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Abstract

Newborns and particularly preterm infants are at high risk of oxida-
tive stress and they are very susceptible to free radical oxidative
damage. Indeed, there is evidence of an imbalance between antioxi-
dant- and oxidant-generating systems which causes oxidative dam-
age. The brain may be especially at risk of free radical-mediated inju-
ry because neuronal membranes are rich in polyunsaturated fatty
acids and because the human newborn has a relative deficiency of
brain superoxide dismutase and glutathione peroxidase. The brain
of the term fetus is at higher risk of oxidative stress than that of the
preterm fetus, as a consequence of its higher concentration of poly-
unsaturated fatty acids and the maturity of the N-methyl-D-aspartate
receptor system at term. There seems to be a maturation-dependent
window of vulnerability to free radical attack during oligodendrocyte
development. Early in its differentiation, the oligodendrocyte may
be vulnerable because of active acquisition of iron for differentiation
at a time of relative delay in the development of certain key antioxi-
dant defenses in the brain. Excess free iron and deficient iron-bind-
ing and -metabolizing capacity are additional features favoring oxi-
dant stress in premature infants. Free radicals may be generated by
different mechanisms, such as ischemia-reperfusion, neutrophil and
macrophage activation, Fenton chemistry, endothelial cell xanthine
oxidase, free fatty acid and prostaglandin metabolism and hypoxia.
Reactive oxidant production by these different mechanisms contrib-
utes in a piecewise manner to the pathogenesis of perinatal brain
injury.

Copyright © 2001 S. Karger AG, Basel

Introduction

Free radicals are highly reactive chemical molecules containing
one or more unpaired electrons. They donate or take electrons from
other molecules in an attempt to pair their electrons and generate a
more stable species. Oxygen-derived free radicals, collectively
termed reactive oxygen species (ROS), are normally produced in liv-
ing organisms. When overproduced, they are important mediators of
cell and tissue injury [1, 2]. Free radicals are relatively unstable and
certain enzymes and small-molecular-weight molecules with antioxi-
dant capabilities have a protective effect [3]. There is therefore a crit-
ical balance between free radical generation and antioxidant de-
fenses. Oxidative stress in vivo is a degenerative process caused by
the overproduction and propagation of free radical reactions. Free
radical reactions lead to the oxidation of lipids, proteins and polysac-
charides and to DNA damage (fragmentation, apoptosis, base modi-
fications and strand breaks), and therefore have a wide range of bio-
logically toxic effects [4, 5]. Intracellular and extracellular antioxi-
dant systems protect against free radical-induced damage. Transfer-
rin (Tf), ceruloplasmin, vitamin C, vitamin E, uric acid, bilirubin,
sulthydryl groups and other unidentified antioxidants contribute to
the total antioxidant capacity of extracellular fluids [6].

Oxidative stress exists and tissue damage is possible when there
are low levels of antioxidants or increased free radical activity [1].
Newborns and particularly preterm infants are at high risk of oxida-
tive stress and they are very susceptible to free radical oxidative dam-
age [4]. Indeed, there is evidence of an imbalance between antioxi-
dant- and oxidant-generating systems which causes oxidative dam-
age [7]. At birth, the newborn encounters an environment much rich-
er in oxygen (PO, 100 Torr) than the intrauterine environment (20—
25 Torr). This 4- to 5-fold increase is exacerbated by the low efficien-
cy of natural antioxidant systems in the newborn, especially the pre-
term newborn [8]. Neonatal plasma has an antioxidant profile with
low levels of glutathione peroxidase, superoxide dismutase, f3-caro-
tene, riboflavin, a-proteinase, vitamin E, selenium, copper, zinc,
ceruloplasmin, Tf and other plasma factors [9-11]. The brain may be
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especially at risk of free radical-mediated injury, because neuronal
membranes are rich in polyunsaturated fatty acids and because the
human newborn, especially if preterm, has a relative deficiency of
brain superoxide dismutase and glutathione peroxidase [12]. The
brain of the term fetus is at higher risk of oxidative stress than that of
the preterm fetus as a consequence of its higher concentration of
polyunsaturated fatty acids and the maturity of the N-methyl-D-
aspartate receptor system at term [13, 14]. There seems to be a matu-
ration-dependent window of vulnerability to free radical attack dur-
ing oligodendrocyte development [15]. Early in its differentiation,
the oligodendrocyte may be vulnerable because of active acquisition
of iron for differentiation at a time of relative delay in the develop-
ment of certain key antioxidant defenses in the brain [16, 17].

Excess free iron and deficient iron-binding and -metabolizing
capacity are additional features favoring oxidant stress in premature
infants [18, 19]. Free radicals may be generated by different mecha-
nisms, such as ischemia-reperfusion, neutrophil and macrophage
activation, Fenton chemistry, endothelial cell xanthine oxidase, free
fatty acid and prostaglandin metabolism and hypoxia [20-24].

Hypoxia-Asphyxia

Hypoxia-asphyxia plays a key role in the perinatal period.
Although the consequences of hypoxia-asphyxia can be easily ob-
served, the specific pathologic processes preceding the onset of irre-
versible cerebral damage are not well understood and appear to be a
combination of several complex mechanisms [25]. Early events in the
hypoxia-induced response trigger tyrosine phosphorylation cascades
involving many enzymes and substrates. Studies performed in guin-
ea pig cerebral cortical synaptosomes suggest that hypoxia remodels
the signaling pathway by inducing quantitative and qualitative
changes in protein phosphorylation [26]. Many experimental studies
have demonstrated free radical production and oxidative damage
due to hypoxia in fetal life [27-29]. We recently demonstrated a
direct relation between the degree of hypoxia and the severity of oxi-
dative damage in plasma of newborn infants at birth [30].

In the developing brain, hypoxia results in an increase in anaero-
bic metabolism, leading to a rapid rise in levels of lactic acid and
oxygen free radicals [31, 32]. Mitochondrial oxidative metabolism,
nitric oxide (NO), phospholipid metabolism, iron, proteolytic and
inflammatory pathways are other potential sources of intracellular
free radicals and ROS [33-35]. Free radicals may cause lipid peroxi-
dation of immature myelin sheaths and lipid peroxides are them-
selves free radicals [36].

Mitochondrial Production of Free Radicals

ROS are normally generated in a continuous manner by the mito-
chondrial respiratory chain [33, 37]. In normal mitochondria, oxygen
is reduced to water by cytochrome C oxidase in four consecutive one-
electron steps. Thus, the production of superoxide radicals (O3)
occurs during the operation of complex I and complex II in the mito-
chondrial electron transport chain, and at least at the level of coen-
zyme Q as a result of the semiquinone state (UQ?) of ubiquinone
donating electrons to molecular oxygen [38]. Mitochondria have an
efficient antioxidant system composed of superoxide dismutase, glu-
tathione peroxidase, glutathione reductase, glutathione, NAD(P)
transhydrogenase, NADPH, vitamins E and C, thiol peroxidases
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such as SP-22 and mitochondrial respiration itself [39-41]. Superox-
ide radicals produced by the respiratory chain are readily dismutated
by mitochondrial superoxide dismutase, producing H,O, [42]. Un-
der conditions in which mitochondrial superoxide generation in-
creases, or when antioxidant systems are depleted, H,O, may accu-
mulate, leading to a condition of mitochondrial oxidative stress. In
this situation, H,O, may react with mitochondrial Fe2*, resulting in
the formation of the highly reactive hydroxyl radical (HO) via the
Fenton reaction [43].

The basal rate of mitochondrial superoxide generation may be
altered by different physiological or pathological conditions [37].
Specifically, when mitochondria are loaded with Ca2*, uncoupling of
mitochondrial respiration from ADP phosphorylation increases mi-
tochondrial production of ROS [44]. Thus, accumulation of ROS and
oxidative stress is initiated early during hypoxia-ischemia due to the
dramatic increase in cytosolic Ca?* concentrations, which upsets
mitochondrial handling of Ca2*. Normal Ca cycling across the inner
mitochondrial membrane serves to regulate mitochondrial enzymes
such as pyruvate dehydrogenase and a-oxyglutarate dehydrogenase
[35]. However, when intracellular Ca increases over the set point for
net calcium accumulation or when the calcium release pathway is
stimulated by prooxidants, cycling may become excessive and lead to
increased ROS production, loss of mitochondrial membrane poten-
tial, structural alterations of the inner mitochondrial membrane and
inhibition of adenosine 5’-triphosphate (ATP) synthesis [35]. ROS
generation increases due to disorganization of the mitochondrial
respiratory chain, since most components of this system are integral
inner mitochondrial membrane proteins. Mitochondria are particu-
larly sensitive to hypoxic injury and play a central role in both apop-
tosis and necrosis [45]. Severe mitochondrial damage releases a flood
of CaZ* and ROS into the cytosol, leading to the disruption of plasma
membrane integrity and cell damage [35]. They may also directly
activate caspase-9 and trigger apoptotic cell death [46].

Role of Energy Metabolism and Calcium

The normal functioning of the brain is essentially dependent on
an adequate oxygen supply to maintain energy metabolism. At the
cell level, cerebral hypoxia-ischemia sets in motion a cascade of bio-
chemical events commencing with a shift from oxidative to anaero-
bic metabolism, which leads to an accumulation of NADH, FADH
and lactic acid and H* ions [47] (fig. 1). Anaerobic glycolysis does not
provide sufficient energy, resulting in the depletion of high-energy
phosphate reserves, including ATP [48]. During moderate hypox-
emia, the fetus maintains adequate levels of ATP by speeding up the
rate of anaerobic glycolysis, but an acute reduction in the fetal oxygen
supply leads to the breakdown of energy metabolism in a few minutes
[49-51]. The Na*/K* pump stops working through lack of energy.
The transcellular ion pump fails, leading to loss of membrane poten-
tial and an influx of Na*, Ca* and CI-. Intracellular accumulation of
Nat* and Cl- ions leads to swelling of the cells as water enters by
osmosis (cytotoxic cell edema) [52]. Calcium buildup in the cyto-
plasm occurs by other mechanisms besides massive influx due to the
extreme extraintracellular concentration gradient. Calcium enters
the cytosol by the activation of voltage-dependent channels [25]. Cal-
cium is released by mitochondria stimulated by the increase in intra-
cellular Na* and free fatty acids. It is also released by the endoplas-
mic reticulum through the depletion of ATP [53]. It enters through
agonist-dependent channels such as amino-hydroxyl-methyl-isoxa-
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Fig. 1. Cellular mechanisms of free radical production during hypoxia. PL = Phospholipase; IP; = inositol triphos-
phate; XDH = xanthine dehydrogenase; XO = xanthine oxidase; FFA = free fatty acids; FR = free radicals.

zole propionate, kainate and N-methyl-D-aspartate receptors [54].
The intracellular buildup of calcium has many consequences. One
damaging effect is the activation of phospholipases A, and C [55].
These reactions lead to membrane phospholipid hydrolysis, produc-
ing free radicals, disrupting cell and organelle membranes, increasing
permeability and altering ionic distribution. Phospholipase C also
catalyzes reactions leading to the production of inositol triphosphate,
a second messenger that releases calcium from the endoplasmic retic-
ulum, and diacylglycerol, which decreases calcium-sodium exchange
[53, 56]. Both reactions further augment calcium concentrations in
the cell and amplify its deleterious effects, creating a vicious circle
that ultimately destroys the cell.

Free Radicals during the Reperfusion Phase

During cerebral ischemia, the cutback in oxidative phosphoryla-
tion rapidly diminishes reserves of high-energy phosphates [48].
High levels of adenosine and hypoxanthine accumulate in a few min-
utes. During reperfusion, these metabolic products are further me-
tabolized by xanthine oxidase to xanthine and uric acid [57], result-
ing in their build up in blood and tissues such as the brain [58]. The
activity of xanthine oxidase in the resting brain is very low [59], but
during cerebral ischemia, a massive conversion of xanthine dehydro-
genase to xanthine oxidase takes place, regulated by the calcium-
dependent protease calpain [60]. The breakdown of hypoxanthine by
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xanthine oxidase in the presence of oxygen produces a flood of super-
oxide radicals [61, 62]. These are then converted to hydrogen perox-
ide by superoxide dismutase. Hydrogen peroxide and tissue iron can
then combine to form hydroxyl radicals by the Haber-Weiss reaction
[63]. Xanthine oxidase concentrates in endothelial cells lining the
cerebral microvasculature, targeting the blood-brain barrier for oxi-
dative attack [64]. Accelerated arachidonic acid metabolism in brain
tissue and leukocyte activation after ischemia also produce large
quantities of oxygen radicals [21].

Although there is more evidence that blood vessels are the main
source of free radicals in cerebral ischemia-reperfusion, neurons also
generate superoxide in response to anoxia by activated neutrophils
and microglia [65]. Free radicals impair transmembrane enzyme
Nat/K*-ATPase activity, especially in cortical synaptosomal mem-
branes, resulting in persistent membrane depolarization and exces-
sive release of the excitatory amino acid glutamate [29, 66]. Cerebel-
lar granule cells produce superoxide when exposed to the excitatory
amino acid N-methyl-D-aspartate [67]. Besides being neurotoxic,
glutamate is also toxic to oligodendroglia, via free radical effects [68].
Glutamate enters the cell in exchange for cystine. Intracellular cys-
tine depletion is followed by a drop in glutathione levels and the cells
die of oxidative stress [68].

Studies have shown that free radicals are also implicated in ini-
tiating delayed cell death by apoptosis after cerebral ischemia [69,
70]. An enormous amount of data suggests that oxidative stress plays
a role in the initiation of apoptosis [70-73], but it is not yet clear
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exactly how ROS trigger this response. Like CaZ*, oxidative stress
may either promote or inhibit apoptosis, depending on the degree of
the insult [74]. Kim et al. [75] demonstrated that hydrogen peroxide
and NO directly inhibit caspase activity in vivo. The close relation-
ship between oxidative stress and mitochondrial function also sug-
gests that overproduction of ROS leads to ATP depletion and apop-
tosis [76]. Oxidative stress may also disrupt intracellular Ca2*
homeostasis, inhibiting apoptosis [77].

Nitric Oxide

NO is a free radical synthesized by NO synthase (NOS) in endo-
thelial cells and neurons in response to rises in intracellular calcium
concentrations [78]. NOS produces NO, citrulline and water from
arginine, NADPH and oxygen [79]. NO and superoxide radicals
combine to produce peroxynitrite, which spontaneously decomposes
to form hydroxyl radicals, nitrogen dioxide and NOj [80]. Three
types of NOS are known: neuronal NOS (NOS 1), inducible NOS
(NOS 2) and endothelial NOS (NOS 3) [81-83]. However, NOS
occurs in a wide variety of other cell types. Although NOS 1 is the
principal neuronal form of NOS and the predominant form in the
nervous system, all three forms of NOS are reported to be expressed
in some populations of neurons. In addition, NOS 1, NOS 2 and
possibly NOS 3 have been detected in astrocytes, and NOS 1 in oli-
godendrocytes and microglia. The activity of all three forms of NOS
increases during ischemia; NOS 1 and 3 within minutes and NOS 2
after several hours [84].

Since there is no oxygen available during ischemia, NO cannot be
synthesized until the reperfusion phase. Likewise, many superoxide
radicals are produced in mitochondria by xanthine oxidase and other
pathways during and especially after ischemia. During reperfusion,
NO and superoxide radicals combine to produce peroxynitrite, lead-
ing to the formation of more potent radicals [85, 86]. Other potential-
ly damaging metabolites of NO include the nitrogen dioxide radical
NO; and nitryl chloride, formed by the reaction of nitrite, an end
product of NO metabolism, with hypochlorous acid, itself produced
by the action of myeloperoxidase in neutrophils [87, 88]. Experimen-
tal studies have demonstrated that the initial NO-mediated vasodila-
tion and enhanced perfusion that result from the activation of NOS 3
are neuroprotective, at least during the first 2 h of ischemic insult
[89]. However, the overall effects of enhanced NOS 1 and NOS 2
activity after ischemia are detrimental [90].

Iron Toxicity

Iron is a versatile and highly reactive element. By virtue of its two
common valences, iron (II) (ferrous) and iron (III) (ferric), it has
access to a wide range of redox potentials spanning the standard
redox potential range from 300 to =500 mV [91]. This property
underlies its essential biological role in oxygen transport and many
electron transfer reactions [92].

Normally, iron is safely sequestered in transport proteins such as
Tf and lactoferrin and stored in proteins such as ferritin (Ft) and
haemosiderin [93]. The plasma copper-containing protein cerulo-
plasmin acts in concert with the above proteins, catalyzing the oxida-
tion of reactive ferrous ions to less reactive ferric ions which bind Tf
[94, 95]. In healthy adults, plasma Tf is approximately one third
loaded with iron, and the protein retains a considerable ability to
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bind iron salts. Tf can bind 2 mol of iron per mole of protein, and
when iron is correctly loaded on its high-affinity binding sites, it is
not available as a growth factor for tissues, or as a prooxidant factor
[96,97].

Since iron ions cannot exist in plasma, the term ‘free iron’ has
been introduced to indicate a low-molecular-mass iron form, free of
high-affinity binding to Tf [96]. Free iron seems to occur in plasma,
complexed to citrate, lactate or phosphate or loosely bound to albu-
min or other proteins [98]. During situations of iron overload and
low plasma pH, as occurs during ischemia, Tf releases its iron and
chelatable forms of Fe (iron ions or redox-active complexes of iron)
escape sequestration in biological systems, producing free radicals
[99, 100]. These free radicals may release even more iron by mobiliz-
ing it from ferritin. This may lead to a cascade of iron release and free
radical production, causing extensive cell damage [101].

We recently observed higher intraerythrocyte free iron levels in
infants with asphyxia [102]. Iron may be released from hemoglobin
in erythrocytes as result of oxidative stress [103]. Since the erythro-
cyte is a target of extracellular free radicals, free iron release may
follow extracellular oxidative stress caused by superoxide anion
release due to phagocyte activation [104]. Intraerythrocyte free iron
concentrations appear to be a reliable marker of red cell oxidative
stress and an indicator of the risk of oxidative injury in other tissues.
Indeed, free radicals are linked to neonatal oxidative stress and are
involved in severe diseases such as retinopathy, bronchopulmonary
dysplasia, intraventricular hemorrhage and hypoxic-ischemic en-
cephalopathy [4, 105]. In these oxidative stress-related pathologies,
iron is released from iron stores and may cause cell damage by lipid
and protein peroxidation. The highest values of lipid and protein
peroxidation have been found in hypoxic newborns. The more severe
the hypoxia, the higher the intraerythrocyte free iron release, free
radical production and oxidative damage [30, 106].

The newborn infant is very susceptible to free iron-induced oxi-
dative damage [107]. Plasma from a high percentage of normal term
and preterm neonates has recently been shown to contain free iron, as
if Tf were fully loaded with iron [108-110]. The iron-binding capaci-
ty of cerebrospinal fluid was also found to be low (low Tf concentra-
tions), and high concentrations of vitamin C and low concentrations
of ceruloplasmin in cerebrospinal fluid suggested that most of the
iron was in its active ferrous form [111, 112].

Since iron-positive reactive glia collect near damaged tissue, iron
accumulation is a sensitive indicator of injury [113]. In damaged
areas, there is an increase in iron-positive reactive glia starting about
8 h after recovery and an earlier (4-8 h after hypoxia-ischemia)
increase in microglia, especially around cortical blood vessels [114].
The perivascular distribution of iron reaction products is a consistent
finding 1 week after recovery. The consequences of selective vascular
injury include secondary ischemia and blood-brain barrier disrup-
tion. After asphyxia in newborn infants, there is an increase in intra-
erythrocyte and plasma free iron, significantly correlated with neuro-
developmental outcome [109]. Leakage of plasma free iron into the
brain through a damaged barrier may occur and is particularly dam-
aging, as it is taken up directly by cells in a manner that is indepen-
dent of Tf. Additional sources of free iron could be iron released by
heme catabolism and iron released from storage protein by oxidative
stress. During ischemia-reperfusion, ROS are generated by mito-
chondrial dysfunction, exocytotoxic insult, metabolism of arachi-
donic acid, inflammation and stimulation of NOS and xanthine oxi-
dase [115]. Oxidative stress may also result from iron delocalization
induced by the superoxide anion, acidosis and anoxia [102, 106].
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Acidosis during cerebral ischemia potentiates oxidative neuronal
death resulting from impaired antioxidant enzyme functions and
increased intracellular free iron levels [116]. Enhanced proteolytic
activity occurring in injured tissue also releases iron from storage
proteins [117]. When non-protein-bound iron gains access to the
extracellular space, its uptake by cells is enhanced by intracellular
calcium and paradoxically also by increased levels of intracellular
iron [118].

The toxicity of iron is inversely proportional to the availability of
ferritin to sequester and detoxify ferrous ion, and directly propor-
tional to the quantity of hydrogen peroxide available to produce
hydroxyl radicals by the Fenton reaction [99, 119].

After hypoxia, the expression of Tf receptors (TfRs) on brain
macrophages increases [120]. Hypoxia-reoxygenation is known to
increase iron content and iron release in the extracellular space, caus-
ing injury to the periventricular white matter where microglial cells
are known to preponderate [121]. It has been suggested that TfRs are
involved in acquiring excess iron from the extracellular spaces, prob-
ably for storage; they therefore presumably help protect the brain
from the toxic effects of excess iron. Normal axonal transport of
brain iron has also been reported to be disrupted in anoxia-ischemia,
leading to increased accumulation of iron in the white matter [121].
The increased expression of TfRs along with accumulation of iron in
microglial cells is a protective mechanism to facilitate the active
uptake of excess iron that may be released by iron-rich oligodendro-
cytes, or may accumulate due to disruption of its normal transport
after hypoxic insult [119].

Role of Infections

Ischemia and subsequent reperfusion can set off an inflammatory
reaction in the brain [122, 123]. IL-1, IL-6, transforming growth fac-
tor and fibroblast growth factor appear to be formed in activated
microglia [65, 124]. They are thought to mediate the migration of
inflammatory cells in reperfused tissue. Increased expression of the
adhesion molecules P- and E-selectin and ICAM-1 on endothelial
cells and integrins on leukocytes cause granulocytes to attach to the
endothelium, migrate through the vessel wall and accumulate in the

References

interstitium [68, 125, 126]. There, after further activation by cyto-
kines, they synthesize oxygen radicals, especially superoxide radicals,
that proceed to damage neuronal tissue. So, reperfusion injury has
been attributed to free radicals produced by neutrophils at the site of
damage, but this is only part of the story. Neutrophils, which are
activated by C5a and IL-8 released by ischemic tissue [127], damage
reperfused tissue by other mechanisms in addition to free radical
production, and the damaged tissue has other sources of free radicals
besides neutrophils [128].

Recent clinical studies suggest that perinatal brain damage is
closely associated with intrauterine infection before or at birth [129-
131]. However, it remains unclear whether fetal brain damage due to
endotoxemia is the result of cerebral hypoperfusion caused by circu-
latory decentralization or is caused directly by endotoxins on cere-
bral tissue. Lipopolysaccharide (LPS)-induced effects on fetal circu-
lation seem to play a central role in the development of fetal brain
damage due to intrauterine infection [132]. A direct toxic effect of
LPS on immature brain tissue seems unlikely; however, delayed acti-
vation of LPS-sensitive pathways involved in apoptosis-like cell
death and damage limited to a small subgroup of cells, such as oligo-
dendrocyte progenitors, cannot yet be excluded [132].

Conclusions

The relationship between free radical production and perinatal
brain damage is complex. It is clear that free radical damage results
from many pathogenic influences; hypoxia, ischemia-reperfusion,
neutrophil and macrophage activation, Fenton chemistry, endothe-
lial cell xanthine oxidase, phospholipid metabolism, NO, mitochon-
drial oxidative metabolism, iron and proteolytic pathways are all
implicated. Reactive oxidant production by these different mecha-
nisms contributes in a piecewise manner to the pathogenesis of peri-
natal brain injury, but each mechanism is only one of the many fac-
tors responsible. Each step in the oxidative cascade has become a
potential target for therapy. The multiplicity of pathways and pro-
cesses involved suggests that there is considerable potential for addi-
tive or synergistic benefit from combined therapies.

disease: Curiosity, cause, or consequence? Lancet
1994;344:721-724.
Fridovich I: Oxygen toxicity: A radical explana-

1 Halliwell B: Free radicals, antioxidants and human 7

Phylactos AC, Leaf AA, Costeloe K, Crawford MA: 12

Erythrocyte cupric/zinc superoxide dismutase ex-
hibits reduced activity in preterm and low-birth-
weight infants at birth. Acta Paediatr 1995;84:

Inder TE, Graham P, Sanderson K, Taylor B: Lipid
peroxidation as a measure of oxygen free radical
damage in the very low birthweight infant. Arch
Dis Child Fetal Neonatal Ed 1994;70:F107-F111.

tion. J Exp Biol 1998;201:1203-1209. 1421-1425. 13 Mishra OP, Delivoria-Papadopoulos M: Modifica-
Halliwell B: Oxygen radicals as key mediators in 8 Frank L, Sosenko RS: Development of lung antiox- tion of modulatory sites of NMDA receptor in the
neurological disease: Fact or fiction? Ann Neurol idant enzyme system in late gestation: Possible fetal guinea pig brain during development. Neuro-
1992;32:S10-S15. implications for the prematurely born infant. J chem Res 1992;17:1223-1228.
Saugstad OD: Mechanisms of tissue injury by oxy- Pediatr 1987;110:9-14. 14 Crawford MA, Sinclair AJ: Nutritional influences
gen radicals: Implications for neonatal disease. 9 Haga P, Hunde G: Selenium and vitamin E in cord in the evolution of mammalian brain; in: Lipids,
Acta Paediatr 1996;85:1-4. blood from preterm and full-term infants. Acta Malnutrition and the Developing Brain. Ciba
Sarker AH, Watanabe S, Seki S, Akiyama T, Okada Paediatr Scand 1978;67:735-739. Foundation Symposium. Amsterdam, Associated
S: Oxygen radical-induced single-strand DNA 10 Bracci R, Buonocore G, Talluri B, Berni S: Neona- Scientific Publishers, 1972, pp 267-292.
breaks and repair of the damage in a cell-free sys- tal hyperbilirubinemia. Evidence for a role of the 15 Inder TE, Volpe JJ: Mechanisms of perinatal brain
tem. Mutat Res 1995;337:85-95. erythrocyte enzyme activities involved in the de- injury. Semin Neonatol 2000;5:3-16.
Jacob RA: The integrated antioxidant system. Nutr toxification of oxygen radicals. Acta Paediatr 16 Ozawa H, Nishida A, Mito T, Takashima S: Devel-
Res 1995;15:755-766. Scand 1988;77:349-356. opment of ferritin-positive cells in cerebrum of
11 Gophinathan V, Miller NJ, Milner AD, Rice- human brain. Pediatr Neurol 1994;10:44-48.

Evans CA: Bilirubin and ascorbate: Antioxidant
activity in neonatal plasma. FEBS Lett 1994;349:
197-200.

184

Biol Neonate 2001;79:180-186

Buonocore/Perrone/Bracci

Downloaded by

versity Library

=
o
©
o
e}
©
o
I
<}
I
@
Irs}
)
®
S
&
@
o
&
=]
@

s
£



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Takashima S, Kuruta H, Mito T, Houdou S, Ko-
nomi H, Yao R, Onodera K: Immunohistochemis-
try of superoxide dismutase-1 in developing hu-
man brain. Brain Dev 1990;12:211-213.

Sullivan JL: Iron Metabolism and Oxygen Radical
Injury in Premature Infants. Boca Raton, CRC
Press, 1992.

Evans PJ, Evans R, Kovar 1Z, Holton AF, Halli-
well B: Bleomycin-detectable iron in the plasma of
premature and full-term neonates. FEBS Lett
1992;303:210-212.

McCord JM: Oxygen-derived free radicals in post-
ischemic tissue injury. N Engl J Med 1985;312:
159-163.

Babior BM: Oxygen-dependent microbial killing
by phagocytes. N Engl J Med 1978;298:659-668.
Chan PH, Fishman RA: Transient formation of
superoxide radicals in polyunsatured fatty-acid-
induced brain swelling. J Neurochem 1980;35:
1004-1007.

Kukreja RC, Kontos HA, Hess ML, Ellis EF: PGH
synthase and lipoxygenase generate superoxide in
the presence of NADH or NADPH. Circ Res 1986;
59:612-619.

Mishra OP, Delivoria-Papadopoulos M: Cellular
mechanisms of hypoxic injury in the developing
brain. Brain Res Bull 1999;48:233-238.
Delivoria-Papadopoulos M, Mishra OP: Mecha-
nisms of cerebral injury in perinatal asphyxia and
strategies for prevention. J Pediatr 1998;132:S30-
S34.

Buonocore G, Liberatori S, Bini L, Mishra OP,
Delivoria-Papadopoulos M, Pallini V, Bracci R:
Hypoxic response of synaptosomal proteins in
term guinea pig fetuses. J Neurochem 1999;73:
2139-2148.

Maulik D, Numagami Y, Ohnishi ST, Mishra OP,
Delivoria-Papadopoulos M: Direct detection of ox-
ygen free radical generation during in utero hypox-
iain the fetal guinea pig brain. Brain Res 1998;798:
166-172.

Mishra OP, Delivoria-Papadopoulos M: Lipid
peroxidation in developing fetal guinea pig brain
during normoxia and hypoxia. Brain Res Dev
Brain Res 1989;45:129-135.

Radzan B, Marro PJ, Tammela O, Goel R, Mishra
OP, Delivoria-Papadopoulos M: Selective sensitiv-
ity of synaptosomal membrane function to cerebral
cortical hypoxia in newborn piglets. Brain Res
1994,600:308-314.

Buonocore G, Perrone S, Longini M, Terzuoli L,
Bracci R: Total hydroperoxide and advanced oxi-
dation protein products in preterm hypoxic babies.
Pediatr Res 2000;47:221-224.

White BC, Wiegenstein JG, Winegar CD: Brain
ischemic anoxia. Mechanism of injury. JAMA
1984;251:1586-1590.

Ikeda T, Choi BH, Yee S, Murata Y, Quilligan EJ:
Oxidative stress, brain white matter damage and
intrauterine asphyxia in fetal lambs. Int J Dev
Neurosci 1999;17:1-14.

Boveris A, Change B: The mitochondrial genera-
tion of hydrogen peroxide. Biochem J 1973;134:
707-716.

Kakinuma K, Minakami S: Effects of fatty acids on
superoxide radical generation in leukocytes. Bio-
chim Biophys Acta 1978;538:50-59.

Taylor DL, Edwards D, Mehmet H: Oxidative
metabolism, apoptosis and perinatal brain injury.
Brain Pathol 1999;9:93-117.

Hasegawa K, Yoshioka H, Sawada T: Lipid peroxi-
dation in neonatal mouse brain subjected to two
different types of hypoxia. Brain Dev 1991;13:
101-103.

Turrens JF: Superoxide production by the mito-
chondrial respiratory chain. Biosci Rep 1997;17:
3-8.

Neonatal Oxidative Brain Injury

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Kowaltowski AJ, Vercesi AE: Mitochondrial dam-
age induced by conditions of oxidative stress. Free
Radic Biol Med 1999:;26:463-471.

Watabe S, Hiroi T, Yamamoto Y, Fujioka Y, Hase-
gawa H, Yago N, Takahashi SY: SP-22 is a thiore-
doxin-dependent peroxide reductase in mitochon-
dria. Eur J Biochem 1997;249:52-60.

Guidot DM, Repine JE, Kitlowski AD, Flores SC,
Nelsol SK, Wright RM, McCord JM: Mitochon-
drial respiration scavenges extramitochondrial su-
peroxide anion via a nonenzymatic mechanism. J
Clin Invest 1995;96:1131-1136.

Radi R, Turrens JF, Chang LY, Bush KM, Crapo
JD, Freeman BA: Detection of catalase in rat heart
mitochondria. J Biol Chem 1991:;266:22028-
22034.

Fridovich I: Superoxide anion radical (O%), super-
oxide dismutases and related matters. J Biol Chem
1997,272:18515-18517.

Sutton HC, Winterbourn CC: On the participation
of higher oxidative states of iron and copper in
Fenton reactions. Free Radic Biol Med 1989;6:53-
60.

Kowaltowski AJ, Castilho RF, Vercesi AE: Open-
ing of the mitochondrial permeability transition
pore by uncoupling or inorganic phosphate in the
presence of CaZ* is dependent on mitochondrial-
generated reactive oxygen species. FEBS Lett 1996;
378:150-152.

Kroemer G, Dallaporta B, Resche-Rigon M: The
mitochondrial death/life regulator in apoptosis and
necrosis. Annu Rev Physiol 1998;60:619-642.
Petit PX, Susin SA, Zamzami N, Mignotte B,
Kroemer G: Mitochondria and programmed cell
death: Back to the future. FEBS Lett 1996;369:
7-13.

Palmer C, Brucklalcher RM, Christensen MA,
Vannucci RC: Carbohydrate and energy metabo-
lism during the evolution of hypoxic-ischemic
brain damage in the immature rat. J Cereb Blood
Flow Metab 1990;10:227-235.

Yager JY, Brucklalcher RM, Vannucci RC: Cere-
bral energy metabolism during hypoxia-ischemia
and early recovery in immature rats. Am J Physiol
1992;262:H672-H677.

Berger R, Jensen A, Krieglstein J, Steigelman JP:
Cerebral energy metabolism in immature and ma-
ture guinea pig fetuses during acute asphyxia. J
Dev Physiol 1992;18:125-128.

Berger R, Jensen A, Krieglstein J, Steigelman JP:
Cerebral energy metabolism in fetal guinea pigs
during moderate maternal hypoxemia at 0.75 of
gestation. J Dev Physiol 1993;19:193-196.

Berger R, Gjedde A, Heck J, Muller E, Krieglstein
J, Jensen A: Extension of the 2-deoxyglucose meth-
od to the fetus in utero: Theory and normal values
for the cerebral glucose consumption in fetal guin-
ea pigs. J Neurochem 1994:63:271-279.

Vannucci RC, Christensen MA, Yager JY: Nature,
time-course and extent of cerebral edema in peri-
natal hypoxic-ischemic brain damage. Pediatr
Neurol 1993;9:29-34.

Renchrona S, Westerberg E, Akesson B, Siesjo BK:
Brain cortical fatty acids and phospholipids during
and following complete and severe incomplete
ischemia. J Neurochem 1982;38:84-93.
Monaghan DT, Bridges RJ, Cotman CW: The exci-
tatory amino acid receptors: Their classes, pharma-
cology and distinct properties in the function of the
central nervous system. Annu Rev Pharmacol Tox-
icol 1989;29:365-402.

de Courten-Myers GM, Fogelson HM, Kleinholz
M, Myers RE: Hypoxic brain and heart injury
thresholds in piglets. Biomed Biochim Acta 1989;
48:S143-S148.

Huang H-M, Gibson GE: Phosphatidylinositol me-
tabolism during in vitro hypoxia. J Neurochem
1989;52:830-835.

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

McCord JM: Oxygen-derived free radicals in post-
ischemic tissue injury. N Engl J Med 1985;312:
159-163.

De Haan HH, Ijzermans ACM, de Haan J, Van
Belle H, Hasaart THM: Effects of surgery and
asphyxia on levels of nucleosides, purine bases, and
lactate in cerebrospinal fluid of fetal lambs. Pediatr
Res 1994;36:595-600.

Al-Khalidi UAS, Chaglassian TH: The specific dis-
tribution of xanthine oxidase. J Biochem 1965;97:
318-320.

Kinuta Y, Kimura M, Itokawa M, Ishikawa M,
Kikuchi H: Changes in xanthine oxidase in isch-
emic rat brain. J Neurosurg 1989;71:417-420.
Fridovich I: The biology of oxygen radicals. The
superoxide radical is an agent of oxygen toxicity;
superoxide dismutases provide an important de-
fense. Science 1978;201:875-880.

Fridovich I: Superoxide radical: An endogenous
toxicant. Annu Rev Pharmacol Toxicol 1983;23:
239-257.

Halliwell B, Gutteridge JC: Role of free radicals
and catalytic metal ions in human disease: An
overview; in Packer AN (ed): Methods in Enzymol-
ogy. San Diego, Academic Press, 1990, pp 1-85.
Betz AL: Identification of hypoxanthine transport
and xanthine oxidase activity in brain capillaries. J
Neurochem 1985;44:574-579.

McRae A, Gilland E, Bona E, Hagberg H: Micro-
glia activation after neonatal hypoxic-ischemia.
Brain Res Dev Brain Res 1995;84:245-252.

Schiff SJ, Somjen GG: Hyperexcitability following
moderate hypoxia in hippocampal tissue slices.
Brain Res 1985;337:337-340.

Lafon-Cazal M, Pietri S, Culcasi M, Bockaert J:
NMDA-dependent superoxide production and
neurotoxicity. Nature 1993;364:535-537.

Palmer C: Hypoxic-ischemic encephalopathy.
Therapeutic approaches against microvascular in-
jury, and role of neutrophils, PAF and free radicals.
Clin Perinatol 1995;22:481-517.

Buttke TM, Sandstrom PA: Oxidative stress as a
mediator of apoptosis. Immunol Today 1994;15:
7-10.

Saikumar P, Dong Z, Weinberg JM, Venkatachal-
am MA: Mechanisms of cell death in hypoxia-reox-
ygenation injury. Oncogene 1998;17:3341-3349.
MacManus JP, Buchan AM, Hill IE, Rasquinha I,
Preston E: Global ischemia can cause DNA frag-
mentation indicative of apoptosis in rat brain.
Neurosci Lett 1993;164:89-92.

Fernandez A, Kiefer J, Fosdick L, Mc Conkey DJ:
Oxygen radical production and thiol depletion are
required for Ca2* mediated endogenous endonu-
clease activation in apoptotic thymocytes. J Immu-
nol 1995;155:5133-5139.

Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogel-
stein BA: A model for p53-induced apoptosis. Na-
ture 1997;389:300-305.

McConkey DJ: Biochemical determinants of apop-
tosis and necrosis. Toxicol Lett 1998;99:157-168.
Kim YM, Talanian RV, Billiar TR: Nitric oxide
inhibits apoptosis by preventing increases in cas-
pase-3 like activity via two distinct mechanisms. J
Biol Chem 1997;272:31138-31148.

Richter C: Pro-oxidants and mithocondrial Ca2*:
Their relationship to apoptosis and oncogenesis.
FEBS Lett 1993;325:104-107.

Orrenius S, McConkey DJ, Bellomo G, Nicotera P:
Role of Ca?* in toxic cell killing. Trends Pharmacol
Sci 1989;10:281-285.

Garthwaite J: Glutamate, nitric oxide and cell-cell
signaling in the nervous system. Trends Neurosci
1991;14:60-67.

East SJ, Garthwaite J: NMDA receptor activation
in rat hippocampus induces cGMP formation
through the L-arginine-nitric oxide pathway. Neu-
rosci Lett 1991;123:17-19.

Biol Neonate 2001;79:180-186

185

Library

13/2020 6:58:48 PM



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Beckman JS, Koppenol WH: Nitric oxide, super-
oxide and peroxynitrite: The good, the bad, and
ugly. Am J Physiol 1996;271:C1424-C1437.
Doyle CA, Slater P: Localization of neuronal and
endothelial nitric oxide synthase isoforms in hu-
man hippocampus. Neuroscience 1997;76:387-
395.

Kugler P, Drenckhahn D: Astrocytes and Berg-
mann glia as an important site of nitric oxide syn-
thase 1. Glia 1996;16:165-173.

Merrill JE, Murphy SP, Mitrovic B, Mackenzie-
Graham A, Dopp JC, Ding M, Griscavage J, Ignar-
ro LJ, Lowestein CJ: Inducible nitric oxide syn-
thase and nitric oxide production by oligodendro-
cytes. J Neurosci Res 1997;48:372-384.

Dalkara T, Mosckowitz MA: Neurotoxic and neu-
roprotective roles of nitric oxide in cerebral isch-
emia. Int Rev Neurobiol 1997;40:319-336.

Crow JP, Beckman JS: The importance of superox-
ide in nitric-oxide-dependent toxicity: Evidence
for peroxynitrite-mediated injury. Adv Exp Med
Biol 1996;387:147-161.

Szabd C, Ohshima H: DNA damage induced by
peroxynitrite: Subsequent biological effects. Nitric
Oxide 1997;1:373-385.

Eiserich JP, Cross CE, Jones AD, Halliwell B, van
der Vliet A: Formation of nitrating and chlorinat-
ing species by reaction of nitrite with hypoclorous
acid. A novel mechanism for nitric oxide-mediated
protein modification. J Biol Chem 1996;271:
19199-19208.

Eiserich JP, Hristova M, Cross CE, Jones AD, Hal-
liwell B, van der Vliet A: Formation of nitric
oxide-derived inflammatory oxidants by myelo-
peroxidase in neutrophils. Nature 1998;391:
393-397.

Tadecola C: Bright and dark sides of nitric oxide in
ischemic brain injury. Trends Neurosci 1997;20:
132-139.

Dalkara T, Mosckowitz MA: The complex role of
nitric oxide in the pathophysiology of focal cere-
bral ischemia. Brain Pathol 1994;4:49-57.
Crichton RR, Ward RJ: Iron metabolism - new
perspectives in view. Biochemistry 1992;31:
11255-11264.

Gutteridge JMC, Quinlan GJ: Antioxidant protec-
tion against organic and inorganic oxygen radicals
by normal human plasma: The important primary
role for iron-binding and iron-oxidising proteins.
Biochim Biophys Acta 1993;1156:144-150.
O’Connell M, Halliwell B, Moorhouse CP, Aruo-
ma OI, Baum H, Peters TJ: Formation of hydroxyl
radicals in the presence of ferritin and haemosider-
in. Is haemosiderin formation a biological protec-
tive mechanism? Biochem J 1986;234:727-731.
Gutteridge JM, Stocks J: Caeruloplasmin: Physio-
logical and pathological perspectives. Crit Rev Clin
Lab Sci 1981;14:257-329.

Gutteridge JMC: Inhibition of the Fenton reaction
by the protein caeruloplasmin and other copper
complexes. Assessment of ferroxidase and radical
scavenging activities. Chem Biol Interact 1985;56:
113-120.

Weinberg ED: The iron-with-holding defense sys-
tem. Am Soc Microbiol News 1993;59:559-562.
Gutteridge JMC, Paterson SK, Segal AW, Halli-
well B: Inhibition of lipid peroxidation by the iron-
binding protein lactoferrin. Biochem J 1981;199:
259-261.

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Grootveld M, Bell JD, Halliwell B, Aruoma OI,
Bomford A, Sadler PJ: Non-transferrin-bound
iron in plasma or serum from patients with idio-
pathic hemochromatosis. Characterization by
high performance liquid chromatography and
nuclear magnetic resonance spectroscopy. J Biol
Chem 1989;264:4417-4422.

Lefnesky EJ: Tissue iron overload and mecha-
nisms of iron-catalyzed oxidative injury. Adv
Exp Med Biol 1994;366:129-146.

Ying W, Han S-K, Miller JW, Swanson RA: Aci-
dosis potentiates oxidative neuronal death by
multiple mechanisms. J Neurochem 1999;73:
1549-1556.

McCord JM: Iron, free radicals and oxidative
injury. Semin Hematol 1998;35:5-12.
Buonocore G, Zani S, Sargentini I, Gioia D, Si-
gnorini C, Bracci R: Hypoxia-induced free iron
released in the red cells of newborn infants. Acta
Paediatr 1998;87:77-81.

Ferrali M, Signorini C, Ciccoli L, Comporti M:
Iron release and membrane damage in erythro-
cytes exposed to oxidizing agents, phenylhydra-
zine, divicine and isouramil. Biochem J 1992;
285:295-301.

Buonocore G, Gioia D, De Filippo M, Picciolini
E, Bracci R: Superoxide anion release by poly-
morphonuclear leukocytes in whole blood of
newborns and mothers during the peripartal peri-
od. Pediatr Res 1994;36:619-622.

Saugstad OD: Oxygen toxicity in the neonatal
period. Acta Paediatr Scand 1990;79:881-892.
Buonocore G, Zani S, Perrone S, Caciotti B,
Bracci B: Intraerythrocyte nonprotein-bound
iron and plasma malondialdehyde in the hypoxic
newborn. Free Radic Biol Med 1998;25:766—
770.

Bracci R, Buonocore G: The antioxidant status of
erythrocytes in preterm and term infants. Semin
Neonatol 1998;3:191-197.

Moison RMW, Palinckx JJS, Roest M, Houdi-
kamp E, Berger HM: Induction of lipid peroxida-
tion of pulmonary surfactant by plasma of pre-
term babies. Lancet 1993;341:79-82.

Berger HM, Mumby S, Gutteridge JMC: Ferrous
ions detected in iron-overloaded cord blood plas-
ma from preterm and term babies: Implications
for oxidative stress. Free Radic Res 1995;22:
555-559.

Gutteridge JM, Mumby S, Koizumi M, Tanigu-
chi N: ‘Free’ iron in neonatal plasma activates
aconitase: Evidence for biologically reactive iron.
Biochem Biophys Res Commun 1996;229:806—
809.

Gutteridge JMC: Iron and oxygen radicals in
brain. Ann Neurol 1992;32(suppl):S16-S21.
Gutteridge JMC: Ferrous ions detected in cere-
brospinal fluid by using bleomycin and DNA
damage. Clin Sci (Colch) 1992:82:315-320.
Palmer C, Menzies SL, Roberts RL, Pavlick G,
Connor JR: Changes in iron histochemistry after
hypoxic-ischemic brain injury in the neonatal rat.
J Neurosci Res 1999;56:60-71.

Ivacko JA, Sun R, Silverstein FS: Hypoxic-isch-
emic brain injury induces an acute microglial
reaction in perinatal rats. Pediatr Res 1996;39:
39-47.

186

Biol Neonate 2001;79:180-186

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Chan PH: Role of oxidants in ischemic brain
damage. Stroke 1996;27:1124-1129.

Oubidar M, Boquillon M, Marie C, Schreiber L,
Bralet J: Ischemia-induced brain iron delocaliza-
tion: Effect of iron chelators. Free Radic Biol
Med 1994;16:861-867.

Rothman R1J, Serroni A, Farber JL: Cellular pool
of transient ferric iron, chelatable by deferox-
amine and distinct from ferritin, that is involved
in oxidative cell injury. Mol Pharmacol 1992;42:
703-710.

Cozzi A, Santambrogio P, Levi S, Arosio P: Iron
detoxifying activity of ferritin. FEBS Lett 1990;
277:119-122.

Kaur C, Ling EA: Increased expression of trans-
ferrin receptors and iron in amoeboid microglial
cells in postnatal rats following an exposure to
hypoxia. Neurosci Lett 1999;262:183-186.
Adcock LM, Yamashita Y, Goddard-Finegold J,
Smith CV: Cerebral hypoxia-ischemia increases
microsomal iron in newborn piglets. Metab Brain
Dis 1996;1:359-367.

Dietrich RB, Bradley WG: Iron accumulation in
the basal ganglia following severe ischemic-
anoxic insults in children. Radiology 1998;68:
203-206.

Fellman V, Raivio KO: Reperfusion injury as the
mechanism of brain damage after perinatal as-
phyxia. Pediatr Res 1996;41:599-606.

Rothwell NJ, Hopkins SJ: Cytokines and the ner-
vous system. II. Actions and mechanisms of ac-
tion. Trends Neurosci 1995;18:130-136.
Gehrmann J, Bonnekoh P, Miyazawa T, Oschlies
U, Dux E, Hossmann K-A, Kreutzberg GW: The
microglial reaction in the rat hippocampus fol-
lowing global ischemia: Immuno-electron mi-
croscopy. Acta Neuropathol (Berl) 1992;84:588-
595.

Etzioni A: Adhesion molecules - their role in
health and disease. Pediatr Res 1996;39:191-
198.

Matsuo Y, Onodera H, Shiga Y, Nakamura M,
Ninomya M, Kihara T, Kogure K: Correlation
between myeloperoxidase-quantified neutrophil
accumulation and ischemic brain injury in the
rat. Effect of neutrophil depletion. Stroke 1994;
25:1469-1475.

Ambrosio G, Tritto I: Reperfusion injury: Exper-
imental evidence and clinical implications. Am
Heart J 1999;138:69-75.

Babior BM: Phagocytes and oxidative stress. Am
J Med 2000;99:33-44.

De Felice C, Toti P, Stumpo M, Laurini RN, Pic-
ciolini E, Todros T, Buonocore G, Bracci R: Early
neonatal brain injury in histological chorioam-
nionitis. J Pediatr, in press.

Toti P, De Felice C, Palmeri ML, Villanova M,
Martin JJ, Buonocore G: Inflammatory pathogen-
esis of cortical polymicrogyria: An autopsy study.
Pediatr Res 1998;44:291-296.

Yoon BH, Kim CJ, Romero R, Jun JK, Park KH,
Choi ST, Chi JG: Experimentally induced intra-
uterine infection causes fetal brain white matter
lesions in rabbits. Am J Obstet Gynecol 1997;
177:797-802.

Berger R, Garnier Y: Perinatal brain injury. J
Perinat Med 2000;28:261-285.

Buonocore/Perrone/Bracci

Library

13/2020 6:58:48 PM



