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Preface and Declaration
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associated proteins tau, MAP2 and MAPS in oligodendrocytes.

2) To asses the mechanisms underlying the accumulation of tau immunoreactivity in
oligodendrocytes following acute brain injury.

3) To determine if increased tau immunoreactivity within these cells reflected increased
synthesis or protein modification.

4) To compare the distribution of tau, MAP2 and MAPS within oligodendrocytes with that
in neurons following acute brain injury.
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my own original work and has not been presented previously as a thesis in any form. Dr.
K. Yatsushiro performed the permanent middle cerebral artery occlusions. In vitro studies
were carried out in collaboration with Dr. S.C. Barnett who kindly supplied the
oligodendrocyte cultures. In situ hybridisation studies were carried out in collaboration

with Dr. P. Dickinson. Both the electron microscopy and confocal microscopy were
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Abstract

With the growing evidence supporting glia-neuronal signalling it is becoming increasingly
apparent that it is crucial to gain an understanding of the mechanisms underlying the
degeneration of both neurons and glia to fully understand the pathogenesis of acute and
chronic degenerative diseases of the brain. Breakdown of the cytoskeleton is thought to
represent a common pathway mediating irreversible neuronal damage in a variety of both
acute and chronic neurodegenerative conditions. One of the most well documented
alterations to the cytoskeleton, occurring in various neurodegenerative disorders including
Alzheimer's disease, Parkinson's disease and progressive supranuclear palsy, is the
formation of neurofibrillary tangles. The formation of neurofibrillary tangles is thought to
involve alterations in the microtubule-associated protein tau, the protein being
hyperphosphorylated compared to its normal form. Tau is traditionally believed to be a
neuron-specific protein where it is predominantly located within the axonal compartment.
Supporting this specific localisation of tau, immunoreactivity was found only within axons
in histologically normal rat or human brain tissue throughout the investigations carried out
in this thesis. However, the novel finding of this thesis was the presence of tau
immunoreactivity within oligodendrocytes in both rat and human brain tissue following
acute brain injury. The studies described in this thesis were aimed at characterising the
increased tau immunoreactivity present in oligodendrocytes in animal models of acute brain
injury, in human post-mortem brain tissue from patients who died following a stroke or
head injury and in an oligodendrocyte cell line.

In the initial study of the thesis tau-positive oligodendrocytes were present 4 h following
glutamate-induced toxicity in the rat. In order to confirm that the induction of tau
immunoreactivity in these cells following injury was not a phenomenum characteristic to
the rat, human post-mortem brain tissue from acute brain injured patients was examined
for the presence of tau-positive oligodendrocytes. Tau-positive oligodendrocytes were
detected within areas of tissue, as defined by decreased haematoxylin and eosin staining,
affected by brain injury, but not in tissue obtained from control patients who had no
previous history of neurological or psychiatric disorders. Tau-positive oligodendrocytes
were detected as early as 2 h following head injury, suggesting that this is a rapid response
of these cells to acute brain injury. In support of this, the induction of tau
immunoreactivity in oligodendrocytes was detected as early as 40 min following the
induction of permanent focal cerebral ischaemia in the rat.
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Glutamate toxicity has been shown to be involved in neuronal degeneration following
ischaemic brain injury, and tau-positive oligodendrocytes were detected 4 h following
intracortical perfusion of 1M monosodium glutamate, both within the resulting cortical
lesion and in the white matter immediately underlying this area. This result implicated
glutamate in the mechanisms underlying the accumulation of tau in oligodendrocytes
following injury. However, the ability of NaCl to induce a similar response in
oligodendrocytes suggested that mechanisms other than glutamate toxicity may be
involved. Using pure oligodendrocyte cultures exposed to monosodium glutamate or
NaCl it was shown that alteration of tau in these cells was a direct effect, not mediated
through neuronal degeneration. Taken together the results of these studies indicated that
some aspect of the brain injury in vivo other than glutamate receptor activation may be
involved in the alteration of tau in oligodendrocytes. In order to investigate further the
mechanisms which may be involved in this oligodendrocyte response, the effects of 3
pharmacological agents on the density of tau-positive oligodendrocytes following focal
cerebral ischaemia in the rat were determined. Pre-treatment with the spin trap agent a-
phenyl-tert-butyl-nitrone reduced the number of tau-positive oligodendrocytes by 55% in
the subcortical white matter of the ischaemic hemisphere compared to untreated animals at
40 min after middle cerebral artery occlusion. In contrast, pre-treatment with glutamate
receptor antagonists dizocilpine or 2,3-dihydroxy-6-nitro-7-sulpfamoyl-benzo(F)
quinoxaline, failed to reduce the number of tau-positive oligodendrocytes following 40
min of ischaemia. Thus free radial mediated mechanisms were involved in the induction
of tau immunoreactivity in oligodendrocytes following ischaemic brain injury.

In both the animal models of brain injury and the human post-mortem brain tissue obtained
from patients who died following a stroke or head injury, tau-positive oligodendrocytes
were detected with a range of antibodies to different epitopes of the protein. This
suggested that there may be increased levels of the full-length protein. In order to
investigate whether this increased immunoreactivity was due to increased protein
synthesis, in situ hybridisation studies were performed in rat brain tissue obtained from the
focal cerebral ischaemia model. However, these in situ hybridisation studies failed to
detect increased tau mRNA within the ipsilateral white matter up to 4 h after the induction
of focal cerebral ischaemia. This suggests that increased tau immunoreactivity in
oligodendrocytes does not reflect increased de novo synthesis of the protein.

In contrast to the accumulation of full-length tau in oligodendrocytes, neuronal tau was
dephosphorylated and/or degraded following acute brain injury in the rat.
Dephosphorylation of tau in neurons was detected as early as 20 min following the
induction of focal cerebral ischaemia in the rat. In addition, degradation of tau in neurons

XV



but not in oligodendrocytes suggests that tau present in neuronal perikarya may be more
susceptible to ischaemic brain damage than that in oligodendrocytes. However these
results demonstrate that tau present in both neuronal perikarya and oligodendrocytes
undergoes rapid alteration following ischaemic challenge. Glutamate excitotoxicity
induced changes in tau similar to those occurring following focal cerebral ischaemia in the
rat suggesting that while the accumulation of tau in oligodendrocytes is initiated through
free radical mediated mechanisms, dephosphorylation and/or degradation of tau in neurons
appears to be mediated through glutamate mediated mechanisms.

The results presented in this thesis provide compelling evidence that tau is present in
oligodendrocytes and therefore can no longer be considered as a neuron-specific protein.
Moreover these results show that tau undergoes rapid alteration within oligodendrocytes in
response to acute brain injury which is initiated through free radical mediated mechanisms.
Alterations in the distribution of microtubule-associated proteins in neurons following
injury are thought to represent altered cytoskeletal integrity which may result in irreversible
neuronal damage. It is possible to speculate therefore that alterations to tau in
oligodendrocytes, following acute brain injury may also represent early stages of
cytoskeletal breakdown within these cells. Oligodendrocytes have been until recently
considered to be relatively unresponsive to ischaemic brain injury, and neuroprotective
agents have been evaluated solely on their ability to reduce neuronal damage. One of the
most successful strategies involves the blockade of glutamate receptor activation which
was without effect in the reduction of the induction of tau immunoreactivity in
oligodendrocytes following focal cerebral ischaemia. The results of this thesis may
therefore have important consequences for the development of new therapeutic strategies,
since protection of neuronal elements without the protection of glial cells would lead to
delayed neuronal death rather than complete protection of the brain following acute brain

injury.
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CHAPTER 1 INTRODUCTION

1.1 General introduction

Until recently neurons were believed to be the most important cells in the functioning of the
central nervous system (CNS) with neuroglia providing a purely sxipportive role. With this
view much attention has been directed at elucidating the mechanisms underlying neuronal
degeneration, in both acute and chronic degenerative diseases of the brain. Assuming that
similar mechanisms underlie neuronal degeneration in both acute and chronic disorders,
animal models of acute brain injury have been used to gain insight into such mechanisms in
order to uncover suitable targets for therapeutic intervention. As a result, neuroprotective
agents have been evaluated on their ability to reduce the extent of neuronal death following
acute brain injury.

Glutamate is a major neurotransmitter in the CNS and is essential for neuronal signalling
under normal conditions (Palmer and Gerhon, 1990; Salt and Herrling, 1991). In acute
brain injury, including stroke and head injury, excessive glutamate receptor activation,
subsequent calcium influx and free radical formation plays a pivotal role in neuronal
degeneration (see section 1.2.3). It is now widely accepted that both astrocytes and
oligodendrocytes possess glutamate receptors (for review see Gallo and Russell, 1995),
suggesting that receptor activation in these cells may also occur during the presence of
elevated extracellular glutamate concentrations. In neurons glutamate toxicity whether via
calcium release and/or free radical toxicity, has been shown to be mediated largely through
the activation of N-methyl-D-aspartate (NMDA) receptors and therefore many of the most
effective neuroprotective agents have been directed towards NMDA recéptor blockade.
Astrocytes and oligodendrocytes however appear to lack NMDA receptor subtypes and
glutamate toxicity has been shown to be mediated through non-NMDA receptors in these
cells (Gallo and Russell, 1995; Patneau, et. al. 1994; Puchalski, et. al. 1994; Yoshioka, et.
al. 1994). In light of this it is possible to envisage that although neurons are protected
successfully by NMDA antagonists, glial cells remain at risk in conditions where there are
high concentrations of extracellular glutamate.

The role of astrocytes in the uptake of glutamate and other neurotoxic substances and the
proliferation of these glial cells following acute brain injury has been well documented. In
contrast however, oligodendrocytes have been considered to be relatively unresponsive to
acute brain injury. With the exception of the undisputed role of these cells in the pathology
of multiple sclerosis, the elucidation of possible roles for oligodendrocytes in the
pathogenesis of both acute and chronic neurodegenerative conditions has therefore on the
whole been neglected. However, the discovery that these glial cells possess glutamate



receptors suggest that oligodendrocytes may have a function in neuron-glial signalling and
therefore play an important role in disease pathology (see section 1.5.5). A limited number
of investigators have provided evidence that in addition to astrocytes and neurons,
oligodendrocytes may have the ability to respond rapidly to ischaemic, hypoxic and
traumatic brain injury (see section 1.5.7).

Cytoskeletal breakdown is thought to represent a final common pathway of neuronal
degeneration in a variety of both acute and chronic degenerative conditions. Accumulation
of tau within neuronal perikarya and altered distribution of the microtubule associated
proteins tau, MAP2 and MAPS, may illustrate alterations in cytoskeletal integrity within
these cells. Abnormal cytoskeletal profiles have recently been detected in both
oligodendrocytes and astrocytes in various chronic degenerative diseases such as multiple
system atrophy (MSA) and progressive supranuclear palsy (PSP) (see section 1.4.4), The
distribution and density of these oligodendrocytes in MSA closely parallels the severity of
the disease, in addition these cells can occur in areas where neuronal degeneration is absent.
This suggests that the formation of these cytoskeletal inclusions in oligodendrocytes may
represent an early and important event in the pathogenesis of this chronic degenerative
disease.

Together these findings suggest that oligodendrocytes, once thought to be relatively inactive
in disease, may play an important role in the progression of both acute and chronic disease
of the CNS. In order to fully understand the pathogenesis of acute and chronic brain injury
and to highlight areas for new therapeutic intervention, it is crucial to determine the response
of these cells to brain injury, the possible mechanisms underlying such responses and the
consequence of these responses to the structural integrity of the neuron. Any similarities
between mechanisms underlying neuronal and oligodendroglial degeneration may lead to a
target for drug intervention protecting both neuronal and glial elements of the CNS essential
for effective and prolonged neuroprotection. The main focus of this thesis therefore was to
examine the effect of acute brain injury on one particular cytoskeletal protein; tau in
oligodendrocytes and the mechanisms through which such effects are mediated.

1.2  Acute brain injury

1.2.1 Stroke

Stroke results from a reduction of blood flow to a given area of the brain, normally caused
by the blockage of a major artery, however, spontaneous intracerebral haemorrhage or
decreased cardiac output are also minor causes of stroke. Cerebrovascular disease, accounts
for approximately 10% of all deaths in the United Kingdom surpassed only by cancer and



heart disease. The incidence of stroke increases with age, however strokes can occur in all
age groups (Bamford, et. al. 1990). For those that survive a stroke lasting for 24 hr, 50%
remain permanently disabled with only 10% returning to normal activity.

Structural damage resulting from stroke or hypoxia can be limited to neurons (selective
neuronal necrosis) or may also affect glia, nerve fibres and blood vessels (cerebral
infarction) (Nedergaard, 1988). It is now widely accepted that neurons followed by
astrocytes and oligodendrocytes are most vulnerable to hypoxia and stroke. The degree of
infarction is dependant on the reduction of cerebral blood flow and the duration of
hypoperfusion. A threshold for infarction of 35 % of normal cerebral blood flow or
17ml/100mg tissue has been found in sustained ischaemia (Jones, et. al. 1981). Normally
infarction occurs within the territory of a given arterial supply, the extent of which is
dependant on the efficiency of collateral blood supply to the affected area. Through the use
of post-mortem brain tissue, the evolution of ischaemic brain damage has been well
documented in man (Adams and Graham, 1988). At post-mortem, recent infarcts result in
soft very swollen brain tissue and can be anaemic or haemorrhagic depending on whether or
not some blood flow has been restored or if blood vessel necrosis has occurred.
Histological assessment by haematoxylin and eosin (H&E) staining shows dead neurons
present in the grey matter, recognised by intensely eosinophilic cytoplasm and a poorly
stained nucleus with haematoxylin 4-6 h after cessation of blood flow. Areas of ischaemic
brain damage are extremely difficult to define at survival times of less than 4 h following the
onset of stroke. Within 12-25 h the infarct has a sharply delineated boundary due to
decreased H&E staining of neuropil caused by a combination of the swelling of astrocyte
processes and axons. The next stage of development occurs within 24 h and involves
proliferation of microglia and astrocytes this proliferation extends to lipid phagocytes 1-2
weeks later which phagocytose the affected tissue. The grey matter becomes shrunken and
granular and if the patient survives for several months following stroke the dead tissue is
removed by phagocytosis and the infarct presents as a shrunken cystic lesion.

1.2.2 Head injury

Trauma is the largest cause of death of under 45 yr olds in the United Kingdom with head
injury being largely responsible. In non-missile head injury a sudden acceleration or
deceleration of the head is usually involved with or without skull fracture. The brain moves
within the skull resulting in a number of shearing forces and impact of the brain against the
bony protruberances of the skull. The majority of head injured patients make an uneventful
recovery, however, others sustain significant irreversible brain damage to the extent that
may leave them dependant on family members or institutions for the rest of their lives. In
the UK alone 1 in 300 families has a member permanently disabled by head injury.



Brain damage resulting from head injury is classified by describing the damage as focal or
diffuse or as primary or secondary. Primary damage involves fracture of the skull, cerebral
contusions and diffuse axonal injury while secondary damage includes that due to
intracranial haematoma, raised intracranial pressure, brain swelling, hypoxic brain damage
or infection. Diffuse axonal injury is now widely accepted to represent the most important
factor in the outcome of patients following non-missile head injury (Graham, et. al. 1995)
often responsible for concussion up to and including post-traumatic coma (Blumbergs, et.
al. 1989; Gennarelli, 1993). In this type of injury there is widespread disruption of axons
due to the shearing stresses of acceleration/deceleration injury resulting in discrete lesions in
the dorsolateral quadrant of the rostral brain stem and in the corpus callosum as well as
diffuse damage to axons throughout the brain. Axonal damage can be detected
histologically by H&E staining or silver staining and immunologically with anti-amyloid
precursor protein antibodies (Gentleman, et. al. 1993; 1995; McKenzie, et. al. 1995) or
anti-neurofilament antibodies (Christman, et. al. 1996; Grady, et. al. 1993). In patients
surviving only a short time following head injury axonal swellings and axonal bulbs can be
detected, however as survival time increases (several weeks) the most conspicuous feature

is the presence of multiple clusters of microglia with a few axonal bulbs still detectable 2
months following injury.

Approximately 90% of fatal head injured patients show ischaemic cell change of varying
degrees at post-mortem (Graham, et. al. 1978) suggesting that ischaemic brain damage
plays pivotal role in patient outcome after head injury. 40% of these patients spoke '
following head injury implying that cerebral ischaemia may represent a secondary and
therefore treatable event (Bullock and Teasdale, 1990). Ischaemic brain injury may
therefore be crucial in the degree of brain damage sustained following both moderate and
severe head injury. Cerebral ischaemia may be caused by intracranial haematoma or
systemic insults such as hypoxia and hypotension which may result in raised intracranial
pressure and therefore reduced cerebral perfusion. Further supporting a role for ischaemic
brain damage in outcome after head injury, a body of evidence now exists showing that
events at the time of the primary injury may leave the brain susceptible to ischaemic injury.
This may occur through altered metabolism and function or by alteration of normal vascular
reactivity, such that mild ischaemic insults which would normally be tolerated, may cause
major ischaemic brain damage (Jenkins, et. al. 1989; Wei, et. al. 1980).
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Levels of glutamate released within 10-30 min of focal cerebral ischaemia have been shown

to be comparable with a glutamate concentration (60-500ptM) which is toxic to neurons in
vitro (Choi, 1987).
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Figure 2. Extracellular glutamate levels are elevated following permanent MCAO in the
rat. Microdialysis probes were placed in the cerebral cortex and dialysates collected every
20 min, Extracellular glutamate concentrations were increased approximately 20-fold 40
min after MCAO. Arrow respresents the onset of focal cerebral ischaemia by permanent
occlusion of the middle cerebral artery (MCA). O represent sham operated controls;
represent proximal occlusion of the MCA; A represent distal occlusion of the MCA.
Reproduced from Butcher, et. al. (1990).

Since the initial discovery of the toxic potential of glutamate by Lucas and Newhouse in
(1957), when they described the degeneration of retinal neurons in neonatal mice injected
systemically with glutamate, it is now widely accepted that high extracellular concentrations
of glutamate are neurotoxic (Rothman and Olney, 1986; Choi, 1991). Glutamate acts on 4
major types of receptor, the NMDA receptor, the 2-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) receptor, the kainate receptor and metabotropic receptors
(Collingridge and Lester, 1989; Monaghan, et. al. 1989; Watkins, et. al. 1990). The
NMDA, kainate and AMPA receptors are linked to receptor activated ion channels while
metabotropic subtypes are thought to be linked to phosphoinositide metabolism as a second
messenger system (Schoepp, et. al. 1990). Under normal conditions, AMPA and kainate
receptors which are permeable to Na+ and K+ (there are also some reports of Ca*+



permeability, see below) are responsible for fast excitatory synaptic transmission in the
CNS since NMDA receptors are blocked through a voltage dependant blockade by Mg++
(MacDermott and Dale, 1987; Mayer and Westbrook, 1987).

Glutamate toxicity has been shown to involve both a sodium chloride and a calcium
dependant component (Dessi, et. al. 1994). Cellular swelling following glutamate toxicity
is thought to result from the influx of Na* through the activated NMDA receptor channel,
which subsequently leads to an influx of Cl- and water through this channel due to the
osmotic properties of these ions. Excessive activation of NMDA receptors leads to toxic
levels of intracellular calcium (Choi, 1987; 1991; MacDermott, et. al. 1986; Michaels and
Rothman, 1990). Depolarisation frees the Mg*+ channel block allowing the passage of
Cat++ through the receptor mediated channel, voltage-gated calcium channels and results in
the mobilisation of intracellular Cat+ stores. Although, originally believed to be
impermeable to Cat*, a large body of evidence has accumulated showing that certain
configurations of non-NMDA receptor subunits form ionophores permeable to Ca*+
(Hollman, et. al. 1991; Murphy and Miller, 1989; Murphy, et. al. 1992; Ogura, et. al. 1990;
Ozawa, et. al. 1991). Activation of non-NMDA receptors therefore may also contribute to
calcium influx in pathological circumstances. Although the exact mechanisms involved in
glutamate excitotoxicity are not fully understood, most evidence to date suggests that the
influx of Cat+* is probably largely responsible (Siesjo, et. al. 1991; Miller, et. al. 1992).

Calcium plays an important role in many normal cell functions including the control of
membrane permeability, modulation of neurite extension and synapse formation, triggering
neurotransmitter release and the regulation of gene expression such as the induction of
immediate early genes. In addition Ca** modulates the activities of various enzymes
including calcium-dependant phosphatases, kinases and proteases and therefore plays a role
in the maintenance of neuronal structure, since cytoskeletal proteins are substrates for these
enzymes (for review see Siesjo, 1988). Intracellular and extracellular Ca*+ concentrations
of neurons are around 10-7 and 10-3M respectively (Choi, 1988) the intracellular
concentration being strictly controlled by an ATP-dependent Cat+/Na* exchange (Mayer
and Miller, 1990) for normal cellular function. Under pathological conditions such as
ischaemia or head injury however, where excessive glutamate receptor stimulation is
thought to occur, the resultant influx of Ca** results in the loss of calcium homeostasis.
Calcium "overload" in the cell results in abnormal activation of proteases, such as calpain,
resulting in the breakdown of cytoskeletal proteins, activated nucleases result in DNA
fragmentation, while activated lipases result in membrane damage and the production of free
radicals. Together these events ultimately result in cell death (Siesjo, 1988; Siesjo and
Bengtsson, 1989).



In addition to the increase in glutamate release, the most compelling evidence for a role of
glutamate receptor activation in the pathogenesis of cerebral ischaemia is the large number of
studies carried out, in various species, which show significant reduction in infarct size
following treatment with glutamate receptor antagonists (for review see McCulloch, et. al.
1991). It is now widely accepted that glutamate antagonists reduce the volume of infarcted
tissue following cerebral ischaemia independent of the species or model of ischaemia
involved. The non-competative NMDA antagonist dizocilpine (MK801) and the 2,3-
dihydroxy-6-nitro-7-sufomyl-benzo(F)quinoxaline (NBQX) have shown the largest and '
most reproducible reduction in infarct volume (Gill, et. al. 1992; Park, et. al. 1988). In the
rat, pretreatment with MK801 reduced the volume of ischaemic brain damage by more than
50%, a similar reduction was also seen when administered up to 2 h following the onset of
ischaemia (Gill, et. al. 1992; Park, et. al. 1988). Pre-treatment with MK801 (0.5mg/kg) 30
min prior to MCAO in the rat significantly reduced the volume of infarcted tissue (Park, et.
al. 1988). Similarly pre- or post- treatment of rats with NBQX reduced the volume of
infarcted tissue following MCAO in the rat (Gill, et. al. 1992) however this reduction was
not a great as that of MK801. NBQX is selective antagonist at the AMPA and kainate
prefering receptors with little or no affinity for the NMDA receptor complex (Sheardown,
et. al. 1990).

Free radical mediated toxicity

Free radicals are atoms that have an orbital with an unpaired electron and are formed under
normal conditions during reduction and oxidation reactions. Some free radicals are highly
reactive and are able to extract an electron from neighbouring molecules in order to fill the
vacancy in their orbital. Reactions such as these can damage a variety of critical biological
molecules including DNA, proteins and lipids (Halliwell & Gutteridge, 1985). Superoxide
radicals (O,’), hydrogen peroxide (H,O5) and the hydroxyl radical (OH’) are produced
through the reduction of molecular oxygen to water by oxidative phosphorylation. Free
oxygen can accept ions from transition metals such as iron that can exist in many different
valence states and therefore donate, or accept, electrons in redox reactions resulting in
radical formation. Neither the superoxide radical or hydrogen peroxide is very reactive, and
it is the hydroxyl radical, formed from hydrogen peroxide in a reaction catalysed by a
transition metal such as iron, which is thought to be the mediator of radical toxicity. The
hydroxyl radical has the ability to combine with most biological molecules, and therefore
results in widespread oxidative damage (for review see Olanow, 1992).

Under normal conditions, a series of naturally occurring antioxidant defense mechanisms,
prevent or limit free radical production and tissue damage (Rose and Bode, 1993). In
pathological conditions such as ischaemia and trauma, an imbalance of the equilibrium of



production and protection, favouring free radical production is defined as a state of free
radical stress. Cellular injury appears to increase the availability of metal ions, therefore
once cellular injury has begun, damaging radical reactions tend to be amplified, especially
during reperfusion when oxygen is exposed to an excess of metal ions (Choi, 1988; Hall
and Braughler, 1989; Siesjo, et. al., 1989). For several biochexﬁical, physiological and
anatomical reasons the nervous system may be particularly susceptible to free radical injury
compared to other organs of the body. These include a high rate of metabolic activity, high
concentrations of readily oxidisable substrate, in particular membrane lipid polyunsaturated
fatty acids, and low levels of intrinsic free radical scavengers such as catalase and
glutathione peroxidase. Membrane disruption and destabilisation of calcium homeostasis
have been proposed as major mechanisms by which free radicals induce neuronal damage
(Boobis, et. al. 1989; Braughler, et. al. 1985; Orrenius et. al. 1989; Siesjo, et. al. 1981).
However, the mechanisms of free radical release, the mode of action of radicals, including
the molecular targets and the sequence of events that lead to cell degeneration remain largely
undefined.

Although the concept of free radical mediated brain damage is widely accepted, it has proved
difficult to obtain definitive evidence of free radical-mediated damage following ischaemia.
Watson et. al. (1984) provided some evidence of diene conjugation in unsaturated fatty
acids, which is generally accepted as the first structural manifistation of free radical damage,
however, other studies failed to show significant levels of lipid peroxidation. Negative
results obtained could be explained by the fact that lipid peroxidation is neither a prominent
nor early sign of free radical damage (Halliwell, 1987). Superoxide ions and OH' have
been shown to be generated in trauma and ischaemia (Hall, et. al. 1993; Kontos, 1989; Sen
and Phillis, 1993; Zini, et. al. 1992). An important role for free radicals in ischaemic brain
damage was suggested by Floyd, et. al. (1990) and by Oliver, et. al. (1990) who described
the presence of oxidated proteins in gerbils subjected to transient ischaemia, however no
oxidated proteins were detected in the dog (Folbergrovi, et. al. 1993). Pretreatment with
free radical scavangers such as dimethylthiourea and allopurinol and the enzymes
superoxide dismutase or catalase have been shown to moderately reduce the extent of
ischaemic brain damage (Liu, et. al. 1989; Martz, et. al. 1989). However the most
compelling evidence implicating a role for free radical release in the genesis of ischaemic
brain injury comes from studies showing significant reductions in brain damage following
both transient (Folbergrov4, et. al. 1995; Phalmark and Siesjo, 1996; Phillis and Clough-
Helfman, 1990) and permanent focal (Cao and Phillis, 1994) cerebral ischaemia by the spin
trap agent a-phenyl-tert-butyl-nitrone (PBN).



PBN is one of the most widely used compounds for the detection of reactive free radicals in
vitro. Spin trap agents are nitrone or nitroso compounds with which all forms of free
radicals can react producing long lived nitroxide compounds. PBN is rapidly absorbed
when injected intraperitoneally in rats, with the plasma level peaking within 15 min. Brain
levels of PBN peak around 30 min after administration and decrease steadily over the next 8
h (Chen, et. al. 1990). The brain concentration of PBN is much higher than that in the
blood due to the lipophilicity of the compound (Cheng, et. al. 1993). PBN has been shown
to facilitate post-ischaemic reperfusion (Schultz, et. al. 1995) and improve energy status
following transient ischaemia in the rat (Folbergrovi, et. al. 1995) both of which could be
involved in the mechanisms of tissue salvage following ischaemic injury.

Interaction of glutamate toxicity and free radical damage

Both glutamate excitotoxicity and free radical release have been implicated in the
pathogenesis of cerebral ischaemia as described above and have until recently been
independently investigated. However, observations suggest that the mechanisms of free
radical damage and glutamate excitotoxicity may be at least partially interdependent.
Glutamate toxicity has been shown to be markedly reduced in vitro (Bondy and Lee, 1993;
Dykens et. al. 1987; Murphy, et. al. 1990; Miyamoto, et. al. 1989; Nakao, et. al. 1996) by
various antioxidant agents and in vivo using PBN (Nakao, et. al. 1996; Schulz, et. al.
1995) suggesting that oxygen-free radicals contribute to glutamate toxicity. Both the
glutamate antagonist MK801 and the antioxidant dimethylthiourea have been shown to
reduce ischaemic brain oedema in rats indicating that both excitatory and free radical
mediated mechanisms are involved in this process. Combination therapy with these two
agents failed to show any significant additive effect in oedema reduction (Oh and Betz,
1991) further suggesting that glutamate toxicity and oxidative stress may be acting through
similar mechanistic pathways.

Increased extracellular glutamate has been shown to inhibit the uptake of cystine from the
surrounding medium into neurons through the action of the cystine/glutamate transporter
(Bannai, 1986). Cystine is metabolized to cysteine within the cell which is a precursor for
glutathione synthesis, reduced cystine uptake therefore results in glutathione depletion
within these cells. Glutathione is an intrinsic free radical scavanger (for review see Bast,
1991) therefore its depletion renders the cell vulnerable to oxidative stress (Murphy, et. al.
1990; Miyamoto, et. al. 1989). Similar mechanism have been postulated to mediate
glutamate excitotoxicity in oligodendrocyte cell cultures (Oka, et. al. 1993; Yonezawa, et.
al. 1996) (see below). Free radicals have been shown to inhibit the uptake of glutamate into
astrocytes (Volterra, et. al. 1994a; 1994b). Astrocytes are responsible for the uptake of
glutamate and other substances that are toxic to the neuron (Hertz, et. al. 1992; Schousboe,
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et. al. 1988), therefore inhibition of glutamate uptake will have profound effects on the
extracellular glutamate levels in pathological conditions. In addition, free radical generating
systems such as xanthine/xanthine oxidase, have been shown to cause increased release of
glutamate from rat hippocampal slices in vitro (Pellegrini-Giampietero, et. al. 1990).
Together these results give evidence for the existence of a "vicious circle" between glutamate
toxicity and oxidative stress in the pathological conditions such as cerebral ischaemia.

1.2.4 Animal models of acute brain injury

As described above stroke and head injury are multi-factorial insults, it is impossible
therefore to encompass all the events in a single animal model. However many models have
been devised in an attempt to explore individual events. These models include fluid
percussion, cortical impact, optic nerve stretch, subdural haematoma, glutamate toxicity and
global and focal ischaemia. For the purpose of this thesis however I will focus on a model
of permanent focal cerebral ischaemia and a model of glutamate toxicity, as these models
were used in the studies reported here.

Permanent focal cerebral ischaemia

Models of focal cerebral ischaemia in the rat have gained increasing recognition due to their
relation to events occurring in human stroke. In humans the most common cause of stroke
is temporary or permanent occlusion of a major artery, usually the middle cerebral artery
(MCA) (Brierly and Graham, 1984). Permanent and transient occlusion of the MCA in the
rat can be carried out by a variety of methods (for review see Ginsberg and Busto, 1989).
The subtemporal approach of Tamura, et. al. (1981) and electrocoaggulation of the MCA
described briefly in section 2.6.2, has become the gold standard method of permanent
proximal occlusion of the MCA. In the rat this results in reduced blood flow within the
territory supplied by the MCA including most of the caudate nucleus, the lateral segment of
the globus pallidus, much of the cerebral cortex, the internal capsule and adjacent subcortical
white matter. Permanent occlusion results in cerebral infarction within this area. At the
periphery of this region there is an area where blood flow is reduced, but is not below
critical levels termed the "penumbra” (Nedergaard, 1988; Tamura, et. al. 1981; Siesjo,
1992). The boundary between viable and non-viable tissue in this model is well defined
making volumetric analysis possible. This model is therefore favoured for the volumetric
quantification of neuroprotection given by drugs and has been used in such investigations in
the rat and other animal species (for review see McCulloch, et. al.1991).

Histological assessment of brain tissue can not accurately be performed less than four hours

following MCA occlusion (MCAO), however immunological staining using an antibody
directed towards MAP2 can be used to delineate ischaemic damage at shorter survival
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periods (Dawson and Hallenbeck, 1996). Following 4 hr MCAO conventional H&E
staining of tissue reveals swollen or lysed cells in the core of the MCA territory, they appear
light due to their inability to stain with haematoxylin. In surrounding areas where blood
flow is reduced shrunken and pyknotic neurons are apparent. Twenty-four hr following
MCAO all of this territory may become infarcted (Graham, et. al. 1993). Most of the
swollen cells disappear 24-48 hr after MCAO, small eosinophilic cells are found in the
penumbra, and the lesion area is clearly delineated from normal tissue.

Glutamate toxicity in vivo

Glutamate toxicity is involved in neuronal death following cerebral ischaemia (see section
1.2.3), and many in vitro models of excitotoxicity have been employed to decipher the
pathological progression of neuronal degeneration. However in vitro experiments lack the
cellular complexity of the intact adult CNS, therefore various animal models have been
devised to examine the effects of glutamate toxicity. These models allow the examination of
the progression of neuronal death and the effect of glutamate antagonists on neuronal
survival without the complications of reduced energy metabolism and blood flow present in
ischaemia (for review see Meldrum, 1990). In such studies, selective excitatory amino acid
receptor agonists are used to produce excitotoxic lesions, which avoids significant uptake by
intrinsic mechanisms and interference with CNS metabolism. However in this thesis the
use of monosodium glutamate was chosen for the induction of a cytotoxic lesion in the rat
cortex to examine the effects of glutamate toxicity on cytoskeletal proteins. This model of
glutamate toxicity has been described previously (Fujisawa, et. al. 1993a; 1993b; 1996;
Landolt, et. al. 1993) and involves reterograde dialysis of glutamate into the cortex resulting
in histological alterations consistent with excitotoxic neuronal damage (see section 3.1).
The perfusion of 1M monosodium glutamate results in a sizeable le