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ABSTRACT

Marklund, N. 2001. The role of reactive oxygen speciesin traumatic brain injury.
Experimenta studiesin therat. Acta Universitatis Upsaliensis. Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1048 73 pp. ISBN 91-554-5053-9

Traumatic brain injury (TBI) isamajor cause of mortality and disability. As common
sequelae in survivors of TBI are disabling functional, emotional and cognitive disturbances,
improved treatment of TBI patientsis urgently needed. At present, no neuroprotective
pharmacol ogical treatment exists. The formation of oxygen-centered free radicals, reactive
oxygen species (ROS), is considered an important event in the pathophysiology of TBI. In the
present thesis, the fluid percussion (FPI) and controlled cortical contusion injury models of
TBI in rats were used. Two nitrone radical scavengers, a-Phenyl-N- tert -butyl nitrone (PBN)
and the sulfonated analogue of PBN, 2-sulfophenyl-N-tert-butyl nitrone (S-PBN), were used
astoolsto study the role of ROSin TBI.

Pre-treatment with PBN (30 mg/kg) improved morphological and cognitive outcome after
severe controlled cortical contusion injury. Treatment with equimolar doses of PBN and S
PBN administered 30 min after FPI followed by a 24 h intravenous infusion improved
morphological outcome. Only S-PBN improved cognitive outcome as assessed in the Morris
Water Maze. Surprisingly, pre-treatment with PBN increased the number of apoptotic neurons
at 24 hours after injury despite areduced lesion volume. FPI resulted in an early increasein
glucose uptake and areduction in regional cerebral blood flow (rCBF) assessed by fluoro-2-
deoxyglucose (FDG) and hexamethyl propylene amine oxime (HMPAO) autoradiography. At
12 h, amarked reduction in glucose uptake and rCBF ensued. These TBI-induced changes
were attenuated by PBN and S-PBN pre-treatment.

A method for ROS detection using 4-hydroxybenzoate in conjunction with microdialysis was
evaluated. The results showed a marked increase in ROS formation as assessed by an increase
in the single adduct 3,4-DHBA, lasting 90 min after injury. In a separate study, PBN and S
PBN equally reduced 3,4-DHBA formation despite no detectable brain concentrations of S-
PBN at 30 or 60 min post-injury.

In conclusion, ROS play an important role in the injury process after TBI. We report a
method for ROS detection with potential clinical utility. Nitrones increased ROS elimination
and improved functional and morphological outcome. Nitrone treatment may have aclinical
potential as a neuroprotective concept in TBI.

Key words: Apoptosis, CBF, controlled cortical contusion injury, 3,4-dihydroxybenzoate,
fluid percussion injury, glucose, 4-hydroxybenzoate, microdialysis, Morris Water Maze,
neuroprotection, nitrones, PBN, rat, reactive oxygen species (ROS), salicylate, S-PBN, TBI.
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[If thou examinest a man having a gaping wound in] his [head], penetrating to the bone, (and)
perforating his skull; thou shouldst pal pate his wound; [shouldst thou find him unable to look at his
two shoulders] and his breast, (and) suffering with stiffnessin his neck...

Diagnosis, Thou shouldst say [regarding] him: “ One having [a gaping wound in his head, penetrating
to the bone, (and) per]forating his skull, while he suffers with stiffnessin his neck. An ailment which |
will treat.”

Treatment: Now [after thou has stitched it, thou shouldst lay] fresh [meat] upon his wound the first
day. Thou shouldst not bind it. Moor (him) [at his mooring stakes until the period of hisinjury passes
by]. Thou shouldst [tre]at it afterwards with grease, honey and lint every day, until he recovers....
From The Edwin Smith Surgical Papyrus, dating from the seventeenth century BC**%. Also

See WWW.heur osur gery.or g/cyber museuny

BACKGROUND

Traumatic brain injury (TBI) is a devastating disease. TBI most commonly results
from motor vehicle accidents, assaults and falls and is often associated with damage to
other organ systems. TBI isthethird leading cause of death in the Western Wold and
affects twice as many men as women. Because the incidence for TBI peaks in youth,
the TBI-related loss of working year precedes cancer and cardiovascular disease™’. In
Scandinavia, approximately 200/100,000 inhabitants are hospitalized for TBI
annually?®. It has been estimated that 75-90 % of all head injuries are of mild or

moderate severity'®®

, With surgical intervention performed in up to 4% of patients. The
outcome after brain injury is related to the severity of the injury; early prognostic
factorsinclude early Glasgow Coma Scale (GCS) score, pupillary reactivity and

ag

1960’s through the pioneering work of Lundberg in Sweden, who introduced the

e’ The modern era of TBI management and neurointensive care was started in the

measurement of intracranial pressure (ICP) through a catheter in the lateral ventricles
of the brain?’®. Subsequently, it was found that increased | CP correlated with poor

outcome!®?%°

. ICP monitoring is now routinely performed in many neurocritical care
centers worldwide. In Glasgow, observations were made that many of the patients
ultimately dying from TBI had been able to talk on admission to the emergency room
(“talk and die” cases™¥?). It was concluded that the primary damage in these patients
was mild and that the subsequent deterioration was due to secondary injury factors that

theoretically would have been possible to prevent, i.e. “avoidable factors’, such as



hypoxemia, hypotension, seizures, increased | CP and hyperthermia®™?#®, Since then,
there has been rapid improvements in the management of severely injured TBI patients

that has resulted in an improved outcome®?

. Theimproved outcome has mainly
emerged from better monitoring and surveillance through the introduction of
specialized neurointensive care units (N1CU) and aggressive treatment of potentially
avoidable secondary injury factors. The knowledge of the pathobiology of human TBI
is rapidly expanding through the introduction of new monitoring modalities, including
intracerebral microdialysis, continuous EEG monitoring, jugular bulb oxygenation,

and brain tissue oxygen monitoring*4*742>9327:328:329,

Common sequelae for survivors of TBI, are impairment of information processing,
perceptua function and memory®*®. Additionally, irritability, immature social
behavior, diminished motivation, depression and personality changes commonly
persist®®1831%  Approximately 15 % of patients with mild TBI have disabling

symptoms one year after the injury®*

. These results emphasize the importance of
evaluating functional and cognitive outcome in addition to morphological outcomein
experimental and clinical TBI research. Consequently, further improvements in the
management of TBI victims are urgently needed. Until recently, a number of clinical
trials with neuroprotective compounds with promising pre-clinical documentation have
all failed to demonstrate convincing efficacy in a broad population of head-injured
patients™. Currently, no pharmacological treatment for TBI with proven efficacy
exists. Vast experimental evidence suggests that a pharmaceutical compound may be
given within aclinicaly relevant time-window®* and hence the search for
neuroprotective compounds with clinical application continues.

The aim of the present thesisisto evaluate the role of reactive oxygen species (ROS)
in experimental TBI. The nitrones a-phenyl-N-tert butyl nitrone (PBN) and the
sulfonated analogue of PBN, 2-sulfo-phenyl-N-tert-butyl nitrone (S-PBN) are well-
known spin trapping agents and are used as tools to study ROS involvement in the
Injury process and outcome of TBI. Additionally, a method for in vivo ROS detection
Is evaluated.



PATHOPHYSIOLOGY OF TBI

Biomechanics and classification

Braininjury (e.g., dysfunction and structural failure of brain tissue) is caused by the
relative motions and displacement generated within the brain resulting from external
forces (either contact or acceleration/deceleration) acting on the brain'®**#*, There
are two types of motion that are important in the pathophysiology of TBI: translational
(i.e. where the head accelerates along a straight path) and rotational (i.e. rotation of the
head, causing large motions of intracranial content and tissue strains). The maority of
human TBI are closed head injuries'?® and typically classified into two categories. (a)
focal brain damage, including epi- and subdural hematomas, contusions and
intracerebral hematomas or (b) diffuse brain damage, including axonal injury (DAI1)?*’,
DAI often results from rotation of the head and occurs in approximately 30 % of
TBI#™, DAI is commonly associated with severe neurological deficits and poor
outcomes (e.g., a persistent vegetative state). It was originally considered irreversible
at the time of injury; this view, however, has been challenged by experimental reports
showing axonal recovery after injury® . Neural injury has been well documented in
thefirst few hours after human TBI in regions such as the cerebral cortex,

a®®. Cortical contusions are most

hippocampus, thalamus and substantia nigr
commonly located in the frontal and temporal regions and may be classified as coup
(originating at the site of impact) or contrecoup (contralateral to the site of injury).
Some persisting common neuropsychiatric symptoms may be explained by focal injury
to certain brain regions. For instance, orbitofrontal contusions are associated with
posttraumatic irritability and disinhibited behavior®™ and anterior left hemispheric

2" Although most research has

lesions are associated with depression post-injury
focused on neuronal injury, axonal, glial and vascular injury occurs
simultaneously**>?®*, The impact to the brain, be it either contact or

accel eration/decel eration forces, setsin motion a highly complex cascade of secondary
neurochemical events exacerbating the injury. Some major events related to the

pathobiology of TBI are outlined in the next section.
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I mportant physiological and neurochemical events

Considerable experimental evidence suggests that the morphological and functional
outcome only in part reflect the primary, mechanical insult and the secondary
neurodegeneration observed after TBI is continuing up to severa years after
injury®>**. Theinitial impact causes a depolarization and disturbance of membrane
ion homeostasis with potassium efflux and calcium (Ca") influx'®*?®  |ncreasesin
intracel lular Ca® occur after TBI, persisting up to 4 days after the injury®” %%, The
Ca” influx is believed akey event in TBI, causing mitochondrial damage, an increase
in free radical production, changes in gene expression and activation of numerous
enzyme systems with cell-destructive properties such as calpain, caspases and
phospholipases™®.

The excessive release of excitatory amino acids (EAA), particularly glutamate, from
intracel lular pre-synaptic vesiclesinto the extracellular space®™?, is an important cause
for neuronal loss after ischemia and traumain the CNS. Under normal circumstances,
the levels of glutamate are tightly regulated by energy dependent uptake by
astrocytes™. Excessive release of EAA causes excitotoxicity from overstimulation of
glutamate receptors such as the N-methyl-D-aspartate (NMDA)-receptors. Activation
of glutamate receptors causes Ca” and sodium influx with a concomitant passive

352

influx of water and chloride ions resulting in cell swelling™<. Excessive interstitial

levels of glutamate are commonly observed in experimental and human TBI3424/:%,
Impairment of mitochondria, the powerhouse of the cells, appears to be an important
event after TBI. Mitochondria may be a primary target for excitotoxicity® and an
increase in intracellular Ca?* causes mitochondrial disturbance with inhibition of
oxidative phosphorylation”™#"**_ |mpairment in mitochondrial electron transfer and
energy transduction was shown to last from 1 h to aminimum of 14 days after TBI in
rats>*. The impairment of mitochondrial function results in a decreased capacity for
ATP production, occurring at atime after injury with increased energy demand for
restoring ion disturbances and cell repair.

The blood-brain barrier (BBB) provides numerous important functions for the brain,
including protection of the brain from toxic substances derived from the blood.

Astrocytes induce BBB propertiesin brain endothelial cellsincluding the formation of

11



tight junctions'’®. TBI imposes a biphasic disturbance of the BBB allowing passage of
substances normally confined to the blood stream™* with important implications for
the penetration of drugs used in the management of TBI patients.

Inflammation with the production of cytokines (e.g., TNF-a, IL-1, IL-1p3 and IL-6),
infiltration of neutrophilsinto brain tissue and upregulation of adhesion moleculesis
increasingly recognized as an important secondary event in TBI?*>. The precise role of
inflammation in TBI is not evident, although it has several adverse effects on
traumatized tissue such as reduction of blood flow through obstruction of microvessels
and production of reactive oxygen species (vide infra). Infiltration and accumulation of
polymorphonuclear neutrophils (PMN) into brain parenchyma post-TBI start at 4-6 h
after injury, peaks at 1-2 days post-injury*”’, and is associated with brain
swelling™%?®, |nhibition of PMN accumulation improved neurobehavioral recovery
after TBI'®. Release of cytokines after injury has been linked to activation of
astrocytes®™?%2 ultimately producing scar tissue, astrogliosis, that may inhibit the
repair process'. In addition, leukocyte infiltration and cytokine production is found in
human TBI>**,

Numerous other secondary injury factors have been implicated in the cascade
aggravating theinitial damage after TBI. Some of these secondary injury factors
include neurotrophins, phosholipid degradation, ion disturbances and changesin
acetylcholine release and metabolism (for areview see Mclntosh™). An exciting
aspect of experimental TBI in recent years is the discovery of neural stem cells™; their
importance in the pathophysiology of and the treatment for TBI will likely increase
during the next decade of TBI research.

CEREBRAL BLOOD FLOW AND GLUCOSE METABOLISM

Both hemodynamic and metabolic factors have been implicated in the complex
pathobiology of TBI'®. Within wide variations in cerebral perfusion pressure, cerebral
autoregulation ensures a steady blood supply to the brain by adjusting cerebrovascular
resistance”®. Numerous chemical and physical factors have been shown to contribute

to regulation of vascular tone. Regional cerebral blood flow (rCBF) is mainly
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regulated by changes in the resistance of cerebral arteries, the larger cerebral arteries
comprising approximately 45-50% of the total resistance (for areview see Golding™).
The brain receives about 15% of the cardiac output. When CBF is reduced below 30%
of normal values, action potentials can no longer be generated and brain electrical
activity ceases™. Cerebral ischemia may be defined as the level of blood flow at which
the brain has reached maximum oxygen extraction capacity and at which the cerebral
metabolic rate of oxygen (CMRO,) becomes directly dependent on CBF?"°.
Classically, cerebral ischemia has been defined as a blood flow of lessthan 18
ml/100g/min®. Ischemic brain damage is one of the most important mechanisms
underlying secondary brain damage in TBI%*®, occurring at an early stage in at least
30% of severely head injured patients”?®. In patients dying from severe TBI*'®, 90%
had ischemic lesions at autopsy, most commonly seen in the hippocampus and basal
ganglia™®®. The reasons for the decreased CBF after TBI are not clear, although
cerebral vasospasm has been observed angiographically or with transcranial Doppler
after severe human TBI??%%", After experimental TBI, cerebrovascular disturbance
may be caused by microvascular obstruction from platelet and WBC accumulation”**
and is commonly manifested as an increase in BBB permeability and cerebral

edema’"®*!*, resulting in impairments of autoregulation and vascular reactivity**.

In the normal in vivo state, glucose is virtually the only substrate for energy
metabolism in the brain; an uninterrupted delivery of glucose and oxygen iscrucial for
normal brain function. Hyperglycolysis, defined as an increase in glucose utilization
relative to oxygen metabolism, is a common finding across animal models early after
TBI using the deoxyglucose method”*>>®. The increase in glucose metabolism post-
injury may be aresponse to restore ion disturbances or the repair of cell damage
through activation of highly energy-consuming repair enzymes'>**. To meet the need
for additional ATP, an increase in glycolysisis necessary as oxidative capacity
normally runs at peak capacity’’>?*'. The combination of increased glycolysis and
impaired mitochondrial function may in part explain the observed elevation of

extracellular lactate commonly seen after human and experimental TB| /0189247260
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Increased levels of extracellular glutamate may induce hyperglycolysis as
administration of glutamate receptor antagonists was shown to attenuate the increased

162169 and extracel lular infusion of

glucose metabolism after fluid percussion injury
glutamate induced hyperglycolysis®. Furthermore, an increased activity of glucose
transporter protein 1 was demonstrated near contusionsin severely brain injured
patients™’. Finally, WBCs may contribute to the increase in hyperglycolysis through
the release of interleukin 1-B and TNF-a that may induce an increase in astrocytic
glucose metabolism®*.

In severe human TBI?, global hyperglycolysis or hyperglycolysis adjacent to focal
brain lesions has been observed with alonger duration (up to 5-7 days) than in the
experimental setting”?*>*. Similarly, the increase in extracellular glutamate persists
for several days in the human brain®®*48"2% bt js short-lived in rodent models of
TBI*¥. At alater stage after injury, glucose uptake was reduced up to 30 days after
human brain injury?, and decreased metabolic rates of glucose in medial temporal,
posterior temporal and posterior frontal cortices at 3-12 months after injury were

shown to correlate with deficits in attention and memory™®

. Similarly, the early
increase in glucose uptake is followed by a prolonged period with decreased glucose

uptake in rodent models of TBI, starting at 1-4 h post-injury®’.

MODESOF CELL DEATH

An undesired endpoint in many disorders of the nervous system, including TBI, isthe
death of neural and non-neuronal cells (glia, endothelial cells, etc.). The two major
types of cell death, necrosis and apoptosis, are often defined by morphological
criteria ***. Apoptosis has been considered the morphological manifestation of

295 and is the end result of a

programmed cell death that occurs during devel opment
strictly regulated genetic program that requires ATP and protein synthesisfor its
execution®®***, |n apoptosis, there is a series of typical nuclear changes, including
chromatin condensation and margination with DNA fragmentation resulting in DNA
laddering that can be detected by TUNEL staining in nuclei’®***!, One important
discriminant between apoptosis and necrosis is the implication the death of an

individual cell or agroup of cells hasto its neighbors. In apoptosis, cell deathis
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induced with minimal release of genetic material and other pro-inflammatory

s*? whereas necrosis is considered a passive event with

intracellular constituent
cellular breakdown and spilling of intracellular glutamate and |yzosomal enzymes that
cause inflammation and damage to neighboring cells.

Apoptotic cells are rapidly and efficiently sequestered by phagocytes before lysing*®
and are found in scattered cells rather than in foci. Chromatin condensation, nuclear
fragmentation, decrease in cellular volume, membrane blebbing and nuclear
fragmentation are seen as morphological manifestations of apoptosis. In necrosis,
mitochondria appear swollen and cells display vacuolated cytoplasm and pycnotic

nuclei 274;314.

Biochemically, apoptosis may be divided into extrinsic and intrinsic arms. The
intrinsic arm originates in the mitochondria with the release of cytochrome c through
the mitochondrial permeability transition (MPT); the intracellular cytochrome ¢ then
causes the formation of the “apoptosome complex” (Apaf-1, dATP and caspase-9
zymogen)®, which in turn activates a family of cystein proteases known as
caspases>"33% Caspases play a crucial role in mediating apoptosis, probably by

h3?!, The extrinsic arm

cleaving multiple cellular proteins ultimately causing cell deat
including the formation of a caspase activating complex isinitiated by the binding of
“death factors’ such as Fasligand to cell surface receptors belonging to the TNF/nerve
growth factor receptor superfamily®**. One important effector (executioner, down-
stream) caspase is activated caspase-3’’ that was analyzed in the present thesis as an
indicator of ongoing biochemical apoptosis. Neuronal death in vivo is heterogeneous
and exhibits morphological characteristics that may represent a continuum between
necrosis and apoptosis™*?®, Traditionally, cell death after TBI was associated with
necrosis™, aview challenged when apoptosis was observed in TBI models™™. It is
now clear that after TBI, both apoptosis and necrosis are observed™ >, affecting

astrocytes and oligodendroglial cells aswell as neurons®®.
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REACTIVE OXYGEN SPECIES (ROS)

Love is like oxygen; you get too much - you get too high,
Not enough and you’re going to die

The Sweet (Level Headed, 1978)

Chemistry of ROS

Under normal conditions, atoms or molecules are surrounded by electron orbitals
containing two spin paired electrons per orbital. The definition of aradical is any atom
or group of atoms that has an unpaired electron in the outer orbital, that is capable of
independent existence. The unpaired electron makes the radical highly reactive; when
the radical's react with other compounds, they may either donate the unpaired electron
(i.e. reduction) or extract an electron (i.e. oxidation), in turn producing new radicals.
To obtain energetic stability, a companion electron is attracted at the expense of a
neighboring molecule. When two radicals react, both radicals are eliminated as
radicals, but when aradical reacts with a non-radical, another radical isformed.
Because most molecules present in living organisms are non-radicals, areaction with a
freeradical will most likely create anew radical.

Oxygen, now an abundant element in the biosphere, first began to appear 2-3 million
years ago™ and is the quintessence for biological life. However, oxygen excess is
toxic; in 1954, oxygen toxicity was proposed to be due to oxygen radicals'®. The
oxygen moleculeisin itself aweak biradical in that it has two electrons with
antiparallel spins, each occupying one orbital™*****. Upon subsequent addition of
electrons to oxygen the superoxide anion (O,"") hydroperoxyl radical (HO,"),
hydrogen peroxide (H,O,) and the hydroxyl radical (OH") are formed according to the
equation below. Throughout this thesis, the term reactive oxygen species (ROS) is

used for oxygen-centered radicals.
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O,+€ —» 0, +6 —» 0, +¢6 —» O

i i i

HO," H,O, OH’
Modified from®.

During normal cell metabolism, superoxide anion radicals are generated during
mitochondrial electron transport reactions reaching 1-2% of the total oxygen
consumption®. In addition, superoxide may be produced by the metabolism of
arachidonic acid and activation of xanthine oxidase™**® and by activation of NADPH
oxidase in phagocytic cells. Superoxide does not cross intact cell membranes™ but
may penetrate to the extracellular space through anion channels'®. Superoxide does
not react significantly with DNA, proteins or phospholipids*® but rapidly reacts with
nitric oxide (NO) to cause the formation of peroxynitrite (ONOQO). Peroxynitriteis

82,292,315
S

increasingly recognized as a mediator of neurodegenerative disorder and may

damage and kill cells by inducing lipid peroxidation and protein tyrosine nitration®2,
Hydrogen peroxide easily penetrates lipid bilayers, acts like an oxidizing agent and is
arelatively stable molecule, although not per definition aradical. H,O, modul ates
kinases and phosphatase enzymes, but may not be toxic to living cells except in high
and unphysiological concentrations™3®. Its probable role in the pathophysiology of
CNS disordersisto act as a precursor of hydroxyl radicals.

Hydroxyl radicals(OH") are extremely reactive, can react with practically any
molecule present in cells and has a short half-lifein biological tissue®®. It is claimed to
cause most of the pathology induced by ROS. No known enzymes produce OH' by
three-electron transfer but OH" are formed when superoxide anion and hydroperoxide
meet in solution according to the (Haber and Weiss***) reaction:

02.- + Hzoz > OH. + OH + Oz

17



This reaction is extremely slow unless catalyzed by atransitional metal such as Fe** or
copper (Cu®") ions (Fenton reaction).

Fe+ H,0, —  » Fe"+OH +OH

Nitric oxide (NO), rather referred to as areactive nitrogen species (RNS), has
important physiological functionsin the brain, such as the maintenance of BBB and
regulation of resting CBF****'®, NO is synthesized from L-Arginine by at least three
isoforms of nitric oxide synthases (NOS); neuronal NOS (nNOS; type 1), inducible
NOS (iNOS; type I1) and endothelial NOS (eNOS; type I11). Evidence suggests that
eNOS activity is neuroprotective after acute brain injury, whereas iNOS and nNOS
activity may be detrimental**®. The expression of the isoforms of NOS are markedly
altered after TBI, where the most marked changes occurred in the expression of iINOS

in inflammatory cellsinvading brain tissue'®.

The brain is the tissue most vulnerable to oxidative damage because of its high rate of
oxidative metabolic activity, intense production of reactive oxygen metabolites,
relatively low antioxidant activity, low repair mechanism activity, nonreplicating
nature of neuronal cells and the high membrane surface to cytoplasm ratio (reviewed
by Shohami.*®). In addition, the human brain contains a large amount of poly-
unsaturated fatty acids, prone to lipid peroxidation reactions and, at least in some

regions, high levels of iron and copper®.

Examples of subcellular sites for ROS production are the el ectron transport chain in
mitochondria, endoplasmatic reticulum and phospholipid bilayers'****. ROS are
formed at the endothelial level through the activation of xanthine oxidase and
activation of plasma membrane NADPH oxidase in neutrophils*®®. Oxidative stress
may further cause morphological and functional alterations in the mitochondria
including damage to mitochondrial DNA?3%2, |n addition, ROS may cause changesin

1232 and alter protein structure™**. ROS are al'so proneto

genes and gene products’
react with fatty acids and aromatic rings in biological systems'®, causing membrane
phospholipid degradation'®'%, An attack by a hydroxy! radical to adouble bond in a

fatty acid molecule yields alipid hydroperoxide and a new carbon-centered radical.
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Once the process has started by OH" attack, iron-catalyzed chain reactions can be
propagated without the participation of OH", a chain reaction referred to as lipid
peroxidation. Lipid peroxidation may proceed and cause severe membrane disturbance
such as decreased fluidity, inactivation of membrane-bound receptors and enzymes
and increased permeability to ions™ until the chain reaction is broken by e.g., vitamin
E.

\/ 350S0asM? Mitochondrial
Hypoxantine Spasm: disturbance
i T | Phospholipid
Xanthine  Xanthine oxidase (XO) \ l / degradation
I
I
l ROS Y Increased
- ) glutamate
Uric acid production
Intracellular /
Ca2+ *

/ \ Neutrophil
Autooxidation of activation

cathecolamines,

hemoglobin, flavins
etc.

Damage to DNA, proteins, lipids, and mitochondria

Fig. 1. A summary of mechanisms for ROS formation and the resulting damage to
cellular components.

ROS defense systems

Oxidative stress is a situation when the production of ROS or any radical increases
beyond the scavenging capabilities of the endogenous antioxidative protective
systems. ROS damage may also be caused by inactivation of detoxification systems,

consumption of antioxidants and failure to adequately replenish antioxidant in
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damaged tissue™. Endothelial cells, neurons and glial cellsall have intrinsic defense
mechanisms against radicals. Three isoforms of superoxide dismutase (SOD) exists:
mitochondrial Mn-SOD, cytosolic Cu/Zn-SOD and extracellular Cu/Zn-SOD?*® with
manganese or copper and zinc ions at the active site. Through activation of SODs, O,
Is converted to H,O,. The H,0, (and other lipid peroxides) thus formed is neutralized
by glutathione peroxidase and catalase™. Catalase catal yzes the composition of
hydrogen peroxide to water and oxygen and resides mainly in the peroxisomes though

its activity in brain is low?”

. Glutathione (GSH) peroxidase residesin the
mitochondrial matrix and the cytosol; it is mainly concentrated in astrocytes™ and
catalyzes the reaction

2GSH +H,0, —» GSSG + 2 H,0.

The enzyme glutathi one reductase replenishes the oxidized form of glutathione
(GSSG) back to GSH according to the reaction:

GSSG + NADPH,H" — ® 2GSH + NADP'

Low molecular weight antioxidants (LMWA) such as a-tocopherol (vitamin E),
ascorbate (vitamin C), uric acid, melatonin and histidine-related compounds are
important antioxidants?®?*. As an example, uric acid possesses about 60% of the total
antioxidant capacity in plasma and has been estimated to scavenge 10-15 % of all
hydroxy! radicals produced daily>?. In addition, hemoglobin, albumin, transferrin and
ceruloplasmin bind iron and copper preventing radical formation through the Fenton
reaction™. Vitamin E is derived from the diet and does not readily pass the BBB but
integrates well within the membrane phospholipid bilayer. Vitamin E is one of the
most important radical-scavenging antioxidant within membranes™ and effectively
inhibits lipid peroxidation. When acting as a chain-breaker, vitamin E is converted to a
radical that is regenerated to vitamin E by vitamin C. Ascorbate, vitamin C, together
with glutathione, is the main antioxidant in the aqueous phase and also actsas a
reducing agent™*%?, Astrocytes are important in protecting neurons from ROS-

induced damage in that they e.g., synthesize glutathione and recycles vitamin C**".
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Reactive oxygen species and TBI

ROS are thought to contribute to the secondary injury cascade after TBI. After TBI,
there are severa potentia sites for ROS production, including mitochondrial leakage,
increased free iron resulting from breakdown of extravasated hemoglobin, oxidation of
catecholamines, breakdown of membrane phospholipids and infiltrating
neutrophils‘***??, The importance of mitochondrial ROS production in acute brain
injury has recently received increasing attention®. Thus, in vivo conditions prevailing
post ischemia or trauma favor a partial inhibition of the electron transport chain,
producing a burst of ROS (i.e. O,") in complex 1. ROS overproduction may contribute
to post-traumatic mitochondrial dysfunction**°, implying that the mitochondria may be
both an important source of ROS and a target for ROS-mediated damage. ROS may
cause translocation of cytochrome (cyt) ¢ from the mitochondria®™ and when the cyt ¢

islost, more ROS are produced in the mitochondria®®.

246;248

Moreover, increases in intracellular calcium may induce ROS formation by

activation of phospholipases, xanthine oxidase and nitric oxide synthase®%?%°,
Increases in glutamate may generate ROS™" and glutamate-induced C&* toxicity was
reduced if free radical generation was inhibited”#%°. ROS may, in turn, cause further

309
€

release of glutamate™® and may adversely affect glutamate uptake®. These findings

imply alink between glutamate- and ROS mediated damage after TBI.

Production of ROS has been reported to peak early after TBI%*'%%% Several ROS
scavenging drugs or lipid peroxidation inhibitors have been evaluated in the treatment

at’26228  contusion volume®°, blood

of experimental brain injury using e.g., edem
flow®®?*L motor deficits®>**°, survival®®?®, behavioral disturbances™ 39171297 o
neurological status™¥?* as endpoints. These studies have included evaluation of lipid
peroxidation inhibitors such as vitamin E and tirilazad, iron chelating agents such as
desferoxamine (Desferal [1), modified superoxide dismutase for improved BBB
penetration'®®, aswell as several other drugs with antioxidative and radical scavenging
properties?™.

So far, two compounds aimed at reducing radical damage after TBI have reached the
clinical trial stage. PEG (polyethylene glycol-conjugated )-SOD reduced dead and
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vegetative outcomein aphase 1 trial®?. In the multicenter, phase I11 trial with 463
patients enrolled, no overall benefit was seen though there was a 9% reduction in
mortality in PEG-SOD treated patients®®. The lipid peroxidation inhibitor tirilazad
mesylate was found neuroprotective in numerous studies of experimental brain injury
and was evaluated in a European and a North American trial, in total including 1120
patients. No significant benefit of tirilazad treatment was observed using recovery or
death as endpoints®™®. Because of lack of clinically available detection methods for

ROS, the preciserole for ROS in the clinical situation is unclear.

Detection of ROS

On account of the high reactivity and short half-life of ROS, indirect methods have
been developed for their in vivo detection®. Some techniques detect signs of radical
damage or stable compounds (adducts) formed when a parent compound reacts with
radicals. These methods include morphological markers, protein and DNA oxidation
products, determination of the activity of certain enzymes and measures to estimate
ROS and NO production. A few studies have evaluated ROS formation after TBI'®,
Importantly, no in vivo method exists for routine usein clinical TBI. A survey of some
methods used for ROS detection is summarized in Table 1. Although frequently
encountering technical problems when applied to biological systems, electron spin
resonance (ESR) and aromatic hydroxylation are probably the most specific methods
for ROS detection™’. Several aromatic compounds have been used to trap hydroxyl
radicals in brain including salicylate (2-HBA), 4-hydroxybenzoic acid (4-HBA) and
phenylalanine® "3, The salicylate (2-HBA) trapping technique is the most widely used
for ROS detection in vivo and has previously been employed in experimental TBI
together with microdialysis or after systemic administration® "% Two adducts,
2,3- and 2,5-dihydroxybenzoate (DHBA), are formed upon reaction of salicylate with
hydroxyl radical or peroxynitrite, However, concerns have been raised with regard to
the specificity of the salicylate trapping technique in that enzymatic formation of 2,5-
DHBA occurs at extracerebral sites by the cytochrome p450 system in the liver after
systemic administration. 2,3-DHBA is also formed in the rat intestine, making it an

unspecific marker**"*3%%¥ Furthermore, the salicylate trapping method may have
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Table 1. Survey of some techniques employed for ROS detection.

TECHNIQUE SUBSTANCE MODEL COMMENTS REFERENCES
MEASURED
Electron Spin Hydroxyl radicals | Weight drop or Artifact pronein Sen et al. 1994°%°,
Resonance closed head injury, | biological systems | Nisho et al. 1997
rat
Salicylate Hydroxy! radical Rats and mice, 2 adducts areformed | Hall et al. 1994
hydroxylation + MD | (+ peroxynitrite) weigh drop and fluid Globuset al.
percussion 1995™°
4-hydroxy benzoic | Hydroxy! radical Focal ischemia, TBI | Systemic Gido et al. 2000™®
acid (+ peroxynitrite) rat administration + MD | Fink et al. 1999%
Phenylalanine Hydroxy! radical Myocardial 3 adducts are formed, | Sun et al, 1993°%
hydroxylation (+ peroxynitrite) ischemia, dogs not evaluated in TBI
Decarboxylation of | H,O, in Global forebrain Not evaluated in TBI. | Hyslop et al.
14c ketoglutarate microdialysate. ischemia, rat . 1995™7
Cytochrome ¢ Superoxide Fluid percussion; rat | Increasesfor upto 3 | Fabian et al. 1998%
electrode technique hours post-TBI
Enzyme inactivation | Activity of TBI, rats Decrease 3-18 d post- | Jorgensen et al.
by ROS glutamine synthetase | Tissue extracts injury; 1997'%
Activity of Antioxidant activity | TBI, rat Tissue extracts Gosset al. 1997
glutathione and in cortical tissue necessary, increase
catalase post-injury
Nitroblue Superoxideanions |ad NMDA a) Kulkarni et al.
tetrazolium (NBT); vasodilation 2000 b) Ikeda et
cranial window b) Coldinjury, cats al. 1989™°
|soprostanes, i.e. Lipid peroxidation | Trauma, rat Increased 6 and 24 | Tyurin et al. 2000%
prostaglandin F-2a hours after TBI
Fluorometric assay | Endproducts of NO, | Cortical contusion | Increased up to 6 Rao et al. 1998°7
nitrite and nitrate injury hours after TBI
4-hydroxynonenal + | Lipid peroxidation | Fluid percussion, rat | Increased upto 48 | Zhang et al. 1999°°
immunoreactivity hours after FPI
Vitamin E Lipid peroxidation | Transient ischemia, | Reduced after Yoshidaet al.
consumption rat ischemia 1982%°
Malondialdehyde Lipid peroxidation | Variousincluding Low specificity and | Vagnozzi et al.
(MDA) + TBAR TBI artifact prone 1999°%°
Microdialysis H,0, Spinal cordinjury, | Increased 11 h post- | Liu et al 19997
rats injury
NOS immuno- Expression of the | Weight drop injury, | Marked changes post- | Gahm et al. 2000™
histochemistry three isoforms of rat injury
NOS
Hydroethidine Superoxide Hippocampus, rat Tissue dices Bindokas et
al. 1996
Dihydrorrhodamine | Peroxynitrite Invitro Oxidation to Kooy et al. 1994%

fluorescent rhodamin

Nitrotyrosine Peroxynitrite Cortical contusion, | Increased in contused | Whalen et al.
I mmunohi sto- mice brain at 24 h 1999%%
chemistry
a) MtDNA- Oxidative DNA a) human head Evidence for DNA a)McDonald et a.
mutations damage injury and b) damage 1999°** b) Liuet al.
b) 8-hydroxyguanine transient 1996%*
ischemia, mice
Protein oxidation Protein carbonyl Aging gerbil and Decreased after PBN | Dubey et al. 1995™
products content mice administration
Uric acid oxidation | a) Parabanic acid Human acute brain | Unstable at a) Hillered and
products; HPLC b)Allantoin injury; microdialysis | physiological pH. Persson,1995™°
b)Marklund et al.
2000°
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several negative side effects when considering its clinical utility as salicylate may
affect vascular tone, platelet function and inflammatory responses through its effect on
the cyclo-oxygenase pathway®*3®,

Another aromatic compound, phenylalanine gives rise to three isomeric tyrosines upon
reactions with OH’ and has not been evaluated in TBI.

A third aromatic compound, 4-hydroxy benzoic acid (4-HBA) forms only one stable
adduct (3,4-DHBA) upon reaction with ROS. 4-HBA is found endogenously and no
adverse side effects are known. 4-HBA, together with microdialysis as atool for ROS

detection after TBI, is evaluated in the present thesis.

Nitrones and acute brain injury

The spin-trapping agent a-phenyl- tert -N-butyl nitrone (PBN) was originally used for
the detection of freeradicalsin vivo and in vitro coupled with ESR. It was accidentally
found that its ability to form stable adducts with ROS might be neuroprotective®?,
Since then, PBN has been evaluated in numerous studies of acute brain injury and

42;257; 351)

neurodegenerative disorders (e.g., . Nitrones are well-known spin-trapping

agents and have been shown to reduce brain hydroxyl radical formation after TBI1%®

and following glutamate or malonate exposure in the rat striatum® %=,

PBN Reactions S-PBN Reactions
2 = Na* 0, JO Na*
Q. «OH @(E O, s O "S54 % 0
=N —_— 0
& N ~ . e 7
y o H ‘oH /N\j< \K
O\/ \K' OX 0. O'Na 0. 0O'Na
S =
0. R o 3
=N -
T \|< . : \|<

Fig. 2. The chemical structures of PBN and S-PBN and the radical-nitrone reaction

products.
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When compared with PBN in models of focal ischemia, sulfonated derivatives of
PBN, sodium 2-sulfophenyl-N-tert-butyl nitrone (S-PBN) and disodium 2,4-disulfo-
phenyl-N-tert-butyl nitrone (NXY-059) were found to have similar or even superior
neuroprotective properties. For example, S-PBN and PBN equally attenuated infarct
volume following focal ischemia®*. Additionally, at an equimolar dose of PBN, the
polar NXY -059 was more efficacious than PBN with asimilar time-window (up to 3 h
but not 6 h) after focal ischemia despite avery low brain penetration of NXY -059'%,
NXY-059 is presently in aphase Il clinical trial for stroke. Because of the potent
effects of nitrones with low BBB penetration, the blood-endothelial interface was
considered important in the pathobiology of focal brain ischemia. Neither PBN nor S-
PBN has been evaluated in TBI using clinically relevant endpoints such as
morphological and functional outcome measures. In the present thesis, theaimisto
use PBN and S-PBN astools for studying the importance of ROS in the injury process
after TBI.

EXPERIMENTAL MODELSOF TBI
Experimental models of TBI have been devel oped to permit measurement of the

a®>°. Because of the

pathophysiological and neurobehavioral responses to traum
complexity of human TBI, no existing experimental model mimics all features of
human head injury. Hence, there are numerous experimental models in existence
today®*2. Common models employed in neurotraumainclude head

accel eration/decel eration models, models causing rotation of the head and cortical
impact devices'®**?, These models have been developed to mimic diffuse axonal
damage, cortical contusions or a combination type of injury. There are many
morphological and physiological similarities between the clinical and experimental
setting, although important differences exist, including the lack of TBI models
producing long-lasting coma.

Two decades ago the controlled cortical contusion injury (originally described by
Feeney®) was introduced and gained wide popularity in several laboratories, including

our own. In this model, aweight is dropped onto a piston resting on the exposed cortex
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where the severity level may be varied as needed by changing the depth of indentation
of the cortex. This model typically produces afocal contusion with hemorrhages,
apoptosis and necrosis*®, causing the formation of acortical cavity at higher injury

levels (2.5 mm?*®)

. Inthe mild and moderate (1.5 and 2.0 mm) trauma, no cavity is
seen and only mild morphological damage ensues. As an example, in the 1.5 mm
compression level, afew scattered eosinophilic neurons are noted at three days after
injury in the center of the impact®®, but at the perimeter of the impact site there are
spongiosis, distorted neurons, leukocyte infiltration, loss of neurons and a disturbance
of the BBB. Neurological deficits are mild, consisting of only impairments of
contralateral limb fore-limb flexion and hind limb retraction, all of which subside

within afew days™’.

The second TBI model used in the present thesis, the lateral (parasagittal) fluid

percussion injury model was introduced in 1989°%

. This model has gained acceptance
world-wide since its introduction. With this model, a craniotomy is made and a
pressure wave with a duration of 21-23 msis transmitted to the brain of the rat
producing afocal contusion and, additionally, a displacement of brain tissue that
produces a more diffuse injury, including bilateral hippocampal damage. Fluid
percussion injury causes neuromotor deficits™, alterationsin hippocampal seizure
threshold?®, changesin ICP and EEG activity®®, regional edema®® and cognitive
deficits™¥?***® The frequency of injured neuronsis high in theipsilateral cortex,
hippocampus, hilus of the dentate gyrus and the thalamus although some damageis
seen in the contralateral hippocampus and cortex as well**. The cortex, CA3
subfield®*’, and hilus of the dentate gyrus are regarded as the most vulnerable
regionsin this model . Furthermore, awide-spread BBB disturbance is seen as

demonstrated by the leakage of horseradish peroxidase®®.
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AIMS

The general aim of thiswork isto evaluate the role of reactive oxygen species (ROS)
In traumatic brain injury. The nitrones a-phenyl-N-tert butyl nitrone (PBN) and 2-
sulfo-phenyl-N-tert-butyl nitrone (S-PBN) were used as tools to study the influence of

ROS on the brain injury process and outcome after TBI in rats.

The specific aims were asfollows:

-to investigate if asingle dose of PBN administered i.v. 30 min before a controlled

cortical contusion injury influences morphological and cognitive outcome;

-to investigate if PBN and S-PBN treatment started 30 min after fluid percussion
injury followed by ani.v. infusion for 24 h influence morphological and functional

outcome;

-to investigate if the neuroprotective effects seen with PBN pre-treatment were due to
an influence on the number of apoptotic neurons after a moderate controlled cortical

contusion injury;

-toinvestigate if PBN and S-PBN influence changes on regional cerebral blood flow

and glucose uptake in cortex and hippocampus induced by fluid percussion injury;

-to evaluate 4-hydroxybenzoic acid in conjunction with microdialysis as a method for

ROS detection after controlled cortical contusion injury; and
-to investigate if PBN and S-PBN influence ROS formation after controlled cortical

contusion injury and to analyze plasma and brain concentrations of PBN and S-PBN

after injury.
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MATERIAL AND METHODS

SURGICAL PROCEDURE AND DRUG ADMINISTRATION

All procedures were performed according to protocols approved by the local ethics
committee of Uppsala University. Every effort was made to minimize animal suffering
and to reduce the number of animals used in each experiment. A detailed description
of the experimental methods is found in each paper.

Male Sprague-Dawley rats were induced in Halothane in oxygen, tracheally intubated
and mechanically ventilated with a mixture of inhaled O,/N,O (30/70%) and
isoflurane (1,2-1,4 %). In Paper IV, asingle dose of sodium pentobarbital (60 mg/kg)
intraperitoneally (i.p.) was used. Full physiological monitoring was used including
monitoring of PO,, PCO, and pH and (in Paper 11 and IV) blood glucose. The length of
apnea and time to return of the toe-pinch reflex was measured.

For production of FPI injury (Papers|l and IV), alateral 4.8 mm diameter craniotomy
was made at bregma -2.0 mm to — 7.0 mm, atrauma cap filled with saline was placed
over the craniotomy that was held in place by tissue adhesive and cement. The animals
were disconnected from the ventilator and taken to the trauma device, and a 2.20-2.60
am injury was delivered. The length of apnea and loss of the toe-pinch reflex was
measured. After resumption of breathing, the animals were re-connected to the
ventilator and anesthesia continued.

For production of controlled cortical contusion injury (Papersl, Ill, V and VI), a
craniotomy (6x9 mm) centered over the right parietal cortex at bregma—3.5 mm and
3.5 mm lateral to the midline was made. A 21 g weight was dropped from a height of
35 cm through a guiding tube onto a 4.5 mm diameter piston resting on the exposed
dura. The pistons were manufactured to allow a maximum compression of 1.5 mm
(mild injury), 2.0 mm (moderate injury) or 2.5 mm (severe injury).

PBN and S-PBN were dissolved in isotonic saline the day of the experiment (yielding
solutions of 15 mg/ml and 23.5 mg/ml, respectively). Equimolar doses of PBN (30
mg/kg) or S-PBN (47 mg/kg) were slowly injected i.v. 30 minutes prior to injury
(Paper 1, 111-1V and V1). In Paper |1, an equimolar bolus dose of PBN or S-PBN (30
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mg/kg or 47 mg/kg, respectively) was given 30 min post-injury followed by ani.v.
infusion of 30 mg/kg/hr or 47 mg/kg/hr, respectively, for 24 h.

MORPHOLOGICAL AND FUNCTIONAL OUTCOME (PAPERSI-II1):

The formation of declarative memory depends on a system of anatomically related
structures in the medial temporal lobe, including the hippocampal region and the
adjacent entorhinal, perirhinal and parahippocampal cortices™>. Hippocampal damage
Is frequently observed in TBI and correlates with the severity of post-traumatic
memory dysfunction, persisting up to one year after injury™*’*?**. CA3, because of its
developed intrinsic connections, may be particularly important in memory retrieval*%
and is sensitive to damage after TBI. Because of the frequent occurrence of cognitive
dysfunction and hippocampal pathology after human TBI, thereis a strong need for
assessment of cognitive function in the experimental setting. The Morris Water Maze
(MWM) was introduced in the 1980"s and has become awidely used instrument for
the assessment of cognitive dysfunction across many species and neurodegenerative
disorders®*. Our maze system consists of adark pool with a diameter of 1.4 m filled
with water and a 12 cm diameter platform submerged 2 cm below the surface. The rats
were trained with 4 trials per day for 5 consecutive days (days 11-15 post-injury)™.
Various variables on every trial (swim speed, latency, path length, pattern, etc.) were
measured using a computer-linked video system with software allowing detailed
analysis of every trial.

At days 1, 4 and 8 post-injury, a modified neurological scoring system™ was used for

assessment of motor function (Paper I1).

The histological evaluation was based on the loss of microtubul e-associated protein-2
(MAP-2) immunoreactivity (Paper 1) or hematoxylin and eosin (H/E) staining (Paper
[l and I11). MAP-2 is one of afamily of MAPs maintaining the structural integrity of
the neuronal cytoskeleton. MAP-2 immunohistochemistry has been used to quantify
lesion volume in TBI**® and correlates well with H/E staining™. H/E, used in Paper I

and I11, isawidely used tool for the assessment of routine morphology.

29



For MAP-2 immunohistochemistry, paraplast embedded brains were sectioned into
serial 6 um coronal sections at bregma—1 to -6 mm. MAP-2 immunoreactivity was
performed according to Lewén et a*®. In brief, sections were incubated with a
monoclonal antibody against MAP-2, exposed to the secondary antibody and the
reaction product visualized with diaminobenzidine.

In Paper 1, brains were rapidly frozen in isopenthane at -60 °C. Fourteen pum serial
coronal frozen sections were made and stained with hematoxylin and eosin (H/E) for
routine morphology. For determination of ipsi- and contralateral hemispheric volume,
the hemispheric area was determined with a computerized image analysis system and

multiplied by the distance between the sections (Papers | -111).

DETECTION OF APOPTOSIS (PAPER I11)

For detection of apoptotic cells, the TUNEL technique for detection of DNA strand
breaks and strict light microscopic criteriawas used at bregma— 3.5 mm. Double
staining with the nuclear dye Hoechst 33258 and immunohistochemistry for the active
form of caspase-3 was performed. To identify the cellular nature of apoptotic cells,
double staining with the neuronal marker anti-Neu-N antibody was performed and the
sections were photographed using the fluorescence microscope. In each animal (12-72
h post-injury), al TUNEL positive cells were counted in four consecutive coronal

sections by a blinded observer.

ESTIMATION OF REGIONAL CEREBRAL BLOOD FLOW (rCBF ) AND
GLUCOSE UPTAKE (PAPER 1V)

In this study, an approach of relative quantitation for estimation of glucose uptake as
measured by [*® F] Fluoro-2-deoxyglucose (FDG) autoradiography was taken at 42
min or 12 h after the injury. FDG isawidely used tracer for estimation of the cerebral
metabolic rate of glucose (CMRy). FDG (15-20 MBg/ml) was injected i.v. and the
animals were decapitated 45 min after the injection of the tracer.

For assessment of rCBF, 99mTc-hexamethyl propylene amine oxime [*™Tc]JHMPAO
was used. [*™Tc] HMPAO is polar and distributes in brain in proportion to CBF*®,

crosses the BBB to reach the intracellular compartment and decomposes to a
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hydrophilic compound that is trapped intracellularly. It provides a simple and reliable
way of estimating CBF by means of autoradiography and iswidely used in clinical
TBI**®, Examples of early changesin FDG and HMPAO uptake are shown in Fig 2.

Fig.3. Autoradiographic images of FDG and HMPAO at 42 min (left) and 12 h (right
after fluid percussion injury). The images were taken at 5 mm posterior to bregma.
CA1-4; fields 1-4 of Ammon’s horn. R- right, L- left, 3V, third ventricle, M, corpora
mammillaria. FrCTX, frontoparietal cortex; trauma site (a) and (b) for the opposite
cortical ROI. (c) and (d) denotes the ipsi- and contralateral hippocampal ROls,
respectively.
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[%™Tc] HMPAO was injected intravenously and the rats were decapitated 5 min after
the injection of tracer. After decapitation, coronal frozen sections were made from
bregma 2.0 mm to —8.0 mm. The sections were exposed for 4 hours (FDG) or 12
hours ([*™Tc] HMPAO) to phosphor imaging plates. The imaging plates were scanned
with alaser beam and quantified by normalizing the uptake pixel-value in regions of
interest (ROI) to the administered volume of the tracer and body weight of the animal.

MICRODIALY SISPROCEDURE

The extracellular fluid (ECF), considered to compose 17-20% of the volume of the
brain, is asite for important pathophysiological eventsin TBI?*®. Intracerebral
microdialysisis atechnique by which important chemica changesin the ECF can be
measured over time. Since the mid-1980’s there has been a substantial increase in the
number of publications using microdialysis; application to the acutely injured human

brain was made a decade ago®™®

. The MD probe consists of a semipermeable
membrane alowing free diffusion of substances between the perfusion solution and
the extracellular fluid of the tissue surrounding the probe. L ow-molecular substances
(molecular cut-off usually 20 kDa) can then be collected and analyzed from the fluid
(dialysate) leaving the probe.

3 mM 4-hydroxybenzoic acid (4-HBA) dissolved in aCSF in the perfusate was used in
PapersV and VI. When 4-HBA reacts with ROS, one stable adduct, 3,4-DHBA, is
formed, retrieved from the dialysate and analyzed by HPL C (see below). Thirty min
samples were collected for 2 h before injury and for 3 h after trauma. For comparison,
the salicylate trapping method (3 mM salicylate in the perfusate) was used in sham or

severely injured rats.

HPLC ANALYSIS

Because of its sensitivity and its wide application to biological systems, high
performance liquid chromatography (HPLC) is unquestionably the most widely used

of all separation techniques. For a detailed description of our HPL C system, see Papers
V and VI. The HPL C system was equipped with a metal free injector and all

connections were metal free in order to prevent autooxidation of 4-HBA.
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Microdialysis samples were analyzed for 3,4-DHBA or 2,3- and 2,5-DHBA by a
reversed phase HPL C system coupled with electrochemical detection.

Brain tissue was homogenized, centrifuged and filtered and analysis of 4-HBA and
salicylate in brain tissue samples was done using an HPL C system with UV detection.
PBN and S-PBN in plasma and brain tissue were analyzed by HPLC and UV detection
utilizing the same instrumentation as used for 4-HBA. The minimum detectable

concentration of PBN in plasmawas 0.35 pg/ml and of S-PBN 0.62 pg/ml. The limit
of detection in brain was 2.0 ug/g for PBN and 0.3 pug/g for S-PBN.

STATISTICAL METHODS

Two-way analysis of variance (ANOVA) was used for group comparisons followed by
a post-hoc test (Bonferroni or Fisher’s PLSD) if statistically significant at p<0.05. For
the neurological datain Paper |1, non-parametric methods were used. A statistical
program (StatView 4.51, Abacus Concepts Inc, Berkeley, CA) was used for all
handling and statistical analysis. All data are presented as Means + Standard
Deviations (SD) or Standard Errors of the Mean (SEM). A p-value of <0.05 was
considered statistically significant.

RESULTSAND DISCUSSION

RESULTS OF NITRONE TREATMENT ON MORPHOLOGICAL AND
FUNCTIONAL OUTCOME AFTER TBI (PAPERSI AND I11)

PBN pre-treatment: controlled cortical contusion injury

To study the influence of ROS on cognitive and morphological outcome after amild
and moderate controlled cortical contusion injury, PBN pre-treatment (30 mg/kgi.v.
30 min prior to injury) was used. Endpoints were lesion volume and |oss of
hemispheric tissue at day 15 and MWM performance at day 11-15 post-injury.

No cortical cavity or diffuse atrophy of the hemisphere ipsilateral to the traumasite

was noted in mildly traumatized animals. In contrast, the severe injury (2.5 mm
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depression) caused alarge cortical cavitation, and a marked ipsilateral hemispheric
atrophy. PBN pre-treatment attenuated the morphological disturbances seen in the
severely injured groups but no change was observed after PBN treatment in the mildly

traumatized groups.
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Fig.4. Loss of hemispheric tissue compared between the treatment groups: To the
right is an example of a severe (2.5 mm depression) injury.

When assessing total mean latency and path length, performance in the MWM was
significantly impaired in the severely traumatized groups as compared with the mildly
traumatized and sham animals. In the severely traumatized groups, PBN pre-treatment
significantly improved MWM performance (total mean latency and path length) as
compared with saline-treated animals. No difference was found in swim speed
between groups, implying that the observed changes were not due to neurological
Impai rment.

This Paper demonstrates that PBN pre-treatment attenuates morphological and
cognitive damage after TBI, implying that ROS are involved in the pathophysiology of
TBI.



PBN and S-PBN post-treatment, fluid percussion injury

In this study, PBN and S-PBN (30 mg/kg or 47 mg/kg, respectively) are administered
I.v. a 30 min) after afluid percussion injury, followed by a 24 h infusion (30 mg/kg/hr
or 47 mg/kg/hr). Endpoints were morphological outcome (day 15), neurological
evaluation (day 1,4 and 8) and MWM performance (day 11-15) post-injury.

Both drug-treated groups equally showed a significant reduction in loss of hemispheric
tissue and improved the hemispheric arearatio as compared with saline-treated
animals. No significant reduction in lesion volume was seen in S-PBN- or PBN-treated
animals.

A significant impairment in motor function was observed at day 1, 4 and 8 in all
traumatized groups compared with the sham animals. In comparison with both the
saline- and S-PBN-treated rats, the PBN-treated rats had an improved combined
neurological score.

FPI induced a cognitive deficit with increased total mean latencies and increased

latencies on day 11, 12 and 15 post-injury as compared with sham injured controls.
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Fig.5. Morris Water Maze performance as measured by the mean latency (left) and
mean path length (right) to reach the hidden platform.
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The S-PBN-treated rats had a shorter mean total latency and path length in comparison
with the other trauma groups and performed equal to sham-operated controls. No
improvement in PBN treated animals was found. There was no difference in mean
swim speed between the treatment groups. In conclusion, this Paper shows that nitrone
treatment post-trauma attenuates morphologica and functional outcome after fluid
percussion injury.

These studies suggest that nitrone scavengers positively influence factors important in
the pathophysiology of TBI. ROS formation has been shown to be an early event after
TBI'*®, with prolonged increases seen for several hours after TBI®**°, Because of the
pharmacokinetics of PBN, the single pre-injury dose of PBN used in Paper | reaches
peak concentration in brain at the time of injury*”*. Thus, a significant amount of
PBN islikely present at the time of peak ROS formation as well asfor the first few
hours after TBI. The time point for drug delivery in Paper |1 was chosen to represent
the earliest time point that a TBI victim would be given a neuroprotective drug at the
scene of injury. Numerous studies of TBI using ROS scavengers exist, e.g., showing

262
a

reduction of edema’?, attenuation of hypoperfusion® and reduction in BBB

permeability®®

but only afew have reported an improvement in cognitive function. As
an example, PEG-SOD (Pegogortein[l), ultimately reaching clinical trias, improved
motor function after FPI in rats; however, it did not improve MWM performance™®®.

L or chelation of freeiron®” was shown to

Nevertheless, scavenging of superoxide'
attenuate cognitive deficits after experimental TBI. In addition, in vitro work
demonstrated that hydroxyl radicals preferentially cause CA3 damage and superoxide
anions CA1 damage, effects that were attenuated by S-PBN**". The present result
suggests that the process that causes widespread injury is delayed beyond the first 30
minutes after TBI. In view of the commonly seen cognitive disturbancesin human
TBI, drugs that positively influence cognitive and emotional disturbances are needed.
The observed ahility of S-PBN to attenuate cognitive disturbances raises the

possibility that nitrones may have a potential for the clinical treatment of TBI.

36



Mechanisms of action of nitronesin the treatment of TBI (PAPERSI-IV, VI)
Although ROS have been implicated with normal cell-to-cell signaling and are formed
for useful purposes™, excess ROS production is generally considered harmful. In
addition, the use of transgenic animals have consistently shown that overexpression of
SODs is neuroprotective, and that reduced expression of SODs worsens outcome after
focal ischemia®®?°"?*®, The present results suggest that nitrones are neuroprotective
after TBI in rats and may be compounds attractive for the clinical setting because of
their low toxicity and large time window as shown in ischemia models. NXY -059
showed marked neuroprotection in permanent focal ischemiain a primate model
starting 5 min after the onset of ischemia, protecting both gray and white matter and
reducing the contralateral hemiparesis™’. Nitrones, however, are not considered
particularly effective as scavengers and alternate mechanisms of actions for nitrones

s'%2% transmittor systems™™®, or an

(e.g., influence on inflammatory mediator
influence on Ca’*-channels’) have been suggested. Additionally, PBN was shown to
condition the brain of old rats to resist ischemia even when PBN had not been
administered for several days™, suggesting other mechanisms than merely reduction of
free radicals. Nitrones may influence severa intracellular cascades as NXY-059 was
shown to attenuate the decrease of the serine-threonine kinase Akt in ischemic tissue
and enhance extracellular signal-regulated kinase (ERK) concentrations in microglial
and endothelial cells after transient ischemia®™. In addition, in a study of isolated
macrophages, PBN suppressed cyclooxygenase (COX)-2 and iNOS mRNA levels'®,
Finally, PBN is known to attenuate secondary mitochondrial deterioration after focal
ischemia and improve energy charge®™'%, likely acting on complex 1'°. After a
controlled cortical contusion injury, PBN attenuated the rise in extracellular lactate and
glycerol, indicating an improved metabolic function and decreased phosholipid
degradation’®. These studies suggest a protection of mitochondria by nitronesin acute

braininjury.
Tight junctions are present at the cerebral endothelial cells of brain capillaries that

restrict the transport of hydrophilic drugs®. Endothelial cells have a high activity of
drug metabolizing enzymes, such as the cyt p450***, and there are data indicating that
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TBI alters the BBB with changes in metabolism and clearance of drugs™. For
example, PEG-SOD concentrations were 6-10 times higher in brain tissue of

traumatized rats compared with controls**

. The transport of drugs across the BBB
may be restricted by e.g., P-glycoprotein, atransmembrane transport protein that is
expressed on the luminal side of endothelial cells'”’. In Paper VI, we did not witness
increased concentrations of nitrones in traumatized tissue, but our resultsimply that
measurements of brain penetrations of neuroprotective drugs are important.

PBN has a half-life in plasma of approximately 3 h, S PBN only 9 min, and no
metabolites of PBN or S-PBN possessing neuroprotective properties are known.
However, recent cell culture work™! found that a degradation product of PBN, N-t-
butyl hydroxylamine, appearing in old solutions stored for severa months, was more
potent than PBN in delaying senescence in cultured lung fibroblasts. The importance
of degradation products of PBN in vivo is unknown but a contribution to the present
results cannot be excluded. However, in al studies presented in thisthesis, PBN or S-
PBN solutions were made fresh on the day of the experiment in an attempt to keep the

concentration of degradation products low.

PBN PRE-TREATMENT AND THE EFFECT OF THE NUMBER OF
APOPTOTIC NEURONS (PAPER 111)

In this Paper, the neuroprotective effects of PBN pre-treatment (30 mg/kg,
administered i.v. 30 min before injury) were compared with the number of apoptotic
cortical cells 24 h after a moderate controlled cortical contusion injury.

In saline-treated animals after moderate injury, several cellsin the perimeter of the
lesion were TUNEL positive at 12 to 72 h, peaking at 24 h. Double staining with
Hoechst, a nuclear marker, revealed that the TUNEL staining resided in the nucleus,
suggestive of apoptosis. Double staining against the neuronal marker, Neu-N, revealed
that amajor part of TUNEL positive cells consisted of neurons. A large number of
neurons were positive for p17 and p12 segments of activated caspase-3 at 24 h
suggesting ongoing biochemical apoptosis.

In PBN pre-treated rats, there was an 80 % increase in the number of TUNEL positive

cells as compared with saline-treated animals. The number of caspase-3 positive cells
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showed the same increase in PBN-treated as in saline-treated animals and Neu-N

double staining indicated that these cells were neurons.

This study demonstrated a paradoxical increase of apoptotic neurons in PBN-treated
animals and indicate that an increase in apoptosis may be compatible with an overall
neuroprotective effect after TBI. These results differ from a contusion injury in
immature rats, where a decreased number of apoptotic cells were seen after S-PBN
treatment®®®. Differences in drug effect, the age of the animals, or both could explain
these differences. Additionally, several morphological features and biochemical
factors are similar in necrosis and apoptosis perhaps representing only the extreme
ends of a broad range of possible morphologica and biochemical deaths'®. The
pathway that is chosen may ultimately be contingent on injury severity, where mild
INjury causes more apoptosis, whereas in severe injury necrosis is the predominant
pathway. In saline-treated animals at thisinjury severity level, necrosis may be the
predominant mode of cell death, causing death of neighboring cells because of |eakage
of glutamate and lysozymal enzymes. Although no attempt was made to count necrotic

cells, adecrease is likely due to the overall tissue sparing effect seen with PBN.

Oxidative damage as aresult from ROS has been suggested to contribute to the
induction of neuronal apoptosis through DNA damage™®*"*. ROS may be an important
down-stream mediator of cell death as caspase-1 inhibition decreased ROS production
and cell death®. Additionally, other pro-oxidants (e.g., diamide and etopside, NO
donors and peroxynitrite) induce apoptosis>?*®1°, Furthermore, overexpression of
SOD 2 prevents neuronal apoptosis by reducing peroxynitrite formation, lipid
peroxidation and mitochondrial dysfunction'’? and superoxide dismutase depletion
causes activation of caspases and apoptotic cell death®*. These studies indicate that
ROS contributes to the induction and execution of the apoptotic pathway and would
imply that PBN, in reducing ROS, would reduce apoptosis. Accordingly, PBN was
found to ameliorate apoptosis after doxorubicin administration in cardiomyocytes'®>.
However, inverse results were obtained in a model of pneumococcal meningitisin

which PBN aggravated hippocampal apoptosis?®. Our results show an increasein
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apoptotic neurons after PBN administration in TBI at a dose that was shown to be
neuroprotective. The plausible reasons for the paradoxical increase in the number of

apoptotic neurons following PBN treatment are discussed in the next section.

Apoptosis- friend or foein injured brain?

After FPI, caspase-1 and 3 mRNA are upregulated and activation of caspase 3 and 9
occurs®?. Treatment with inhibitors of apoptosis such as z-DEVD-fmk in rats
attenuated cortical injury although no improvement in motor skills was noted™".
Additionally, induction of apoptosis by staurosporin increased lesion volume after
focal ischemia™. These studies indicate that inhibiting apoptosis would be beneficial.
However, mice deficient in the DNA repair enzyme poly(ADP-ribose) polymerase
(PARP) do not have a reduced number of apoptotic neurons™ despite a reduced lesion
volume after focal ischemia’. Several factors may indicate a shift from necrosis to
apoptosis by PBN. Intracellular ATP levels may be acrucial event determining if
NEecrosis or apoptosis ensues after an insult to atissue where intracellular ATP levels
less than 15 % cause necrosis in which higher ATP levels provide enough energy for
the apoptotic pathway®*®. PBN may improve blood flow and energy production (vide
infra), attenuating mitochondrial dysfunction and improve energy charge with
increased intracellular ATP levels.

Finally, concentrations of H,0,"% and calcium®, and the degree of mitochondrial
damage® may determine which pathway is chosen. An effect of PBN on any or all of
these biochemical factors may result in amilder form of injury with anincreasein
apoptosis following TBI. For optimal results, a combination of agents that reduce both

necrosis and apoptosis would be beneficial.
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CHANGESIN CEREBRAL BLOOD FLOW, GLUCOSE METABOLISM AND
THE EFFECT OF PBN AND S-PBN PRE-TREATMENT AFTER FLUID
PERCUSSION INJURY (PAPER 1V)

In this Paper, relative changes of hippocampal and cortical rCBF and glucose uptake
was analyzed through HMPAO and FDG autoradiography, respectively, at 42 min and
12 h after fluid percussion injury. The involvement of ROS on the trauma-induced
changes was assessed by administering PBN (30 mg/kg) or S-PBN (47 mg/kg) i.v. 30

min beforeinjury.

Cortical changes. rCBF

The fluid percussion injury caused an early (42 min) mean decrease of 20% in
ipsilateral rCBF followed by an even more marked reduction at 12 h as compared with
sham animals. PBN and S-PBN treatment equally increased early ipsilateral rCBF to
the level of sham-operated animals. PBN-treatment only attenuated the decrease in
ipsilateral rCBF at 12 h. No early contralateral changesin rCBF were found but at 12 h
there was a significant reduction of contralateral rCBF in S-PBN- and untreated

traumatized rats as compared with sham animals.

Hippocampal changes: rCBF

TBI did not cause any significant reduction in early (42 min) ipsi- or contralateral
hippocampal rCBF, but at 12 h there was areduced ipsi- and contralateral rCBF in all
trauma groups, with no significant changes after PBN and S-PBN treatment.
S-PBN-treated rats had increased early contralateral hippocampal rCBF as compared
with the untreated traumatized group and sham animals.

Cortical changes: glucose uptake

The trauma significantly increased the early (42 min) ipsilateral glucose uptake that
was markedly decreased at 12 h. No contralateral changes were seen at any time point.
PBN attenuated the early ipsilateral increase to the levels of sham animals, being
significantly lower than untreated traumatized rats. Additionally, although not
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reaching statistical significance, the S-PBN-treated animals had an attenuated glucose
uptake (p=0.05). On the contralateral side, S-PBN-treated rats, in comparison with

sham animals and untreated traumatized rats, showed an early decrease in glucose

uptake and an increase in glucose uptake at 12 h.

Hippocampal changes: glucose uptake

TBI caused an early increased ipsilateral glucose uptake as compared with sham
animals (p<0.05), being significantly attenuated by S-PBN and PBN treatment. In

contrast, at 12 h, traumatized animals, when compared with sham animals, had a

marked decrease in late glucose uptake (p<0.05). At thistime point, S-PBN pre-

treatment significantly attenuated the decrease in glucose uptake as compared with
untreated traumatized and PBN-treated animals (p<0.05).

Ipsilateral glucose uptake,
changes relative to controls

Ipsilateral rCBF, changes
relative to controls

Cortex. 42 min post injury

Sdine+23% @

Saline—19 %

PBN + 2% °

PBN + 23 % °

SPBN + 10 %

SPBN + 26 % °

Hippocampus 42 min post-
injury

Saline+ 25 % &

Saline—6 %

PBN + 4% P

PBN + 23 %

SPBN + 0% "

S-PBN + 28 %

Cortex 12 h post injury

Saline—59%*a

Saline—61 %*a

PBN — 46 % 2

PBN — 45 % >°

SPBN-37% &

SPBN —53% 2

Hippocampus 12 h post-
injury

Saline—34%*a

Saline—42 % &

PBN —17 %

PBN —33% 2

SPBN +14% "

S-PBN —36 % 2

Table 2. Relative increase or decrease (in %) in traumatized animals compared with
sham-operated controls. A significant difference between (a) sham-operated and (b)
untreated traumatized animals is indicated by *.

In the contralateral hippocampus, no significant change in glucose uptake as compared

with sham animals was seen at either time point. S-PBN treatment significantly
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decreased early (42 min) and increased late contralateral glucose uptake as compared
with sham and untreated traumatized rats.

These results indicate that marked changes in rCBF and glucose uptake ensue after
FPI. S-PBN and PBN treatment attenuated and, occasionally, normalized these
changes. The ability to attenuate decreasesin rCBF and changes in glucose uptake
may indicate an improved delivery of substrate for ATP production and less
compromised glucose metabolism through an attenuation of mitochondrial
dysfunction. Because of the observed neuroprotective properties seen with nitrone
scavengersin TBI (present thesis) and ischemia, the changes observed here are likely
beneficial for theinjury processin TBI. As S-PBN has poor BBB penetration, these
result imply that the blood-endothelial interface plays an important role in the TBI-
induced changes in rCBF and glucose uptake.

Itisnot clear if hyperglycolysis per se mediates secondary tissueinjury or if it merely
represents an attempt for an energy-compromised tissue to increase ATP production.
Hyperglycolysis combined with a decrease in oxidative metabolism causes |actate
accumulation. Although lactate is used as a substrate for neurons™, excess lactateis
toxic because of alowering of pH. In clinical studies, lactate has been shown to
correlate with ICP elevations, neurological deterioration and poor outcome*3%">.
The early hyperglycolysis was followed by a decrease in rCBF and glucose uptake,
suggestive of a depressed metabolic state which has been linked to reduced neuronal
activity. In the hippocampus, there were bilateral reductionsin rCBF and glucose
metabolism bilaterally at 12 h, afinding consistent with the bilateral functional
disturbance noted in the hippocampus after FPI. It islikely that the observed
impairment in mitochondrial capacity post-TBI** contributes to the observed

metabolic depression post-injury.

ROS may contribute to the cerebrovascular disturbances and changes in glucose

metabolism that occur following TBI or ischemia®™>'#

. Pyruvate dehydrogenase, a key
enzyme in the glycolytic pathway, may be decomposed and inactivated by ROS™®,

with lactate accumulation and reduced entry of pyruvate into the Krebs cycle. The
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penthose phosphate shunt has alow activity in normal brain but may use significantly
larger fractions of glucose when activated by oxidative stress on the glutathione
pathway®. The improved rCBF after nitrone treatment is in accordance with
improvements in rCBF with other ROS scavengers, such as vitamin E* and SOD?*,
likely representing effects on the complex interplay between ROS, NO, peroxynitrite
and other factors influencing vessel tone'’. Superoxide anion and NO are known
vasodilators'® and NO causes modulation of tissue blood flow, platelet aggregation
and microvascular permeability®. PBN was shown to increase CBF in anesthetized

rats by reducing the breakdown of nitrous oxide™*

. However, superoxide and NO react
to form peroxynitrite, that may act as a contractile agonist of cerebral artery smooth
muscle cells™. Thus, areduction of superoxide anion concentrations could improve
rCBF through a decreased peroxynitrite formation and reduction of arterial wall
tension. Reduced formation of peroxynitrite, a potent mitochondrial toxin, by nitrones

may partly explain the present results.

4-HYDROXY BENZOIC ACID (4-HBA) AND MICRODIALYSISFOR THE
DETECTION OF ROSAFTER CONTROLLED CORTICAL CONTUSION
INJURY (PAPER V)

In this Paper, the 4-hydroxybenzoic acid (4-HBA) trapping method was evaluated as a
tool for ROS detection in conjunction with microdialysisin the controlled cortical
contusion injury model.

In the first 30-min sample post-injury, there was, on average, a 250% increase in 3,4-
DHBA formation in the severely injured animals that remained significantly increased
relative to baseline and to the mildly traumatized and sham-operated animals for 90
min post-trauma. These results suggest increased ROS production after trauma. In
contrast, the mildly traumatized animals showed asmall, 100 % increase in 3,4-
DHBA, statistically significant at 30 min post-injury only. The AUC calculation
indicated that severely traumatized animals with central probe placement had
significantly more formation of 3,4-DHBA as compared with sham and the mildly

traumatized group with peripheral placement of the probe. Theincrease in ROS



formation confirmed that seen using the salicylate trapping technique in severely
injured control animals.

Theipsilateral cerebral cortex surrounding the probe had a high total concentration of
4-HBA, distributed widely throughout the hemisphere. Tissue samples from the
contralateral cortical area showed significantly lower 4-HBA concentrations (p<0,05).
In extracerebral tissues, low 4-HBA levels were found in liver, lung, kidney and heart
tissue. Occasional cortical samplesin naive control animals showed alow

concentration of 4-HBA (<10 ng/g) indicating an endogenous source of 4-HBA.

In conclusion, with this method we were able to detect a substantial increase in ROS
formation after TBI. 4-HBA may be formed from tyrosine in the intestinal floraand is
anormal constituent of human urine®'°, making allergic reactions unlikely. No adverse
reactions with 4-HBA are known to occur, suggesting that the method may have
clinical applicability. However, because of the high concentrations of 4-HBA in
Ipsilateral brain tissue, careful toxicological analysis and testing is necessary before
application in humans.

The formation of 3,4-DHBA isbelieved to occur specifically upon reaction with ROS
and no enzymatic formation is known to take place. Previoudly, the aromatic
compounds (salicylate, phenylalanine and 4-HBA) used for ROS detection were
considered to specifically react with hydroxyl radicals but it has now been
demonstrated that peroxynitrite may also cause oxidation of 4-HBA?"**’. Theincrease
in 3,4-DHBA after injury concurs with other methods studying ROS formation after
TBI (see the Introduction section of this thesis) and the formation of only one adduct
after reaction with ROS should be regarded as an advantage when compared with the
other aromatic compounds. Here, we observed a baseline formation of 3,4-DHBA
before injury that may be due to several factors such as metal ionsin the dialysis fluid
and in the microdialysis system. Moreover, the trauma caused by probe implantation
will likely cause the release of iron from extravasated hemoglobin and the |eakage of
intracellular ions from damaged cells. Additionally, our results indicate that when
performing microdialysis in the experimental setting, the exact location of the MD

probe relative to the injury site isimportant and should be determined before injury.
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PBN AND S-PBN PRE-TREATMENT AND ROSFORMATION AFTER
CONTROLLED CORTICAL CONTUSION INJURY (PAPER VI)

In this Paper, the 4-HBA trapping method was used. The effects of PBN and S-PBN
pre-treatment (30 mg/kg or 47 mg/kg i.v. 30 min before injury) on ROS formation was
evaluated. Brain and plasma concentrations of PBN and S-PBN was measured in an
attempt to evaluate TBI-induced changes in drug transport across the BBB.

As shown in Paper V, when compared with sham-operated controls, TBI was found to
increase ROS formation. Pre-treatment with PBN significantly attenuated the increase
of dialysate 3,4-DHBA (ANOVA; F=12.0, p<0.005); however, there was no
statistically significant difference versus saline-treated animals at any individual time
point. There was no statistically significant difference between PBN-treated rats and
sham-injured controls. Pre-treatment with S-PBN also attenuated the 3,4-DHBA
production (ANOVA; F=5.4, p<0.05) as compared with saline-treated animals. The S
PBN-treated animals showed lower 3,4-DHBA levels at 30 min after injury. Area
under the curve (AUC) calculations are shown in Fig 6.
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Fig.6. The concentrations of 3,4-DHBA in the dialysate after trauma or sham injury
are shown to the left, where the arrow indicates time for trauma. The corresponding
integrated area under the curve (AUC) from 30 min before and 180 min after trauma
is shown to the right.
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A significant difference was not detected between S-PBN treated and sham-injured
control animals. In addition, there was no significant difference between PBN and S-
PBN-treated rats.

Plasmaand brain PBN concentrations remained high throughout the experiment®®. At
the end of the experiment, 210 min after injection, high PBN concentrations were
found in al brain regions analyzed. No detectable S-PBN concentrations were found
in plasma or any brain region at this time point. At 30 and 60 min post-injury, S-PBN
concentrations were below the level of detection at both time-pointsin all brain
regions, including the injured parietal cortices despite mean concentrations in plasma
of 4125 and 230 ng/ml, respectively.

The results suggest that quenching of ROS contributes to the neuroprotective effects
seen with PBN and S-PBN. S-PBN scavenged ROS formation in spite of undetectable
concentrations in normal or traumatized brain tissue as early as 30 min post-injury and
at amuch lower plasma concentration in plasmathan PBN. These results suggest that
ROS formation at the blood-endothelial interface is an important event in the
secondary injury cascade in TBI. However, an effect of nitrones on neurochemical
cascades (e.g., calcium influx and mitochondrial disturbance), resulting in attenuation
of secondary ROS formation is also possible. Additionally, the results presented here
raise the question if PBN, in addition to S-PBN, also primarily influences factors at the
blood-endothelial interface. Penetration of the BBB may not be a pre-requisite for a

neuroprotective drug.

What goes on at the blood-endothelial interface? (Paper 11, 1V, VI)

BBB penetrating drugs are thought to have superior efficacy when compared with non-
penetrating compounds'***, However, compounds with poor BBB penetration such
as NXY-059'%, tirilazad mesylate'® and a peroxynitrite scavenger™> have shown
neuroprotective effects in experimental models of TBI. The endothelia cells (EC)
contain the majority of the xanthine oxidase found in brain, and are exposed to the
17;24;223;300. EC

highest oxygen tension and to neutrophils with radical forming capacity

also have high concentrations of mitochondria and polyunsaturated fatty aci ds!%32%1
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that, under pathological situations, may increase the production of ROS™¥%%,
Endothelial cells may be an important target for ROS-mediated injury’® and contains
SOD, glutathione and catalase for their protection®™. Interaction between endothelial

cells, cytokines, WBCs and adhesion molecules may both cause ROS formation and be
influenced by ROS.
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Fig. 7. Some possible mechanisms at the blood-endothelial interface in TBI that may
contribute to the secondary injury cascade.

WBC- White blood cell, leucocyte; Plt- Platelets; Rbc-Erythrocytes; AA-Arachidonic
acid; Hb- Hemoglobin. ONOO- - Peroxynitrite; HOCI — Hypochlorous acid.

WBCs, which contain important sources for free radicals and proteases, may cause
adverse rheological and hemodynamic effects after TBI®**. Although migration of

WBCs into injured brain tissue does not occur to a significant extent until several
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hours after injury, the increased adhesion of WBCs occurs early after TBI'#

and may
cause release of ROS. ROS was also shown to influence neutrophil-endothelial cell
Interactions through upregulation of adhesion molecules such as CD11b, ICAM-1 and
P-selectin®’. In addition, in vitro work showed arelease of TNFa and IL-1p from
brain endothelial cells after percussive injury™”.

NO produced by eNOS may promote vasodilation and inhibit endothelial xanthine
oxidase™®
selectin expression and WBC adhesion'®. Platelet activating factor (PAF) is

synthesized in neurons and in injured brain, and may cause an increase in BBB

, reduce platel et aggregation® and decrease endothelial dysfunction, P-

permeability, vasoconstriction'”” or neurotoxicity™. PAF isinvolved in interactions
between blood cell components and endothelial cells* and isinduced by hydrogen
peroxide®™. Accumulation of platelets is observed after FPI® and platelets have a
radical producing potential®****. Finally, degradation of membrane phospholipids

215,325
d

resultsin release of arachidonic aci with ROS as a byproduct when acted upon

by prostaglandin synthase. A consequence of phospholipid degradation is the opening

st89334 These factors could all contribute

of the BBB and induction of damage to vessel
to endothelial cell damage and dysfunction, causing obstruction of brain capillaries
and compromise substrate delivery to brain tissue in energetic stress after TBI. The
marked reduction of ROS formation and attenuation of disturbancesin rCBF and
glucose uptake with nitrones, despite the poor BBB penetration of S-PBN, imply that
the blood-endothelial interface is an important site for ROS production and ROS-

mediated injury in TBI.
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CONCLUSIONS

The present findings have led to the following conclusions:

- PBN pre-treatment improved morphological and functional outcome after

controlled cortical contusion injury;

- PBN post-treatment improved morphological outcome and motor function,
whereas S-PBN post-treatment improved cognitive and morphologica outcome

after fluid percussion injury;

- PBN increased the number of apoptotic neurons after moderate controlled cortical

contusion injury despite the observed tissue sparing effects seen with PBN;

- PBN and S-PBN attenuated the changes in rCBF and glucose metabolism observed

after fluid percussion injury;

- ROS formation were detected in arodent model of controlled cortical contusion

using the 4-hydroxybenzoic acid (4-HBA) trapping method; and

- PBN and S-PBN equally attenuated the ROS formation in arodent model despite
no detectable brain concentration of S-PBN.

In summary, these studies demonstrated that ROS are formed after TBI. Quenching of
ROS may positively influence the secondary injury cascade and improve functional
and morphologica outcome in TBI. The 4-HBA trapping method may be useful
clinically for the monitoring of ROS production in acute brain injury. Nitrone
treatment may prove to be a valuable therapeutic concept for the treatment of

traumatic brain injury in humans.
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