, high
expression of HMG-1 could imply that neurodegeration by mechanical insult might
activate assorted cellular mechanisms. The second candidate is cytoplasmic dynein light
chain. Cytoplasmic dynein plays a pivotal role in nuclear migration during the axon
growth, axon terminal receptor, and microtubules organization. Cytoplasmic dynein is
synthesized in neuronal cell body and it is transported to axon terminal. High expression
of cytoplasmic dynein light chain could be involved in the restoration process of the
damaged neuronal terminal since the role of cytoplasmic dynein is associated with the
transport mechanism of axonal terminal. The third candidate is profilin II. Profilins are

ubiquitous actin binding proteins found in animal cells, plants, and viruses. Also, in
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brain, profilin complexes appear to play a role in G protein signaling. Due to the
complex role of profilin II, the detailed profilin II associated with the mechanism of
injury (or repair) could not be characterized. However, by the inhibition of profilin II
gene using anti sense method, the role of prpfilin II could be characterized.

Phosphorylation is a crucial protein modification associated with function and
activity of proteins in cells. Phosphorylation of a protein can occur without expression
of a specific gene. Moreover, some phosphorylation of proteins could activate the
cellular apoptotic pathway. In our experiments, we showed that higher levels of
phosphorylated proteins were detected in injured cells than in control cells within 1 hour
after injury. This result implied that mechanical insult could activate phosphorylases
(kinases) associated with neuronal injury. However, the phosphorylated proteins were
not identified due to the low amount of protein on gels and the resolution of the available
mass spectrometer. To identify the phosphorylation activation pathway in injured cells,
inhibition of apoptosis and the cell cycle related pathway should be performed.

Much research has been performed to elucidate the mechanism of injury in in
vitro models of TBI. The in vitro models of TBI have been developed to characterize
the process of neurodegeneration in cellular level. We demonstrated that high strain rate
could activate apoptosis in differentiated SH-SYSY cells. We found the possible
candidates of the inhibition of apoptosis after injury. Proteomics study showed that
protein expression and phosphorylation of proteins after injury were elevated. Both new
proteins and currently existing proteins were expressed by high strain rate nerve injury.
Though the newly synthesized proteins were not characterized due to the low protein
concentration, high mobility group protein (HMG-1), cytoplasmic dynein light chain,
and profilin II were identified by analyzing the highly expressed proteins after injury.
The phosphorylated proteins were expressed highly after injury. We believe that this
work will contribute to the discovery of new therapeutic targets and better treatments for

TBI.
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