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Summary

After an hypoxic-ischemic (HI) insult, a multi-faceted complex cascade of events occurs
that ultimately causes cell death and neurological damage to the central nervous system.
The various cascades include, amongst others: immunological changes, such as the acti-
vation of the complement system and the generation of antibodies; increased inflamma-
tion through the actions of pro-inflammatory cytokines and chemokines; the production
of reactive oxygen species leading to oxidative stress; and diminished mitochondprial func-
tion leading to the activation of apoptotic pathways and subsequent alteration in the func-
tion of neurons within the contralateral hemisphere. This review addresses the immuno-
logical aspects following HI, the role of various cytokines (both pro-inflammatory and
anti-inflammatory) and chemokines after the induction of HI. In addition, the role of free
radicals in producing HI-induced neurodegeneration and the contribution that mito-
chondrial dysfunction has in neuronal apoptotic cell death will be discussed. This review
also covers the changes that the previously assumed “internal control”, the contralateral
hemisphere, undergoes due to HI and describes the difficulties associated with therapy
intended to prevent neuronal injury associated with HI.
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AIF - apoptosis-inducing factor, APCs - antigen-presenting cells, APE/Ref-1 — apurinic/apyrimidinic endonucle-
ase, BAF - boc-aspartyl-(Ome)-fluoromethyl-ketone, BDNF - brain-derived neurotrophic factor, CNS - central ner-
vous system, CSF - cerebrospinal fluid, CP — cerebral palsy, EGCG - epigallocatechin gallate, G-CSF - granulo-
cyte colony-stimulating factor, GM-CSF - granulocyte-macrophage colony-stimulating factor, HI - hypoxia-
ischemia, HIE - HI encephalopathy, ICE - interleukin-1-converting enzyme, IEGs — immediately early genes,

IFN - interferon, Ig — immunoglobulin, IL - interleukin, L-NAME - N®-nitro-L-arginine methyl ester, MCP — mono-
cyte chemoattractant protein, M-CSF — macrophage colony-stimulating factor, MIP — macrophage inflammatory
protein, mPTP — mitochondrial permeability transition pore, NO - nitric oxide, NOS - nitric oxide synthase,
RANTES - regulated on activation normal T cell expressed and secreted, rCBF - regional cerebral blood flow,
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mutase, TGF - transforming growth factor, TNF — tumor necrosis factor, VEGF — vascular endothelial growth factor.
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INTRODUCTION

Over the past couple of decades, significant progress
has been made as to the initiating factors associated
with hypoxia-ischemia (HI). The imbalance between
fetal and maternal blood supply ultimately leads to
hypo-perfusion, altered autoregulation, and/or
hypoxia (see® for review). Furthermore, a number
a causes of ischemia have been noted, such as breach-
ing, premature rupture of membranes, premature
separation of the placenta, as well as conditions of
prolonged hypoxia linked to a diminished blood sup-
ply'8. To date, several factors, such as hypoxia, cere-
bral ischemia, cerebral hemorrhage, and energy fail-
ure, have been shown to result in cerebral injury (see®
for review). In addition, strong epidemiological evi-
dence exists linking maternal infection with the devel-
opment of neonatal brain injury (see''’ for review).

Cerebral HI has been shown to induce acute tissue
damage, resulting in functional morbidity and mor-
tality in infants and children. HI-induced cerebral
damage remains the most common neuronal compli-
cation that results in the development of debilitating
conditions that include, amongst others, cerebral
palsy (CP), mental retardation, and epilepsy (see’® 133
for reviews). In addition, HI has also been likened to
the acute ischemic stroke seen in adult humans!*.
The incidence of these neurological conditions have
been shown to occur in 2—4 full-term newborns per
1000 subjected to systemic asphyxia and approxi-
mately 60% of low-birth-weight and premature
infants (see!'%® 1% for reviews).

An ever-expanding wealth of literature associated
with HI now exists. The pathophysiological mecha-
nisms underlying HI are becoming well established
and are of growing complexity and include, amongst
others, increased extracellular glutamate, increased
intracellular sodium and calcium, decreased ATP
production, increased reactive oxygen species (ROS)
production, activation of the arachidonic acid path-
way, and activation of other inflammatory mediators,
to name just a few (see® 'l 81 8 84, 167, 168, 170 fop
reviews). A growing body of evidence has accumulat-
ed over recent years highlighting the immune system
and, more importantly, cytokines and chemokines as
key mediators not just in HI'* 12> 136 but also in other
neurodegenerative disorders, such as Alzheimer’s
disease (see? for review). In addition, these media-
tors have been shown to be closely interrelated in
a complex and often vicious positive feedback cycle,
in that pro-inflammatory cytokines are known to
induce ROS and vice versa> ¥ %°. This review will,
therefore, attempt to cover a number of components
involved in the pathophysiology of HI, including the

immune response, the inflammatory (cytokine and
chemokine) response, oxidative stress, angiogenesis,
mitochondrial changes, and changes to the contralat-
eral hemisphere.

THE IMMUNE RESPONSE IN HI

It has been known for decades that natural antibodies
are present in the sera of both humans and animals fol-
lowing exposure to foreign material”®. These natural
antibodies are typically polyreactive, are usually of low
affinity but have a high avidity, and in humans, mice,
and rats belong to the immunoglobulin (Ig)M, IgG,
and/or IgA isotypes® . Low levels of autoimmunity
have been shown to be necessary for normal function®,
in that the maturation and survival of lymphocytes
requires autoantigens®'. In addition, evidence is accu-
mulating suggesting that autoimmunity may play an
important and complex role in lesions involving the
central nervous system (CNS). The presence of autoan-
tibodies has been shown to play an important role in
the removal of dead cells, by binding to the cell surface
to enhance phagocytosis, by opsonization'? 63 104,

Since the first report by Levi-Strauss and Mallat™ in
1987 that brain cells possess the capacity to synthe-
size complement components, others have likewise
reported that all complement components are syn-
thesized by brain cells, these including neurons,
astrocytes, microglia, and endothelial cells® ¢, In
addition, significant evidence now exists indicating
that activation of complement may contribute to
CNS injury associated with a number of neurodegen-
erative conditions, including ischemic stroke®, multi-
ple sclerosis®!, and cerebral HI (see®® for review).
However, the exact role that complement plays in
cerebral HI appears to be somewhat controversial, as
reports have shown that complement activation can
augment HI-mediated infarction’!, whilst i.p. admin-
istration of complement inhibitors failed to decrease
the HI-induced infarction size®.

Following injury to the CNS, circulating autoantibod-
ies have been shown to bind to dying neurons hours
to days following the initial lesion to the CNS tis-
sue®. Changes in autoantibodies have also been
seen in infants, whereby adult autoimmune disease
has been transfected to their progeny'*®. Recently it
was shown that maternal autoantibodies transmitted
to their progeny can trigger de novo neonatal patho-
genic autoreactive T cell responses and T cell-medi-
ated organ-specific autoimmune disease'®. In addi-
tion, assessment of children who suffered some form
of CNS injury during childbirth showed a marked
enhancement in antibody reactivity within 3 days of
injury'®, These elevated levels remained increased,
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but did return to baseline levels over a period of years,
and the enhancement was most typically seen for the
isoform switch of IgG and IgA. Furthermore, follow-
ing single or repeated bouts of hypoxia, antibodies
showed a shift from the IgM to the IgG isoform, as
assessed using ELISA techniques!*’. Taken together,
this information strongly suggests that cerebral HI has
an autoimmune component associated with the injury.

INFLAMMATION AND HI

Substantial research now exists which implicates the
immunoinflammatory system in Hl-induced neuronal
injury to the immature brain. Therefore, the presence
of infiltrating leukocytes resulting in inflammation to
the ischemic area (as with other inflammatory dis-
eases) postulates a role for cytokines (well-known
modulators of the inflammatory response) and
chemokines (recruitment of immune cells) in
ischemia-induced neuronal damage (see'?! for review).

CYTOKINES AND HI

Cytokines appear to play a significant part in HI-
-induced neuronal damage (see Table 1). Pro-inflam-

Table 1. Comparison of cytokine and chemokine levels after hypoxia-
ischemia in both animals and humans

Cytokine Chemokine

IL-10,  TI701 NCl124, 163] MCP1 1182, 115,177]

IL-1p  T07.14.42.46,70.73,115, 120,185,163 MCP2 its]
NCI120, 124, 137)

TNF-q, 07 14,42,46,115, 120, 124, 146, 155,163]  \||P1 ¢ 114,32, 115]
NCI120, 187, 145]

TNF-B  Toesl MIP1p 1014, 115

IL-2 NC!163] | [115] MIP2 1014, 115

IL-3 NC!163] |[115] RANTES 1114 118] NCIf24]

IL-4 NCI!5. 163] Gro 4]

IL-5 NCI15, 163] IL-8 146, 115, 137)

IL-6 1125, 42,46, 70, 105, 115, 124,137, 145]
NCl1es]

IL-7 NCIl

IL-9 T8, 115]

IL-10  NCIT 115,137, 163)

11 el

IL-13 el

18

TGFp T8 115124

IFN-y ~ NCl'®3l

GM-CSF Ttsl NCI137

M-CSF 111

G-CSF sl

NC - no change in the level of that cytokine/chemokine in HI ani-
mals/humans compared with control animals/humans; T/ - incre-
ase/decrease in the level of that cytokine/chemokine in HI ani-
mals/humans compared with control animals/humans; Gro - growth-
-related oncogene. The appropriate references are in parenthesis [ ].

matory cytokines, such as interleukin (IL)-1 and
tumor necrosis factor (TNF)-o, are upregulated dur-
ing the acute phase of damage (1-12 h) post-HI" 4270
155,163 Tn addition, IL-1 and TNF-o. mRNA have been
shown to increase in hypoxic cultures of villous
explants from the human placenta'’. By 24 h, IL-1
and TNF-o. levels were the same as in controls’ 70153,
with the exception of one group which showed that
TNF-o. remained upregulated 24 h post-HI'?*. In
human asphyxiated babies and newborn infants with
HI encephalopathy (HIE), cerebrospinal fluid (CSF)
and plasma IL-1B and TNF-a levels were elevated
within 48 h*-120. 145 Tn addition, asphyxiated babies
that develop CP or neurological deficits within 1 year
have increased IL-1p and TNF-o levels within 48 h of
birth* 115 120 This suggests that both IL-1 and
TNF-o play an important role in the acute stages of
inflammation after HI that leads to neurological
deficits such as CP. Therefore, the levels of IL-1B and
TNF-o at birth may be a good predictor for the devel-
opment of subsequent neurological deficits in devel-
oping infants.

Due to the important role that the initial pro-inflam-
matory cytokines (IL-1 and TNF-a) play in
HI-induced injury, it may be beneficial to block the
action of these cytokines in order to reduce the neu-
rological deficits that follow an HI event. This mode
of therapy has only been investigated in animal mod-
els and has not been tried in clinical trials to date.
The recombinant human IL-1 receptor antagonist
(rhIL-1ra) prevents IL-1 binding to its receptor, thus
inhibiting IL-1 function. An rhIL-1ra has been devel-
oped which can be exogenously administered to block
IL-1. In an animal model of HI, 100 mg/kg rhIL-1ra
was administered s.c. 1 h prior to or 1 h post-HI and
was neuroprotective against cell death!’. Hagberg et
al.” administered rhIL-1ra i.c., but it was only neuro-
protective when administered prior to and not post-
HI. Another approach to reduce the action of IL-1 is
to prevent its activation. IL-1-converting enzyme
(ICE) cleaves the inactive pro-IL-1p to active IL-1f,
so an inhibitor of this enzyme will prevent active
IL-1B formation. Unfortunately, the inhibitors of this
enzyme that have been developed® have not been
investigated in HI. However, ICE knockout mice
have shown resistance to HI-induced neuronal injury,
suggesting that ICE is an important mechanism that
contributes to HI-induced damage®”.

IL-6 has both neurodestructive and neuroprotective
effects (see® for review) and may hence play a dual
role in HI-induced injury. IL-6 mRNA and protein
levels are upregulated 0-24 h after HI in the rat*>7"
124 except for one group that could not detect IL-6 12
h post-HI', In humans, CSF, plasma, and serum
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IL-6 levels were upregulated in asphyxiated new-
borns and HIE infants within 48-90 h after birth? 4
105,137,145 Furthermore, IL-6 appeared to have a pos-
itive association with HIE severity and clinical out-
come of HIE, suggesting that the production of IL-6
in this setting is pro-inflammatory'®> 37, Similarly,
IL-18 also appears to play a pro-inflammatory role
after Hl-induced brain damage, as IL-18 knockout
mice had a 21% decrease in infarct size compared
with wild-type mice after HI?.

Many other cytokines are involved in the pathophys-
iological process that occurs after HI. IL-4 and IL-10
are T helper 2 cell-derived cytokines and are consid-
ered anti-inflammatory. However, their role in
HI-induced damage is still being established. IL-4
and IL-10 were not detected 12 h post-HI in the
rat'®, whereas IL-10 levels were not significantly dif-
ferent from control groups in both asphyxiated new-
borns'*” and HI rats’. This implies that anti-inflam-
matory cytokines such as IL-4 and IL-10 do not con-
tribute to the initial inflammatory response following
HI. However, exogenous administration of IL-10
(i.v.) prevented the damage seen after endotoxin
administration post-HI, suggesting that IL-10 has
a therapeutic effect*s. Other interleukins, such as IL-
-2, IL-3, and IL-5, and interferon (IFN)-y were not
detected 12 h post-HI'® and their roles are yet to be
fully elucidated in HI-induced neurodegeneration.
Granulocyte-macrophage colony-stimulating factor
(GM-CSF) levels were not different between asphyx-
iated neonates and controls’’. Transforming growth
factor (TGF)-B, which is well known for its anti-
-inflammatory actions, was shown to be elevated 24 h
post-HI'?*, In addition, TGF- mRNA expression is
upregulated in the ipsilateral hemisphere at 1 h
(severe insult) or 72 h (moderate insult) and remains
elevated for at least 120 h post-HI®*®. Furthermore,
exogenous administration of 10 ng TGF-f i.v.c.
reduced neuronal injury caused by HI? 177 suggest-
ing that TGF-f has a neuroprotective effect.

Cerebral palsy is one of the most common and crip-
pling motor disorders in children and produces
a huge economic impact worldwide. CP has many ini-
tiators which are mainly triggered in utero, such as
intrauterine infection and HI. By investigating the
immune and inflammatory response after infection
or HI, viable therapies may be produced to prevent
the onset of CP. Nelson et al.!’> undertook an inves-
tigation looking at the relationship between inflam-
matory mediators and CP. In this study they com-
pared the cytokine levels of dried blood spot speci-
mens obtained at birth from CP children and control
children. CP children had higher concentrations of
TNF-o, IL-1, IL-6, IL-9, IL-11, and IL-13 (they also

had higher levels of various chemokines — see section
below). There was no difference in IL-4, IL-5, IL-7,
and IL-10 levels between the two groups.
Interestingly, CP children also had increased granu-
locyte colony-stimulating factor (G-CSF), macro-
phage colony-stimulating factor (M-CSF), GM-CSF,
and TGF-f. Therefore, because CP children showed
a similar cytokine profile as post-HI (induction of
pro-inflammatory and no change in anti-inflammato-
ry cytokines), then the prevention or block of these
pro-inflammatory mediators may provide protection
against the development of CP.

Irrespective of the initiating stimuli, such as HI,
intrauterine infection, choriamnionitis, toxin-induced
injury, and preterm labor, the resultant CNS traumas
all appear to have cytokines as a final common path-
way*. The concentrations of many cytokines have
been investigated in these settings, as well as in chil-
dren with neurological deficits caused by these trig-
gers, such as periventricular leukomalacia and CP3*
39,40, 74,99, 106, 109, 115, 116, 135, 140, 178-181 * A1] of these clinical
settings appear to have increased pro-inflammatory
cytokines, such as IL-1 and TNF-o, with no change in
anti-inflammatory cytokines, such as IL-4 and IL-10,
compared with controls. Therefore, no matter what
the initial source of CNS injury in the neonate is, the
inflammatory response initiated and propagated by
cytokines represents a shared mode of action leading
to neuronal damage.

CHEMOKINES AND HI

The role of chemokines (low-molecular-weight
chemotactic cytokines) in HI-induced neuronal dam-
age is very limited, according to the few studies inves-
tigating their effects (see Table 1). The o-chemo-
kines (which are chemoattractants for granulocytes)
include growth-related oncogene and macrophage
inflammatory protein (MIP)-2 and appear to be
involved in HI-mediated brain injury. MIP-2 secre-
tion was induced after hypoxia/reoxygenation in
microglial cultures'”!, while MIP-2 and gro mRNA
expression was increased 0-24 h post-HI in the rat'4.
In addition, MIP-2 concentrations were higher in CP
children compared with control children'’, implicat-
ing the involvement of o-chemokines in neurological
deficits following HI.

The B-chemokines (which are primarily chemoattrac-
tants for mononuclear cells) consist of MIP-1c, MIP-
-1B, monocyte chemoattractant protein (MCP)-1,
MCP-2, and regulated on activation normal T cell
expressed and secreted (RANTES). MIP-lo. and
MCP-1 have been found to be elevated in the ligated
hemisphere following HI for extended periods of
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time that range from 6 h-14 days for MIP1a/!'* 32 and
1-48 h for MCP-1%2. This suggests that MIP-1o, and
MCP-1 may play a pivotal role in HI-mediated
inflammatory responses. The importance of MCP-1
was revealed when ICE knockout mice (which have
previously been shown to be less susceptible to HI-
-induced damage) attenuated the MCP-1 increase by
HI, implying that MCP-1 induction is essential to
produce HI-induced neuronal injury'”’. CP children
had higher B-chemokine concentrations, such as
RANTES, MIP-10, MIP-13, MCP-1, and MCP-2,
compared with control children'”, indicating the
necessity of B-chemokines in HI-induced neuronal
damage. Conflicting evidence on the role of
RANTES following HI exists, with one paper stipu-
lating no change in mRNA expression between treat-
ment groups at 24 h'>, In contrast, evidence from
another paper showed elevated mRNA levels of
RANTES at 24 h-14 days post-HI'*. These results, to
date, suggest that the exact role of RANTES follow-
ing HI has yet to be fully elucidated.

IL-8 (the archetype chemokine) is another member
of the o-chemokine family and plays a pivotal role in
neutrophil accumulation and activation. In asphyxiat-
ed newborns (including those that develop CP), IL-8
concentrations in the CSF and serum were increased
compared with control newborns and there was
a positive correlation between the severity of HIE
and the concentration of IL-8% 137, Therefore, IL-8 is
crucial to the development of acute inflammation.
For example, increased levels have been demonstrat-
ed following an ischemic stroke or HI. However, it
seems to play little part in chronic inflammatory con-
ditions, such as MS. In contrast, other chemokines do
play an important role in chronic inflammation, as
evidenced by MIP-1a. association with the relapsing-
remitting MS animal model of experimental allergic
encephalomyelitis®’. Therefore, the neutrophil
chemoattractant function of IL-8 may in fact be
important to the initial development of HI-induced
neuronal damage.

ANGIOGENESIS AND HI

process of angiogenesis is regulated, in part, by the
partial pressure of tissue oxygen, in particular the
pathophysiological conditions involving hypoxic stim-
uli. This has held true for a number of pathophysio-
logical conditions, such as: retinopathy following pre-
mature birth?, chronic exposure to normobaric
hypoxia'?, and tumor growth™ 27> 144 Tn addition,
vascularization has been documented using positron
electron tomography within the peri-infarct zone fol-
lowing cerebral infarction'’!. Likewise, in brain
autopsies from stroke victims that had survived for
extended periods of time there was an increase in
cerebral blood flow and microvessel density com-
pared with stroke victims who had died shortly after
the ischemic event®. From this, a significant correla-
tion between blood vessel density and survival out-
come was noted, suggesting that the promotion of
angiogenesis in patients at risk of or suffering from
a stroke may be of benefit.

VEGEF has been found to be reliant on the subse-
quent release of nitric oxide (NO) in order to induce
angiogenesis. This was demonstrated using the non-
selective NO synthase (NOS) inhibitor N®-nitro-L-
-arginine methyl ester (L-NAME), whereby L-NAME
blocked VEGF-induced angiogenesis'®. Indeed,
numerous studies have now shown that VEGF subse-
quently induces NO production''!1%4, In addition, in
vivo evidence shows that supplementation with
L-arginine (the precursor for NO) increases endothe-
lial NOS activity, with a subsequent increase in angio-
genesis!!3. Furthermore, research from our own labo-
ratory using CD31 as a marker of angiogenesis has
revealed an increase in angiogenesis in a rat model of
HI. However, treatment with L-NAME resulted in
a marked decrease in the angiogenic process and an
associated increase in lesion size (Clarkson et al.,
unpublished observations). It was highlighted in
a recent review article that the potential use and
development of selective endothelial NOS inducers
may be of significant benefit for the treatment of
ischemia-induced neurodegeneration*'.

OXIDATIVE STRESS

The process of angiogenesis begins with the prolifer-
ation and then migration of endothelial cells to the
site of injury. This initiates the sprouting of new cap-
illaries from pre-existing blood vessels (see'®).
Recent evidence has shown that increased angiogen-
esis within the infarcted tissue following cerebral
ischemia is secondary to the hypoxic activation of vas-
cular endothelial growth factor (VEGF)!%%, In addi-
tion, VEGF, which is the most potent angiogenic fac-
tor discovered, is now strongly implicated in neuro-
protection'?, Tt is now well established that the

In its simplest form, oxidative stress is the balance
between ROS production and the body’s intrinsic
scavenging capacity. The body’s endogenous antioxi-
dant enzymes include superoxide dismutase (SOD),
found in cytoplasm as Cu,Zn-SOD (SOD1)!* or in
mitochondria as Mn-SOD (SOD2)'7. Both enzymes
scavenge ROS by converting them to H,0O,, which is
later detoxified by either catalase or glutathione per-
oxidase to H,O. Assessment of CNS injury in animal
models of ischemic stroke has shown that over-
expression of SOD1 can protect the CNS from
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injury'®. However, following neonatal HI the over-
-expression of the SOD1 gene resulted in an exacer-
bation of the injury®”. This inability to detoxify H,O,
in these over-expressing SOD1 animals is thought to
be due to the limited capacity of the antioxidant
enzyme glutathione peroxidase™.

It has been proposed in a recent review by Ikeda et al.3
that the use of ROS scavengers may be a viable inter-
vention to limit CNS injury following ischemia. It is
generally accepted that antioxidants protect cells dur-
ing inflammatory events by scavenging cytotoxic ROS.
However, emerging evidence suggests that antioxidants
may also protect cells by altering cell signaling path-
ways and modulating inducible enzyme systems'®,

It is widely accepted that ROS are key mediators of
cerebral injury in a number of neurodegenerative
conditions, including cerebral ischemia® 2 46, The
CNS is particularly susceptible to ROS-induced dam-
age due to the high oxygen demands of the brain and
low concentrations of endogenous antioxidants and
free-radical scavengers® 16 3% % 143 Qver recent
decades a strong relationship between cerebral
ischemia and oxidative stress in humans has been
documented?> %8, Furthermore, antioxidants have
shown potential as putative neuroprotectants for
ischemia and other neurodegenerative disorders®.
Recent work from our laboratory has demonstrated
that the two naturally occurring antioxidants, sper-
mine and epigallocatechin gallate (EGCG), reduce
CNS damage following HI by modulating the key
inflammatory enzyme NOS?”- 154, Even though antiox-
idants are well known for their free-radical scaveng-
ing ability, other inflammatory mediators do modu-
late neurological damage. Indeed, the potent antiox-
idants spermine and EGCG have been shown to pro-
tect against ischemic injury due to their ability to act
on a range of inflammatory pathways in addition to
their ability to scavenge free radicals.

MITOCHONDRIAL CHANGES AND HI

Mitochondria are ubiquitous in their presence and
are the cellular organelles responsible primarily for
the production of ATP via aerobic metabolism.
However, under conditions of pathophysiological
stress, mitochondria become key mediators of neu-
ronal cell damage* through the overproduction of
ROS, abnormal Ca?* homeostasis, and release of
apoptotic proteins. When the oxygen supply within
the cell is reduced to critical levels during neonatal
HI or ischemic stroke, damage to the CNS can occur.
Indeed, mitochondrial impairment has been previ-

ously documented following an ischemic episode?”3*
134, 138, 147, 154

Previous work has shown that following HI-induced
tissue damage, energy reserves follow a biphasic
decrease, that is, subsequent to the initial insult, an
immediate decrease in energy reserves occurs, fol-
lowed by a transient restoration of glucose utilization
and ATP and phosphocreatine production upon
reoxygenation'> 3, This is then followed by a sec-
ondary decrease in energy reserves that occurs in
most brain regions 648 h post-insult and is accom-
panied by impaired glucose utilization, activation of
caspase-3, and DNA fragmentation'3 5738 130,176,

The opening of the mitochondrial permeability tran-
sition pore (mPTP) has been suggested to have over-
whelming effects on cellular integrity. The resultant
collapse in membrane potential and subsequent halt-
ing of ATP synthesis in turn may lead to cellular
injury. Indeed, the initiated opening of mPTP has
been implicated, in part, in apoptosis®> 122 126,
Furthermore, evidence exists for the involvement of
the mPTP following ischemic injury in adults with
subsequent protection following treatment with
mPTP blockers (see*” for review). Following neonatal
HI it has been shown that mPTP opening occurs.
However, no evidence exists for its involvement in
HI-mediated injury'?s.

To date, relatively few studies have implicated Ca-
-dependent restriction endonucleases in programmed
cell death following cerebral ischemia. In a model of
focal ischemia, evidence shows the early activation of
endonucleases is linked to DNA fragmentation®> %7,
In addition, caspase-activated DNase and lysosomal
enzyme DNase II have been found in the hippocam-
pal CA1l region following ischemia!®!. Likewise,
apurinic/apyrimidinic endonuclease (APE/Ref-1) has
also been detected® and treatment with the free-rad-
ical scavenger, 21-aminosteroid, significantly
decreased APE/Ref-1 expression and ultimately led
to a decrease in infarct size?’. Evidence for the
involvement of endonucleases following HI, howev-
er, is less conclusive. An early report by Ferrer et al.¥
in 1994 concluded that endonucleases may play a part
in HI-mediated cell death, as they observed nuclear
DNA fragmentation in juvenile rats subjected to HI.
More recently, Lok and Martin®® reported that the
pro-apoptotic protein Bax precedes the activation of
downstream apoptotic-effector mechanisms, caspase-
3 cleavage, and endonuclease activation during exci-
totoxic neuronal apoptosis in the newborn rat brain.

Significant progress has been made which implicates
mitochondria as being key regulators of apoptotic
cell damage following HI (see'” ¥ for reviews).
A number of these key apoptotic mediators have
been shown to be elevated following HI-induced
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damage and include caspase-377-% 114172 APAF-1119,
Bcl-2!% and apoptosis-inducing factor (AIF)'83. The
release of AIF is thought to be controlled by the anti-
-apoptotic protein Bcl-2, which impedes AIF release
from the mitochondria!®. In addition, it has been
shown that the overproduction of Bcl-2 or Bel-xL
prevents both the mitochondrial and nuclear apop-
totic events®.

One possible strategy to protect against HI-induced
neuronal damage is to prevent the loss of mitochon-
drial function, or subsequently hinder the release of
apoptotic mediators. Work from our laboratory
investigating the protective effects of antioxidants
(spermine and EGCG) has shown marked protection
against HI-induced impairment of mitochondrial
complex kinetics and preservation of mitochondrial
integrity as demonstrated by normalization of citrate
synthase and aconitase activities?”> %, Numerous
studies have shown a decrease in caspase-3 activity
and subsequent neuronal protection following
a number of different treatments that include iv.c.
injection of brain-derived neurotrophic factor
(BDNF)"'; i.v. injection of 2-iminobiotin, a selective
neuronal and inducible NOS inhibitor!?*; treatment
with MK-801, a N-methyl-D-aspartate receptor
antagonist'?; and post-ischemic hypothermia’'.
However, some studies have shown that even in the
presence of decreased caspase-3 activity, preserva-
tion of CNS tissue is not apparent following treat-
ment with boc-aspartyl-(Ome)-fluoromethyl-ketone
(BAF), a multicaspase inhibitor®> 183, To this end,
BAF failed to inhibit the release of AIF from mito-
chondria, which suggested a strong involvement for
AIF in HI-mediated neuronal damage'®3.

CONTRALATERAL CHANGES AND HI

Traditionally, studies investigating HI-mediated neu-
ronal damage have utilized the contralateral hemi-
sphere as an “internal control”. This is based on obser-
vations that gross damage is most apparent ipsilateral
to the insult (see, for example’ 1% 195). However,
remote changes contralateral to the initial insult have
been documented in which loss of excitation or facili-
tation within an injured area renders other regions less
responsive to stimuli*. For example, unilateral
ischemia has been shown to decrease contralateral
regional cerebral blood flow (rCBF) and metabolism®®
9L 175 The fact that changes in rCBF can lead to
changes in metabolism and lasting functional deficits”™
suggests that the contralateral hemisphere may not be
a valid control in procedures of HI. Furthermore, we
have shown lasting functional deficits following HI up
to 90 days post-insult using extra-cellular field poten-
tial recordings from the hippocampus?.

In addition to contralateral electrophysiological
changes, small changes in gene expression, inflamma-
tory markers, and neuronal density have been docu-
mented following HI in the contralateral hemisphere.
The expression of immediately early genes (IEGs;
c-fos and c-jun) is associated with the activation of
downstream cytokine pathways, cellular injury, and
cell death, primarily via apoptosis®. A number of
studies have demonstrated upregulated expression of
IEGs following HI in the contralateral hemisphere
and hippocampus®® % 112, Tn addition to the changes
in IEGs, increases in IL-lo, IL-1B, TNF-o, and
TNF-B have likewise been documented in the con-
tralateral hemisphere” 163, Mild neuronal loss is also
well documented in the cortex and CA regions of the
hippocampus contralateral to an ischemic insult38: 10,
and it is now evident that inflammatory processes are
central to CNS injury following HI.

One mechanism that could potentially explain these
contralateral changes is a phenomenon known as
“slow excitotoxicity”, in which excitotoxicity may occur
in the absence of any elevated levels of glutamate or
other excitatory neurotransmitters''® 182, Under condi-
tions of “slow excitotoxicity” it is proposed that dam-
age to mitochondria occurs following interference with
the electron transport chain by toxins or through phys-
ical disruption and is the key element in this patho-
genic process. In this, neurons become overly respon-
sive to ambient levels of extracellular glutamate fol-
lowing cellular energetic impairment, which is a com-
ponent attributed to mitochondria''® 182, The subse-
quent decrease in ATP production results in a dimin-
ished exchange of sodium and potassium, in turn caus-
ing the cell membrane potential to drift into a state of
depolarization. This increased state of depolarization
increases the likelihood of opening voltage-sensitive
sodium and calcium channels augmenting action
potential firing'®'. This ultimately contributes to the
initiation of the excitatory cascade under conditions of
sub-lethal exposure to extracellular glutamate.

CURRENT AND FUTURE THERAPIES

Presently there are no neuroprotective treatments
for HIE and the prevention of CP, even though many
neuroprotectants have worked in animal models of
HI. However, there are some promising therapies
that have recently been shown to be neuroprotective
against HI-induced neuronal damage in the rat and
await further testing in clinical trials. The regulation
of temperature has been well documented to affect
the outcome of ischemia (see®? for review), with
hyperthermia exacerbating HI-induced neuronal
injury®®, while hypothermia protects against HI-in-
duced neuronal injury’!. This is presumably due to
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either an increase or decrease in blood vessel dilation,
respectively. Presently, hypothermic treatments such
as systemic cooling or head cooling are in clinical tri-
als for the treatment of HIE® !, Preliminary results
show that moderate HIE newborns have increased
neurodevelopmental outcome with hypothermic
treatment compared with normothermic controls®.
Therefore, hypothermic strategies may be a promising
avenue in the prevention of brain damage after HI.

The cascade of events that occurs following HI is
complex and it is extremely unlikely that any single
intervention will prevent the entire cascade from
being activated. However, therapies with multiple
modes of action will limit the neuronal injury after HI
more effectively compared with a compound with
a single mode of action. Recently, in our laboratory,
free-radical scavengers such as spermine’’ and
EGCG"™* were not only neuroprotective against
HI-induced neuronal damage (through their antioxi-
dant action), but also modulated key inflammatory
mediators such as NOS to produce neuroprotection.
Other NOS inhibitors, such as 2-iminobiotin'** and
ARL-17477'%, also provide neuroprotection in the
animal model of HI. Therefore, anti-oxidants that
have many mechanisms of action could prevent the
activation of many pathways in the complex cascade
of neuronal injury, but these compounds have not
reached clinical trials yet. However, EGCQG is in clin-
ical trials for the treatment of various types of can-
cer, and its pharmacokinetic and safety profile has
already been documented?. Similar to stroke, HI has
a narrow therapeutic window®. With most studies
aiming for a 6 h time window post-HI/stroke, it there-
fore seems likely that anti-inflammatory treatment
offers perhaps the most promising line of therapy.

To this end, inhibitors of inflammation such as
fucoidin (inhibitor of leukocyte adhesion) have

REFERENCES

shown protection against HI-induced brain dam-
age'®”. Furthermore, growth factors such as BDNF
have shown protection against Hl-induced damage
via multiple mechanisms: activation of the extracellu-
lar signal-related protein kinase pathway’ and by
blocking caspase-3 activation’!. However, neither of
these compounds, which act at multiple sites, has
made it to clinical trials, but they suggest that inhibi-
tion of inflammation and apoptosis is a viable target
to limit the neuronal damage after HI.

CONCLUSIONS

After an HI insult, a multi-faceted cascade of events
occurs that ultimately causes cell death and neuro-
logical damage to the CNS. The various cascades
include, amongst others, immunological changes,
such as the activation of the complement system,
increased inflammation through the action of pro-
inflammatory cytokines and chemokines, the produc-
tion of ROS leading to oxidative stress by lipid per-
oxidation and DNA fragmentation, and diminished
mitochondrial function leading to the activation of
apoptotic pathways and subsequent alteration to the
function of neurons within the contralateral hemi-
sphere. Due to the complex milieu induced by HI and
the massive redundancy and constant changing of the
inflammatory/immune response, it is extremely
unlikely that any one therapy alone will be successful.
Currently there are no effective treatments in the
clinic to prevent neuronal injury following HI, even
though some therapies produced promising results in
animal models. Until the role of inflammation and
other pathways of neurodegeneration have been fully
established, the alleviation of symptoms of HI-in-
duced neurodegeneration is the best we can hope to
accomplish. We are still a long way from preventing
HI-induced neurodegeneration, let alone preventing
its onset.

1. Ali M. H,, Schlidt S. A., Chandel N. S., Hynes K. L., Schumacker
P. T. and Gewertz B. L. (1999): Endothelial permeability and IL-6
production during hypoxia: role of ROS in signal transduction.
Am. J. Physiol., 277, L1057-L1065.

2. Alon T., Hemo L, Itin A, Pe’er J., Stone J. and Keshet E. (1995):
Vascular endothelial growth factor acts as a survival factor for
newly formed retinal vessels and has implications for retinopathy
of prematurity. Nat. Med., 1, 1024-1028.

3. Amato M. and Donati F. (2000): Update on perinatal hypoxic
insult: mechanism, diagnosis and interventions. Eur. J. Paediatr.
Neurol., 4, 203-209.

4. Andrews R. J. (1991): Transhemispheric diaschisis. Stroke, 22,
943-949.

5. Avrameas S. and Ternynck T. (1993): The natural autoantibodies
system: between hypothesis and facts. Mol. Immunol., 30,
1133-1142.

6. Avrameas S. and Ternynck T. (1995): Natural autoantibodies: the
other side of the immune system. Res. Immunol., 146, 235-248.

7. Balduini W., Mazzoni E., Carloni S., Grazia De Simoni M.,
Perego C., Sironi L. and Cimino M. (2003): Prophylactic but not
delayed administration of simvastatin protects against long-lasting
cognitive and morphological consequences of neonatal hypoxic-
ischemic brain injury, reduces interleukin-1p and tumor necrosis
factor-oo mRNA induction, and does not affect endothelial nitric
oxide synthase expression. Stroke, 34, 2007-2012.

8. Beal M. F. (1996): Mitochondria, free radicals, and neurodegener-
ation. Curr. Opin. Neurobiol., 6, 661-666.

9. Beckman J. S. and Koppenol W. H. (1996): Nitric oxide, superox-
ide, and peroxynitrite: the good, the bad, and ugly. Am. J. Physiol.,
271, C1424-C1437.

10. Benyo D. F., Miles T. M. and Conrad K. P. (1997): Hypoxia stimu-
lates cytokine production by villous explants from the human pla-
centa. J. Clin. Endocrinol. Metab., 82, 1582-1588.

220



A.N. Clarkson et al. - The biology and pathology of HI

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Berger R., Garnier Y. and Jensen A. (2002): Perinatal brain dam-
age: underlying mechanisms and neuroprotective strategies. J. Soc.
Gynecol. Investig., 9, 319-328.

Berneman A., Ternynck T. and Avrameas S. (1992): Natural
mouse IgG reacts with self antigens including molecules involved
in the immune response. Eur. J. Immunol., 22, 625-633.

Blumberg R. M., Cady E. B., Wigglesworth J. S., McKenzie J. E.
and Edwards A. D. (1997): Relation between delayed impairment
of cerebral energy metabolism and infarction following transient
focal hypoxia-ischaemia in the developing brain. Exp. Brain Res.,
113, 130-137.

Bona E., Anderson A. L., Blomgren K., Gilland E., Puka-Sundvall
M., Gustafson K. and Hagberg H. (1999): Chemokine and inflam-
matory cell response to hypoxia-ischemia in immature rats.
Pediatr. Res., 45, 500-509.

Boyden S. V. (1966): Natural antibodies and the immune
response. Adv. Immunol., 5, 1-25.

Braughler J. M. and Hall E. D. (1989): Central nervous system
trauma and stroke. I. Biochemical considerations for free radical
formation and lipid peroxydation. Free Rad. Biol. Med., 6,
289-301.

Budd S. L. (1998): Mechanisms of neuronal damage in brain
hypoxia/ischemia: focus on the role of mitochondrial calcium accu-
mulation. Pharmacol. Ther., 80, 203-229.

Carmeliet P. and Jain R. K. (2000): Angiogenesis in cancer and
other diseases. Nature, 407, 249-257.

Chan P. H. (1996): Role of oxidants in ischemic brain damage.
Stroke, 27, 1124-1129.

Chan P. H. (2001): Reactive oxygen radicals in signalling and
damage in the ischemic brain. J. Cereb. Blood Flow Metab., 21,
2-14.

Chang Y. Y., Fujimura M., Morita-Fujimura Y., Kim G. W.,
Huang C. Y., Wu H. S., Kawase M., Copin J. C. and Chan P. H.
(1999): Neuroprotective effects of an antioxidant in cortical cere-
bral ischemia: prevention of early reduction of the
apurinic/apyrimidinic endonuclease DNA repair enzyme.
Neurosci. Lett., 277, 61-64.

Chang C. Y., Lai Y. C, Cheng T.J., Lau M. T. and Hu M. L.
(1998): Plasma levels of antioxidant vitamins, selenium, total
sulfhydryl groups and oxidative products in ischemic-stroke
patients as compared to matched controls in Taiwan. Free Radic.
Res., 28, 15-24.

Charriaut-Marlangue C., Margaill I., Plotkine M. and Ben-Ari Y.
(1995): Early endonuclease activation following reversible focal
ischemia in the rat brain. J. Cereb. Blood Flow Metab., 15,
385-388.

Cherubini A., Polidori M. C., Bregnocchi M., Pezzuto S.,
Cecchetti R., Ingegni T., di Iorio A., Senin U. and Mecocci P.
(2000): Antioxidant profile and early outcome in stroke patients.
Stroke, 31, 2295-2300.

Chiesa C., Pellegrini G., Panero A., De Luca T., Assumma M.,
Signore F. and Pacifico L. (2003): Umbilical cord interleukin-6
levels are elevated in term neonates with perinatal asphyxia. Eur.
J. Clin. Invest., 33, 352-358.

Chow H. H., Cai Y., Hakim I. A., Crowell J. A., Shahi F., Brooks
C. A., Dorr R. T., Hara Y. and Alberts D. S. (2003):
Pharmacokinetics and safety of green tea polyphenols after multi-
ple-dose administration of epigallocatechin gallate and polyphe-
non E in healthy individuals. Clin. Cancer Res., 9, 3312-3319.

Clarkson A. N., Liu H., Pearson L., Kapoor M., Harrison J. C.,
Sammut I. A, Jackson D. M. and Appleton I. (2004):
Neuroprotective effects of spermine following hypoxia-ischemia-
-induced brain damage: a mechanistic study. FASEB J., 18,
1114-1116.

Clarkson A. N., Liu H., Rahman R., Jackson D. M., Appleton I. and
Kerr D. S. (2005): Clomethiazole: mechanisms underlying lasting
neuroprotection following hypoxia-ischemia. FASEB J. (in press).

Clarkson A. N., Rahman R. M. A. and Appleton 1. (2004):
Neurodegenerative disorders: Inflammation and autoimmunity as
a central theme. Fact or fiction? Curr. Opin. Investig. Drugs, 5,
706-713.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Cooper C. E. (1999): In vivo measurements of mitochondrial func-
tion and cell death following hypoxic/ischaemic damage to the
new-born brain. Biochem. Soc. Symp., 66, 123-140.

Cowell R. M., Plane J. M. and Silverstein F. S. (2003):
Complement activation contributes to hypoxic-ischemic brain
injury in neonatal rats. J. Neurosci., 23, 9459-9468.

Cowell R. M., Xu H., Galasso J. M. and Silverstein F. S. (2002):
Hypoxic-ischemic injury induces macrophage inflammatory pro-
tein-1ot expression in immature rat brain. Stroke, 33, 795-801.

Dammann O., Phillips T. M., Allred E. N., O’Shea T. M., Paneth
N., Van Marter L. J., Bose C., Ehrenkranz R. A., Bednarek F. J.,
Naples M. and Leviton A. (2001): Mediators of fetal inflammation
in extremely low gestational age newborns. Cytokine, 13, 234-239.

Dave K. R., Saul L., Busto R., Ginsberg M. D., Sick T. J. and
Perez-Pinzon M. A. (2001): Ischemic preconditioning preserves
mitochondrial function after global cerebral ischemia in rat hip-
pocampus. J. Cereb. Blood Flow Metab., 21, 1401-1410.

Davidson A. and Diamond B. (2001): Autoimmune disease. N.
Engl. J. Med., 345, 340-350.

Decaudin D. Geley S. Hirsch T. Castedo M. Marchetti P. Macho
A. Kofler R. and Kroemer G. (1997): Bcl-2 and Bcl-xL antagonize
the mitochondrial dysfunction preceding nuclear apoptosis
induced by chemotherapeutic agents. Cancer Res., 57, 62-67.

Ditelberg J. S., Sheldon R. A,, Epstein C. J. and Ferriero D. M.
(1996): Brain injury after perinatal hypoxia-ischemia is exacerbat-
ed in copper/zinc superoxide dismutase transgenic mice. Pediatr.
Res., 39, 204-208.

Dobkin J. A., Levine R. L., Lagreze H. L., Dulli D. A., Nickles R.
J. and Rowe B. R. (1989): Evidence for transhemispheric diaschi-
sis in unilateral stroke. Arch. Neurol., 46, 1333-1336.

Duggan P. J., Maalouf E. F., Watts T. L., Sullivan M. H. F.,
Counsell S. J., Allsop J., Al-Nakib L., Rutherford M. A., Battin
M., Roberts I. and Edwards A. D. (2001): Intrauterine T-cell acti-
vation and increased pro-inflammatory cytokine concentrations in
preterm infants with cerebral lesions. Lancet, 358, 1699-1700.

El-Shazly S., Makhseed M., Azizieh F. and Raghupathy R. (2004):
Increased expression of pro-inflammatory cytokines in placentas
of women undergoing spontaneous preterm delivery or premature
rupture of membranes. Am. J. Reprod. Immunol., 52, 45-52.

Endres M., Laufs U,, Liao J. K. and Moskowitz M. A. (2004):
Targeting eNOS for stroke protection. Trends Neurosci., 27, 283-289.

Feng Y. and LeBlanc M. H. (2003): Effect of agmatine on the
time course of brain inflammatory cytokines after injury in rat
pups. Ann. NY Acad. Sci., 1009, 152-156.

Ferrer L., Tortosa A., Macaya A., Sierra A., Moreno D., Munell
F., Blanco R. and Squier W. (1994): Evidence of nuclear DNA
fragmentation following hypoxia-ischemia in the infant rat brain,
and transient forebrain ischemia in the adult gerbil. Brain Pathol.,
4,115-122.

Fiskum G., Murphy A. N. and Beal M. F. (1999): Mitochondria in
neurodegeneration: acute ischemia and chronic neurodegenerative
diseases. J. Cereb. Blood Flow Metab., 19, 351-369.

Floyd R. A. (1999): Neuroinflammatory processes are important
in neurodegenerative diseases: an hypothesis to explain the
increased formation of reactive oxygen and nitrogen species as
major factors involved in neurodegenerative disease development.
Free Radic. Biol. Med., 26, 1346-1355.

Foster-Barber A., Dickens B. and Ferriero D. M. (2001): Human
perinatal asphyxia: correlation of neonatal cytokines with MRI
and outcome. Dev. Neurosci., 23, 213-218.

Friberg H. and Wieloch T. (2002): Mitochondrial permeability
transition in acute neurodegeneration. Biochimie, 84, 241-250.

Frgen J. F., Munkeby B. H., Stray-Pedersen B. and Saugstad O.
D. (2002): Interleukin-10 reverses acute detrimental effects of
endotoxin-induced inflammation on perinatal cerebral hypoxia-
ischemia. Brain Res., 942, 87-94.

Fujimura M., Morita-Fujimura Y., Kawase M. and Chan P. H.
(1999): Early decrease of apurinic/apyrimidinic endonuclease
expression after transient focal cerebral ischemia in mice. J.
Cereb. Blood Flow Metab., 19, 495-501.

221



Arch Immunol Ther Exp, 2005, 53, 213-225

50. Fukuda H., Tomimatsu T., Kanagawa T., Mu J. W., Kohzuki M.,
Shimoya K., Hosono T., Kanzaki T. and Murata Y. (2003):
Postischemic hyperthermia induced caspase-3 activation in the
newborn rat brain after hypoxia-ischemia and exacerbated brain
damage. Biol. Neonate, 84, 164-171.

51. Fukuda H., Tomimatsu T., Watanabe N., Mu J. W., Kohzuki M.,
Endo M., Fujii E., Kanzaki T. and Murata Y. (2001): Post-
ischemic hypothermia blocks caspase-3 activation in the newborn
rat brain after hypoxia-ischemia. Brain Res., 910, 187-191.

52. Fullerton H. J., Ditelberg J. S., Chen S. F., Sarco D. P., Chan P.
H., Epstein C. J. and Ferriero D. M. (1998): Copper/zinc superox-
ide dismutase transgenic brain accumulates hydrogen peroxide
after perinatal hypoxia ischaemia. Ann. Neurol., 44, 357-364.

53. Gadient R. A. and Otten U. H. (1997): Interleukin-6 (IL-6) — a
molecule with both beneficial and destructive potentials. Prog.
Neurobiol., 52, 379-390.

54. Galvin K. A. and Oorschot D. E. (1998): Postinjury magnesium
sulfate treatment is not markedly neuroprotective for striatal
medium spiny neurons after perinatal hypoxia/ischemia in the rat.
Pediatr. Res., 44, 740-745.

55. Gasgue P., Neal J. W., Singhrao S. K., McGreal E. P., Dean Y. D.,
Van B. J. and Morgan B. P. (2002): Roles of the complement sys-
tem in human neurodegenerative disorders: pro-inflammatory and
tissue remodelling activation. Mol. Neurobiol., 25, 1-17.

56. Gilby K. L., Armstrong J. N., Currie R. W. and Robertson H. A.
(1997): The effects of hypoxia-ischemia on expression of c-Fos, c-
-Jun and Hsp70 in the young rat hippocampus. Mol. Brain Res.,
48, 87-96.

57. Gilland E., Bona E. and Hagberg H. (1998): Temporal changes of
regional glucose use, blood flow, and microtubule-associated pro-
tein 2 immunostaining after hypoxia-ischemia in the immature rat
brain. J. Cereb. Blood Flow Metab., 18, 222-228.

58. Gilland E., Puka-Sundvall M., Hillered L. and Hagberg H. (1998):
Mitochondrial function and energy metabolism after hypoxia-
-ischemia in the immature rat brain: involvement of NMDA-recep-
tors. J. Cereb. Blood Flow Metab., 18, 297-304.

59. Ginsberg I. (1998): Could synergistic interactions among reactive
oxygen species, proteinases, membrane-perforating enzymes,
hydrolases, microbial hemolysins and cytokines be the main cause
of tissue damage in infectious and inflammatory conditions? Med.
Hypotheses, 51, 337-346.

60. Gluckman P. D., Wyatt J. S., Azzopardi D., Ballard R., Edwards
D., Ferriero D. M., Polin R. A., Robertson C., Thoresen M.,
Whitelaw A., Gunn A.J. and the CoolCap Study Group (2004):
Selective head cooling with mild systemic hypothermia to improve
neurodevelopmental outcome following neonatal encephalopathy:
The CoolCap Study. Pediatr. Res., 55, 582A.

61. Goldrath A. W. and Bevan M. J. (1999): Selecting and maintain-
ing a diverse T-cell repertoire. Nature, 402, 255-262.

62. Goldstein P. (1997): Controlling cell death. Science, 275, 1081-1082.

63. Grabar P. (1975): Hypothesis. Auto-antibodies and immunological
theories: An analytical review. Clin. Immunol. Immunopathol., 4,
453-466.

64. Grafe M. R. and Kinney H. C. (2002): Neuropathology associated
with stillbirth. Semin. Perinatol., 26, 83-88.

65. Green A. R. (2002): Why do neuroprotective drugs that are so
promising in animals fail in the clinic? An industry perspective.
Clin. Exp. Pharmacol. Physiol., 29, 1030-1034.

66. Grow J. and Barks J. D. (2002): Pathogenesis of hypoxic-ischemic
cerebral injury in the term infant: current concepts. Clin.
Perinatol., 29, 585-602.

67. Guan J., Miller O. T., Waugh K. M., McCarthy D. C., Gluckman
P. D. and Gunn A. J. (2004): TGFB-1 and neurological function
after hypoxia-ischemia in adult rats. Neuroreport, 15, 961-964.

68. Gubits R. M., Burke R. E., Casey-McIntosh G., Bandele A. and
Munell F. (1993): Immediate early gene induction after neonatal
hypoxia-ischemia. Mol. Brain Res., 18, 228-238.

69. Gutteridge J. M. and Halliwell B. (1990): Reoxygenation injury
and antioxidant protection: a tale of two paradoxes. Arch.
Biochem. Biophys., 283, 223-226.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Hagberg H., Gilland E., Bona E., Hanson L. A., Hahin-Zoric M.,
Blennow M., Holst M., McRae A. and Soder O. (1996): Enhanced
expression of interleukin (IL)-1 and IL-6 messenger RNA and
bioactive protein after hypoxia-ischemia in neonatal rats. Pediatr.
Res., 40, 603-609.

Han B. H., D’Costa A., Back S. A., Parsadanian M., Patel S., Shah
A. R., Gidday J. M., Srinivasan A., Deshmukh M. and Holtzman
D. M. (2000): BDNF blocks caspase-3 activation in neonatal
hypoxia-ischemia. Neurobiol Dis., 7, 38-53.

Han B. H. and Holtzman D. M. (2000): BDNF protects the
neonatal brain from hypoxic-ischemic injury in vivo via the ERK
pathway. J. Neurosci., 20, 5775-5781.

Hedtjarn M., Leverin A.-L., Eriksson K., Blomgren K., Mallard C.
and Hagberg H. (2002): Interleukin-18 involvement in hypoxic-
-ischemic brain injury. J. Neurosci., 22, 5910-5919.

Heep A., Behrendt D., Nitsch P., Fimmers R., Bartmann P. and
Dembinski J. (2003): Increased serum levels of interleukin 6 are
associated with severe intraventricular haemorrhage in extremely
premature infants. Arch. Dis. Child. Fetal Neonatal Ed., 88,
F501-F504.

Heiss W. D., Emunds H. G. and Herholz K. (1993): Cerebral glu-
cose metabolism as a predictor of rehabilitation after ischemic
stroke. Stroke, 24, 1784-1788.

Hill A. and Volpe J. J. (1989): Perinatal asphyxia: clinical aspects.
Clin. Perinatol., 16, 435-457.

Hu B. R,, Liu C. L., Ouyang Y., Blomgren K. and Siesjo B. K.
(2000) Involvement of caspase-3 in cell death after hypoxia-
-ischemia declines during brain maturation. J. Cereb. Blood Flow
Metab., 20, 1294-1300.

Huang J., Kim L. J., Mealey R., Marsh H. C. Jr., Zhang Y.,
Tenner A.J., Connolly E. S. Jr. and Pinsky D. J. (1999): Neuronal
protection in stroke by an sLex-glycosylated complement inhibito-
ry protein. Science, 285, 595-599.

Ikeda E., Achen M. G., Breier G. and Risau W. (1995): Hypoxia-
-induced transcriptional activation and increased mRNA stability
of vascular endothelial growth factor in C6 glioma cells. J. Biol.
Chem., 270, 19761-19766.

Tkeda K., Negishi H. and Yamori Y. (2003): Antioxidant nutrients
and hypoxia/ischemia brain injury in rodents. Toxicology, 189,
55-61.

Inder, T. E. and Volpe J. J. (2000): Mechanisms of perinatal brain
injury. Semin. Neonatol., 5, 3-16.

Ivacko J., Szaflarski J., Malinak C., Flory C., Warren J. S. and
Silverstein F. S. (1997) Hypoxic-ischemic injury induces monocyte
chemoattractant protein-1 expression in neonatal rat brain. J.
Cereb. Blood Flow Metab., 17, 759-770.

Jensen A., Garnier Y., Middelanis J. and Berger R. (2003):
Perinatal brain damage — from pathophysiology to prevention.
Eur. J. Obstet. Gynecol. Reprod. Biol., 110, S70-79.

Johnston M. V., Trescher W. H., Ishida A. and Nakajima W.
(2001): Neurobiology of hypoxic-ischemic injury in the developing
brain. Pediatr. Res., 49, 735-741.

Joly L. M., Mucignat V., Mariani J., Plotkine M. and Charriaut-
-Marlangue C. (2004): Caspase inhibition after neonatal ischemia
in the rat brain. J Cereb Blood Flow Metab., 24, 124-131.

Karin M. (1998): Mitogen-activated protein kinase cascades as
regulators of stress responses. Ann. NY Acad. Sci., 851, 139-146.

Karpus W. J., Lukacs N. W., McRae B. L., Strieter R. M., Kunkel
S. L. and Miller S. D. (1995): An important role for the
chemokine macrophage inflammatory protein-1o in the pathogen-
esis of the T cell-mediated autoimmune disease, experimental
autoimmune encephalomyelitis. J. Immunol., 155, 5003-5010.

Klempt N. D, Sirimanne E., Gunn A. J., Klempt M., Singh K.,
Williams C. and Gluckman P. D. (1992): Hypoxia-ischemia
induces transforming growth factor 1 mRNA in the infant rat
brain. Mol. Brain Res., 13, 93-101.

Koizumi F., Agatsuma T., Ando K., Kondo H., Saitoh Y.,
Matsuda Y. and Nakanishi S. (2003): EI-2128-1, a novel inter-
leukin-1p converting enzyme inhibitor produced by Penicillium sp.
E-2128. J. Antibiot., 56, 891-898.

222



A.N. Clarkson et al. - The biology and pathology of HI

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10s.

106.

107.

108.

Krupinski J., Kaluza J., Kumar P., Kumar S. and Wang J. M.
(1994): Role of angiogenesis in patients with cerebral ischemic
stroke. Stroke, 25, 1794-1798.

Lagreze H. L., Levine R. L., Pedula K. L., Nickles R. J.,
Sunderland J. S. and Rowe B. R. (1987): Contralateral flow
reduction in unilateral stroke: evidence for transhemispheric
diaschisis. Stroke, 18, 882-886.

Laptook A. R. and Corbett R. J. (2002): The effects of tempera-
ture on hypoxic-ischemic brain injury. Clin. Perinatol., 29,
623-649.

Lassiter H. A. (2004): The role of complement in neonatal
hypoxic-ischemic cerebral injury. Clin. Perinatol., 31, 117-127.

Lassiter H. A., Feldhoff R. C., Dabhia N., Parker J. C. Jr. and
Feldhoff P. W. (2001): Complement inhibition does not reduce
post-hypoxic-ischemic cerebral injury in 21-day-old rats.
Neurosci. Lett., 302, 37-40.

Levi-Strauss M. and Mallat M. (1987): Primary cultures of
murine astrocytes produces C3 and factor B, two components of
the alternative pathway of complement activation. J. Immunol.,
139, 2361-2366.

Liu C. L., Siesjo B. K. and Hu B. R. (2004): Pathogenesis of hip-
pocampal neuronal death after hypoxia-ischemia changes during
brain development. Neuroscience, 127, 113-123.

Liu X.-H., Kwon D., Yang G.-Y., Schielke G. P., Silverstein F. S.
and Barks J. D. E. (1998): Neonatal mice deficient in interleukin-1
converting enzyme are resistant to cerebral hypoxic-ischemic
injury. Pediatr. Res., 43, 320A.

Lok J. and Martin L. J. (2002): Rapid subcellular redistribution
of Bax precedes caspase-3 and endonuclease activation during
excitotoxic neuronal apoptosis in rat brain. J. Neurotrauma., 19,
815-828.

Makhseed M., Raghupathy R., El-Shazly S., Azizieh F., Al-Harmi
J. A. and Al-Azemi M. M. (2003): Pro-inflammatory maternal
cytokine profile in preterm delivery. Am. J. Reprod. Immunol.,
49, 308-318.

Mandel S., Weinreb O., Amit T. and Youdim M. B. H. (2004):
Cell signaling pathways in the neuroprotective actions of the
green tea polyphenol (-)-epigallocatechin-3-gallate: implications
for neurodegenerative diseases. J. Neurochem., 88, 1555-1569.

Marchal G., Serrati C., Rioux P., Petit-Taboue M. C., Viader F.,
de la Sayette V., Le Doze F., Lochon P., Derlon J. M., Orgogozo
J. M. and Baron J. C. (1993): PET imaging of cerebral perfusion
and oxygen consumption in acute ischaemic stroke: relation to
outcome. Lancet, 341, 925-927.

Marti H. J. H., Bernaudin M., Bellail A., Schoch H., Euler M.,
Petit E. and Risau W. (2000): Hypoxia-induced vascular endothe-
lial growth factor expression precedes neovascularization after
cerebral ischemia. Am. J. Pathol., 156, 965-976.

Martin D., Chinookoswong N. and Miller G. (1994): The inter-
leukin-1 receptor antagonist (rhIL-1ra) protects against cerebral
infarction in a rat model of hypoxia-ischemia. Exp. Neurol., 130,
362-367.

Martin S. E. and Martin W. J. (1975): Interspecies brain antigen
detected by naturally occurring mouse anti-brain autoantibodies.
Proc. Natl. Acad. Sci. USA, 72, 1036-1040.

Martin-Ancel A., Garcia-Alix A., Pascual-Salcedo D., Cabanas
F., Valcarce M. and Quero J. (1997): Interleukin-6 in the cere-
brospinal fluid after perinatal asphyxia is related to early and late
neurological manifestations. Pediatrics, 100, 789-794.

Maymon E., Ghezzi F., Edwin S. S., Mazor M., Yoon B.H.,
Gomez R. and Romero R. (1999): The tumor necrosis factor o
and its soluble receptor profile in term and preterm parturition.
Am. J. Obstet. Gynecol., 181, 1142-1148.

McNeill H., Williams C., Guan J., Dragunow M., Lawlor P.,
Sirimanne E., Nikolics K. and Gluckman P. (1994): Neuronal res-
cue with transforming growth factor-p, after hypoxic-ischaemic
brain injury. Neuroreport, 5, 901-904.

Merry D. E., Veis D. J., Hickey W. F. and Korsmeyer S. J.
(1994): bcl-2 protein expression is widespread in the developing
nervous system and retained in the adult PNS. Development, 120,
301-311.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Minagawa K., Tsuji Y., Ueda H., Koyama K., Tanizawa T.,
Okamura H. and Hashimoto-Tamaoki T. (2002): Possible corre-
lation between high levels of IL-18 in the cord blood of pre-term
infants and neonatal development of periventricular leukomala-
cia and cerebral palsy. Cytokine, 17, 164-170.

Mirilas P., Fesel C., Guilbert B., Beratis N. G. and Avrameas S.
(1999): Natural antibodies in childhood: development, individual
stability, and injury effect indicate a contribution to immune
memory. J. Clin. Immunol., 19, 109-115.

Morbidelli L., Chang C. H., Douglas J. G., Granger H. J., Ledda
F. and Ziche M. (1996): Nitric oxide mediates mitogenic effect of
VEGF on coronary venular endothelium. Am. J. Physiol., 270,
H411-H415.

Munell F., Burke R. E., Bandele A. and Gubits R. M. (1994):
Localization of c-fos, c-jun, and hsp70 mRNA expression in brain
after neonatal hypoxia-ischemia. Dev. Brain Res., 77, 111-121.

Murohara T., Asahara T., Silver M., Bauters C., Mascuda H.,
Kalka C., Kearney M., Chen D., Symes J. F., Fishman M. C,,
Huang P. L. and Isner J. M. (1998): Nitric oxide synthase modu-
lates angiogenesis in response to tissue ischaemia. J. Clin. Invest.,
101, 2567-2578.

Nakajima W., Ishida A., Lange M. S., Gabrielson K. L., Wilson
M. A., Martin L. J., Blue M. E. and Johnston M. V. (2000):
Apoptosis has a prolonged role in the neurodegeneration after
hypoxic ischemia in the newborn rat. J. Neurosci., 20, 7994-8004.

Nelson K. B., Dambrosia J. M., Grether J. K. and Phillips T. M.
(1998): Neonatal cytokines and coagulation factors in children
with cerebral palsy. Ann. Neurol., 44, 665-675.

Nelson K. B., Grether J. K., Dambrosia J. M., Walsh E., Kohler
S., Satyanarayana G., Nelson P. G., Dickens B. F. and Phillips T.
M. (2003): Neonatal cytokines and cerebral palsy in very preterm
infants. Pediatr. Res., 53, 600-607.

Nelson K. B. and Willoughby R. E. (2000): Infection, inflamma-
tion and the risk of cerebral palsy. Curr. Opin. Neurol., 13,
133-139.

Novelli A., Reilly J. A., Lysko P. G. and Henneberry R. C.
(1988): Glutamate becomes neurotoxic via the N-methyl-D-
-aspartate receptor when intracellular energy levels are reduced.
Brain Res., 451, 205-212.

Ota K., Yakovlev A. G., Itaya A., Kameoka M., Tanaka Y. and
Yoshihara K. (2002): Alteration of apoptotic protease-activating
factor-1 (APAF-1)-dependent apoptotic pathway during develop-
ment of rat brain and liver. J. Biochem., 131, 131-135.

Oygur N., Sonmez O., Saka O. and Yegin O. (1998): Predictive
value of plasma and cerebrospinal fluid tumour necrosis factor-o.
and interleukin-1f concentrations on outcome of full term infants
with hypoxic-ischaemic encephalopathy. Arch. Dis. Child. Fetal
Neonatal Ed., 79, F190-F193.

Pantoni L., Sarti C. and Inzitari D. (1998): Cytokines and cell
adhesion molecules in cerebral ischemia: experimental bases and
therapeutic perspectives. Arterioscler. Thromb. Vasc. Biol., 18,
503-513.

Pastorino J. G., Simbula G., Yamamoto K., Glascott P. A. Jr.,
Rothman R. J. and Farber J. L. (1996): The cytotoxicity of tumor
necrosis factor depends on induction of the mitochondrial perme-
ability transition. J. Biol. Chem., 271, 29792-29798.

Patt S., Danner S., Theallier-Janko A., Breier G., Hottenrott G.,
Plate K. H. and Cervos-Navarro J. (1998): Upregulation of vascu-
lar endothelial growth factor in severe chronic brain hypoxia of
the rat. Neurosci. Lett., 252, 199-202.

Peeters-Scholte C., Koster J., van den Tweel E., Blomgren K.,
Hamers N., Zhu C,, van Buul-Offers S., Hagberg H., van Bel F.,
Heijnen C. and Groenendaal F. (2002): Effects of selective nitric
oxide synthase inhibition on IGF-1, caspases and cytokines in a
newborn piglet model of perinatal hypoxia-ischaemia. Dev.
Neurosci., 24, 396-404.

Perlman J. M. (1998): White matter injury in the preterm infant:
an important determinant of abnormal neurodevelopment out-
come. Early Hum. Dev., 53, 99-120.

Petit P. X., Susin S.-A., Zamzami N., Mignotte B. and Kroemer
G. (1996): Mitochondria and programmed cell death: back to the
future. FEBS Lett., 396, 7-13.

223



Arch Immunol Ther Exp, 2005, 53, 213-225

127. Plate K. H., Breier G., Weich H. A. and Risau W. (1992):
Vascular endothelial growth factor is a potential tumour angio-
genesis factor in human gliomas in vivo. Nature, 359, 845-848.

128. Puka-Sundvall M., Gilland E. and Hagberg H. (2001): Cerebral
hypoxia-ischemia in immature rats: involvement of mitochondrial
permeability transition? Dev. Neurosci., 23, 192-197.

129. Puka-Sundvall M., Hallin U., Zhu C., Wang X., Karlsson J. O.,
Blomgren K. and Hagberg H. (2000): NMDA blockade attenu-
ates caspase-3 activation and DNA fragmentation after neonatal
hypoxia-ischemia. Neuroreport, 11, 2833-2836.

130. Puka-Sundvall M., Wallin C., Gilland E., Hallin U., Wang X.,
Sandberg M., Karlsson J., Blomgren K. and Hagberg H. (2000):
Impairment of mitochondrial respiration after cerebral hypoxia-
-ischemia in immature rats: relationship to activation of caspase-3
and neuronal injury. Dev. Brain Res., 125, 43-50.

131. Riepe M. W., Hori N., Ludolph A. C. and Carpenter D. O.
(1995): Failure of neuronal ion exchange, not potentiated excita-
tion, causes excitotoxicity after inhibition of oxidative phosphory-
lation. Neuroscience, 64, 91-97.

132. Rice J. E., Vannucci R. C. and Brierley J. B. (1981): The influ-
ence of immaturity on hypoxic-ischemic brain damage in the rat.
Ann. Neurol., 9, 131-141.

133. Rivkin M. J. and Volpe J. J. (1993): Hypoxia-ischemic brain
injury in the newborn. Semin. Neurol., 13, 30-39.

134. Rosenthal M., Feng Z. C., Raffin C. N., Harrison M. and Sick T.
J. (1995): Mitochondrial hyperoxidation signals residual intracel-
lular dysfunction after global ischemia in rat neocortex. J. Cereb.
Blood Flow Metab., 15, 655-665.

135. Salafia C. M., Sherer D. M., Spong C. Y., Lencki S., Eglinton G.
S., Parkash V., Marley E. and Lage J. M. (1997): Fetal but not
maternal serum cytokine levels correlate with histologic acute
placental inflammation. Am. J. Perinatol., 14, 419-422.

136. Saliba E. and Henrot A. (2001): Inflammatory mediators and
neonatal brain damage. Biol. Neonate, 79, 224-227.

137. Savman K., Blennow M., Gustafson K., Tarkowski E. and
Hagberg H. (1998): Cytokine response in cerebrospinal fluid
after birth asphyxia. Pediatr. Res., 43, 746-751.

138. Sciamanna M. A, Zinkel J., Fabi A. Y. and Lee C. P. (1992):
Ischemic injury to rat forebrain mitochondria and cellular calci-
um homeostasis. Biochim. Biophys. Acta, 1134, 223-232.

139. Setiady Y. Y. Samy E. T. and Tung K. S. (2003): Maternal
autoantibody triggers de novo T cell-mediated neonatal autoim-
mune disease. J. Immunol., 170, 4656-4664.

140. Shalak L. F., Laptook A. R., Jafri H. S., Ramilo O. and Perlman
J. M. (2002): Clinical chorioamnionitis, elevated cytokines, and
brain injury in term infants. Pediatrics, 110, 673-680.

141. Shankaran S., Laptook A. R., Ehrenkranz R. A., Donovan E. A.,
Fanaroff A. A, Tyson J. E., McDonald S. A., Poole K., Wright L.
L. and Goldberg R. (2004): Safety of whole body hypothermia for
hypoxic-ischemic encephalopathy (HIE). Pediatr. Res., 55, 582A.

142. Shaw O., Sutherland B. A., Clarkson A. N., Srinivas R. and
Appleton I. (2003): Effects of the Neuronal Nitric Oxide
Synthase Inhibitor, ARL 17477, in the Hypoxia-Ischaemia Model
of Neurodegeneration. In The Australian Society of Clinical and
Experimental Pharmacology and Toxicology, Sydney, December,
P165.

143. Shohami E., Beit-Yannai E., Horowitz M. and Kohen R. (1997):
Oxidative stress in closed-head injury: brain antioxidant capacity
as an indicator of functional outcome. J. Cereb. Blood Flow
Metab., 17, 1007-1019.

144. Shweiki D., Itin A., Soffer D. and Keshet E. (1992): Vascular
endothelial growth factor induced by hypoxia may mediate
hypoxia-initiated angiogenesis. Nature, 359, 843-845.

145. Silveria R. C. and Procianoy R. S. (2003): Interleukin-6 and
tumour necrosis factor-o. levels in plasma and cerebrospinal fluid
of term newborn infants with hypoxic-ischemic encapholopathy.
J. Pediatr., 143, 625-629.

146. Simonian N. A. and Coyle J. T. (1996): Oxidative stress in neu-
rodegenerative diseases. Annu. Rev. Pharmacol. Toxicol., 36,
83-106.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Sims N. R. and Pulsinelli W. A. (1987): Altered mitochondrial
respiration in selectively vulnerable brain subregions following
transient forebrain ischemia in the rat. J. Neurochem., 49,
1367-1374.

Spranger M., Krempien S., Schwab S., Donneberg S. and Hacke
W. (1997): Superoxide dismutase activity in serum of patients
with acute cerebral ischemic injury. Correlation with clinical
course and infarct size. Stroke, 28, 2425-2428.

Stankova I., Prokesova L. and Trojan S. (1999): Is the identifica-
tion of antibodies against the nervous tissue an indicator of brain
injury? Physiol. Res., 48, 383-387.

Stein T. D., Fedynyshyn J. P and Kalil R. E. (2002): Circulating
autoantibodies recognize and bind dying neurons following injury
to the brain. J. Neuropathol. Exp. Neurol., 61, 1100-1108.

Storch M. K., Piddleston S., Haltia M., Iivanainan M., Morgan P.
and Lassmann H. (1998): Multiple sclerosis: in situ evidence for
antibody- and complement-mediated demyelination. Ann.
Neurol., 43, 465-471.

Storkebaum E., Lambrechts D. and Carmeliet P. (2004): VEGF:
once regarded as a specific angiogenic factor, now implicated in
neuroprotection. Bioessays, 26, 943-954.

Susin S. A. Zamzami N. Castedo M. Hirsch T. Marchetti P.
Macho A. Daugas E. Geuskens M. and Kroemer G. (1996): Bcl-2
inhibits the mitochondrial release of an apoptogenic protease. J.
Exp. Med., 184, 1331-1341.

Sutherland B. A., Shaw O. M., Clarkson A. N., Jackson D. M.,
Sammut I. A. and Appleton I. (2005): Neuroprotective effects of
(-)-epigallocatechin gallate following hypoxia-ischemia-induced
brain damage: novel mechanisms of action. FASEB J., 19, 258-260.

Szaflarski J., Burtrum D. and Silverstein F. S. (1995): Cerebral
hypoxia-ischemia stimulates cytokine gene expression in perinatal
rats. Stroke, 26, 1093-1100.

Thomas A., Gasque P., Vaudry D., Gonzalez B. and Fontaine M.
(2000): Expression of a complete and functional complement sys-
tem by human neuronal cells in vitro. Int. Immunol., 12,
1015-1023.

Tominaga T., Kure S., Narisawa K. and Yoshimoto T. (1993)
Endonuclease activation following focal ischemic injury in the rat
brain. Brain Res. 608, 21-26.

Torfs C. P, van den Berg. B., Oechsli F. W. and Cummins S.
(1990): Prenatal and perinatal factors in the etiology of cerebral
palsy. J. Pediatr., 116, 615-619.

Towfighi J., Housman C., Vannucci R. C. and Heitjan D. F.
(1994): Effect of unilateral perinatal hypoxic-ischemic brain dam-
age on the gross development of opposite cerebral hemisphere.
Biol. Neonate, 65, 108-118.

Towfighi J., Zec N., Yager J., Housman C. and Vannucci R. C.
(1995): Temporal evolution of neuropathologic changes in an
immature rat model of cerebral hypoxia: a light microscopic
study. Acta Neuropathol., 90, 375-386.

Tsukada T., Watanabe M. and Yamashima T. (2001):
Implications of CAD and DNase II in ischemic neuronal necrosis
specific for the primate hippocampus. J. Neurochem., 79,
1196-1206.

Uhm C.-S., Kim K.-B, Lim J. H., Pee D.-H., Kim Y.-H., Kim H.,
Eun B.-L. and Tockgo Y.-C. (2003): Effective treatment with
fucoidin for perinatal hypoxic-ischemic encephalopathy in rats.
Neurosci. Lett., 353, 21-24.

van den Tweel E.R.W., Peeters-Scholte C. M. P. C. D., van Bel F.
Heijnen C. J. and Groenendaal F. (2002): Inhibition of nNOS
and iNOS following hypoxia-ischaemia improves long-term out-
come but does not influence the inflammatory response in the
neonatal rat brain. Dev. Neurosci., 24, 389-395.

van der Zee R., Murohara T., Luo Z., Zollmann F., Passeri J.,
Lekutat C. and Isner J. M. (1997): Vascular endothelial growth
factor/vascular permeability factor augments nitric oxide release
from quiescent rabbit and human vascular endothelium.
Circulation, 95, 1030-1037.

Vannucci R. C., Towfighi J., Brucklacher R. M. and Vannucci S.
J. (2001): Effect of extreme hypercapnia on hypoxic-ischemic
brain damage in the immature rat. Pediatr. Res., 49, 799-803.

224



A.N. Clarkson et al. - The biology and pathology of HI

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Vannucci R. C. (2000): Hypoxic-ischemic encephalopathy. Am. J.
Perinatol., 17, 113-120.

Vannucci S. J. and Hagberg H. (2004): Hypoxia-ischemia in the
immature brain. J. Exp. Biol., 207, 3149-3154.

Vexler Z. S. and Ferriero D. M. (2001): Molecular and biochemi-
cal mechanisms of perinatal brain injury. Semin. Neonatol., 6,
99-108.

Volpe J. J. (1992): Brain injury in the premature infant — current
concepts of pathogenesis and prevention. Biol. Neonate, 62,
231-242.

Volpe J. J. (2001): Perinatal brain injury: from pathogenesis to
neuroprotection. Ment. Retard. Dev. Disabil. Res. Rev., 7, 56-64.

Wang J.-Y., Shum A. Y. C., Chao C. C,, Kuo J. S. and Wang J.-
Y. (2000): Production of macrophage inflammatory protein-2 fol-
lowing hypoxia/reoxygenation in glial cells. Glia, 32,

155-164.

Wang X., Karlsson J. O., Zhu C., Bahr B. A, Hagberg H. and
Blomgren K. (2001): Caspase-3 activation after neonatal rat cere-
bral hypoxia-ischemia. Biol. Neonate, 79, 172-179.

Weisiger R. A. and Fridovich I. (1973): Mitochondrial superoxide
dismutase. Site of synthesis and intramitochondrial localization.
J. Biol. Chem., 248, 4793-4796.

Weisiger R. A. and Fridovich I. (1973): Superoxide dismutase.
Organelle specificity. J. Biol. Chem., 248, 3582-3592.

Wise R., Gibbs J., Frackowiak R., Marshall J. and Jones T.
(1986): No evidence of transhemispheric diaschisis after human
cerebral infarction. Stroke, 17, 853-861.

Wyatt J. S., Edwards A. D., Azzopardi D. and Reynolds E. O.
(1989): Magnetic resonance and near infrared spectroscopy for
investigation of perinatal hypoxic-ischaemic brain injury. Arch.
Dis. Child., 64, 953-963.

177.

178.

179.

180.

181.

182.

183.

184.

Xu H., Barks J. D. E., Schielke G. P. and Silverstein F. S. (2001):
Attenuation of hypoxia-ischemia-induced monocyte chemoattrac-
tant protein-1 expression in brain of neonatal mice deficient in
interleukin-1 converting enzyme. Mol. Brain. Res., 90, 57-67.

Yoon B. H., Jun J. K., Romero R., Park K. H., Gomez R., Choi
J.-H. and Kim I.-O. (1997): Amniotic fluid inflammatory
cytokines (interleukin-6, interleukin-1p, and tumor necrosis fac-
tor-o), neonatal brain white matter lesions, and cerebral palsy.
Am. J. Obstet. Gynecol., 177, 19-26.

Yoon B. H., Romero R., Kim C. J., Koo J. N, Choe G., Syn H.
C. and ChiJ. G. (1997): High expression of tumor necrosis fac-
tor-o. and interleukin-6 in periventricular leukomalacia. Am. J.
Obstet. Gynecol., 177, 406-411.

Yoon B. H., Romero R, Park J. S., Kim C. J., Kim S. H., Choi J.-
H. and Han T. R. (2000): Fetal exposure to an intra-amniotic
inflammation and the development of cerebral palsy at the age of
three years. Am. J. Obstet. Gynecol., 182, 675-681.

Yoon B. H,, Romero R., Yang S. H., Jun J. K., Kim I.-O., Choi
J.-H. and Syn H. C. (1996): Interleukin-6 concentrations in the
umbilical cord plasma are elevated in neonates with white matter
lesions associated with periventricular leukomalacia. Am. J.
Obstet. Gynecol., 174, 1433-1440.

Zeevalk G. D. and Nicklas W. J. (1990): Chemically induced hypo-
glycemia and anoxia: relationship to glutamate receptor-mediated
toxicity in retina. J. Pharmacol. Exp. Ther., 253, 1285-1292.

Zhu C,, Qiu L., Wang X., Hallin U., Cande C., Kroemer G.,
Hagberg H. and Blomgren K. (2003): Involvement of apoptosis-
-inducing factor in neuronal death after hypoxia-ischemia in the
neonatal rat brain. J. Neurochem., 86, 306-317.

Ziche M., Morbidelli L., Choudhuri R., Zhang H-.T., Donnini S.,
Granger H. J. and Bicknell R. (1997): Nitric oxide synthase lies
downstream from vascular endothelial growth factor-induced but
not basic fibroblast growth factor-induced angiogenesis. J. Clin.
Invest., 99, 2625-2634.

225



