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Abstract
Hypoxic-ischemic encephalopathy (HIE), the
most common cause of neurologic disease
during the perinatal period, is associated with
a high mortality and morbidity rate and also
has long-term consequences like cerebral
palsy, mental retardation, and seizures. Peri-
natal HIE is caused by processes that alter the
cerebral blood flow (CBF) in the fetus and
newborn compromising the supply of oxygen
to the brain. They may develop antepartum
(20%), intrapartum (30%), antepartum and
intrapartum (35%), or postpartum (10%).
Acute or long-term consequences of HIE are
related either to necrosis or to apoptosis of
neuronal cells. Cell necrosis will lead to gen-
eralized disruption of internal homeostasis
and eventually to the lysis of the cells, which
give rise to an inflammatory response with the
release of oxygen free radicals and activation
of the microglial cells. Apoptosis is
programmed cell death, not associated with
the lysis of the plasma membrane and inflam-
mation, which can be triggered by hypoxia.
It is crucial to restore any failures in the respi-
ratory and circulatory systems, in order to
prevent neuronal cell death. However, neona-
tologists should also be aware of the hazards
of medically induced hyperoxia (high FIO2)
because this condition may increase the pro-
duction of oxygen free radicals thus worsen-
ing the neuronal insult. Elucidating basic
cellular mechanisms in response to hypoxia
of the developing brain will enable the devel-
opment of novel strategies for preventing or

attenuating the deleterious effects of hypoxia
in the human newborn.

125.1 Salient Points

• Acute- or long-term consequences of hypoxic-
ischemic encephalopathy are related to necro-
sis or apoptosis of neuronal cells.

• During hypoxia, the fall of ATP levels includes
cell membrane depolarization and disruption
of voltage-dependent ion channels allowing
excessive amounts of Ca++ to enter the cytosol
and initiating the release of glutamate with
consequent activation of N-methyl-D-aspartate
(NMDA).

• Excessive activation of NMDA and non-
NMDA receptors may initiate a number of bio-
chemical events that lead to free radical gener-
ation and cell death. In addition to Ca++

mediation, there are other potential mechanisms
for free radical generation during hypoxia.

• Hypoxic brain injury is associated with the
formation of nitric oxide, which has been
reported to cause neuronal damage though var-
ious mechanisms.

• The ratio of proapoptotic protein Bax to
antiapoptotic protein Bcl-2 increases in all
compartments of the cell during hypoxia.
This may lead to activation of a hypoxia
induced cascade resulting in neuronal death.

• Neuroprotective treatments that may be effec-
tive in humans include the administration of
magnesium sulfate, allopurinol, opioids, and
hypothermia.
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125.2 Introduction

Perinatal hypoxia-ischemia is the most common
cause of neurologic disease during the neonatal
period. Hypoxic-ischemic encephalopathy (HIE)
is associated with a high mortality and morbidity
rate, also cerebral palsy, mental retardation, and
seizures (Volpe 2001). The incidence of perina-
tal asphyxia is about 1.0–1.5% in most centers
and is usually related to gestational age and birth
weight. It occurs in 9.0% of infants less
than 36 weeks of gestation and in 0.5% of infants
more than 36 weeks of gestation (Legido 1994;
Hill and Volpe 1999). The etiology of perinatal
HIE includes those circumstances that can
affect the cerebral blood flow in the fetus
and newborn compromising the supply of oxy-
gen to the brain. They may develop antepartum
(20%), intrapartum (30%), antepartum and
intrapartum (35%), or postpartum (10%)
(Raichle 1983).

HIE develops in the setting of perinatal
asphyxia, which is a multiorgan system disease
(Legido 1994). Assessment and management of
these complications is an integral part of the treat-
ment of perinatal asphyxia/HIE (Legido 1994).
The present chapter primarily focuses on cellular
and molecular mechanisms of the hypoxic neuro-
nal injury in the newborn brain.

A large amount of information has been col-
lected on the fetal cardiovascular and respiratory
response to oxygen limitations, giving rise to a
better understanding and management of neonatal
deterioration induced by hypoxia. Besides these
physiologic studies, cellular and biochemical
mechanisms that result in brain cell death are
being increasingly explored, particularly in the
adult with respect to focal (stroke) and global
(cardiac arrest) hypoxia-ischemia (Raichle
1983). These studies have shown that complex
and interrelated biochemical alterations are trig-
gered during hypoxia-ischemia in mature subjects
that ultimately result in neuronal death. Studies
are in progress to investigate mechanisms of hyp-
oxic brain injury in the fetus and newborn brain
(Legido et al. 2001). To focus on cellular and
molecular mechanisms of hypoxic injury in the
developing brain, it is important to recognize the

factors that may determine the susceptibility of the
developing brain to neonatal and perinatal hypoxia.

The determinants of the susceptibility of the
developing brain to hypoxia include the lipid
composition of the brain cell membrane, the rate
of lipid peroxidation, the presence of antioxidant
defenses, the development and modulation of the
excitatory neurotransmitter receptors such as the
N-methyl-D-aspartate (NMDA) receptor, and the
intracellular Ca++ influx mechanisms. In addition
to the developmental status of these cellular compo-
nents, the response of these potential mechanisms to
hypoxia determines the fate of the hypoxic brain cell
in the developing brain in the fetus and the newborn.
Elucidating basic cellularmechanisms in response to
hypoxia of the developing brain will enable the
development of novel strategies for preventing or
attenuating the deleterious effects of hypoxia in the
human newborn. Several excellent reviews on dif-
ferent aspects of hypoxic-ischemic cell injury in the
developing brain have been published recently
(Delivoria-Papadopoulos and Mishra 1998; Fritz
and Delivoria-Papadopoulos 2006; Davidson
et al. 2015).

125.3 Steps of Posthypoxic Brain
Injury

Acute or long-term consequences of hypoxic-
ischemic encephalopathy are related either to
necrosis or to apoptosis of neuronal cells. Necro-
sis is characterized by passive cell swelling; rapid
energy loss; generalized disruption of internal
homeostasis leading to eventual lysis of the
nucleus, organelles, and plasma cell membranes;
and the release of intracellular components that
induce a local inflammatory response, resulting in
edema and injury to the neighboring cells. This
inflammatory response results in the expression of
the cytokines interleukin-1-beta (IL-beta) and
tumor necrosis factor-alpha (TNF-alpha) stimulat-
ing oxygen free radical release from neutrophils,
activating microglial cells.

Necrosis is only one of the mechanisms of cell
death following hypoxia or ischemia to the brain.
Programmed cell death, or apoptosis, also appears
to contribute to cell death following hypoxia-
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ischemia, especially cell death that occurs days to
weeks following the insult (Linnik et al. 1993;
Ferrer et al. 1994). Apoptosis is an active process
that requires the activation of a genetic program
and specific endonucleolytic digestion of nuclear
DNA. In contrast to necrosis, programmed cell
death is characterized by cell shrinkage, coarse
chromatin aggregation with extensive nuclear
DNA fragmentation, nuclear pyknosis, and extru-
sion of membrane-bound cytoplasmic fragments
or apoptotic bodies, but is not associated with the
lysis of the plasma membrane (Wylie et al. 1980;
Columbano 1995).

Studies in cell culture models have demon-
strated that hypoxia can trigger programmed cell
death (Rosenbaum et al. 1994). Programmed cell
death as assessed by the cleavage of genomic
DNA has also been shown to occur in the brain
following focal (Linnik et al. 1993; Dragunow
et al. 1994; Gillardon et al. 1996) and global
ischemia (Ferrer et al. 1994; Kitada et al. 1996).

The mechanism by which hypoxia causes
DNA fragmentation has been extensively studied
but is not well understood.

125.3.1 Energy Breakdown

Under normal conditions, the oxidative phosphory-
lation and the synthesis of high-energy phosphates
like adenosine 5-triphosphate or ATP need adequate
oxygen supply. Under anaerobic conditions, the
metabolic cost of ATP production is critically
increased leading to a breakdown of energy balance
depleting the brain cells of high-energy compounds,
necessary for energy-dependentmetabolic processes
in neurons and glial cells.

125.3.2 Excitotoxic Mechanisms

The fall of ATP levels includes a cell membrane
depolarization and a disruption of voltage-
dependent ion channels allowing excessive
amounts of Ca++ to enter the cytosol, initiating
the release of glutamate consequently activating
N-methyl-D-aspartate (NMDA) receptors. The
increased expression/activation of NMDA

receptors further enhances cellular calcium influx.
This whole mechanism is further accelerated by
the dysfunction of the energy-dependent reuptake
of glutamate both in neurons and in astrocytes in a
vicious circle manner.

125.4 NMDA Receptors

Glutamate is the major excitatory amino acid neu-
rotransmitter that contributes to a number of devel-
opmental processes such as synaptogenesis,
synaptic plasticity, long-term potentiation (LTP),
learning and memory, as well as neurodegeneration
and hypoxia-induced injury (Choi 1990; Rothman
and Olney 1986). The physiological and patholog-
ical effects of glutamate in the central nervous sys-
tem (CNS) are mediated through its interactionwith
specific cell membrane receptors, of which the N-
methyl-D-aspartate (NMDA), kainate, and AMPA
subtypes are the best characterized (Monaghan
et al. 1989). The use of specific antagonists (Mon-
aghan et al. 1989; Bashir et al. 1991; Tacconi
et al. 1993; Hoffman et al. 1994a) of the NMDA
receptor supports the role of receptor activation in
long-term potentiation and hypoxic-ischemic cere-
bral injury. TheNMDA-type glutamate receptor is a
predominant mediator of excitotoxicity in the
immature as compared to the adult brain due to
overexpression of the receptor in the developing
immature brain (Johnston 1995). Within the devel-
opmental period, however, the extent of NMDA
receptor-mediated processes such as LTP and
hypoxia-induced excitotoxicity may depend on the
ontogeny of the NMDA receptor sites and subunits
leading to altered function of the ion-channel com-
plex. In addition, the function of the receptor may
be modified by intracellular mechanisms such as
phosphorylation/dephosphorylation, nitration, and
pathways of free radical generation.

125.4.1 Structure and Function
of the NMDA Receptor

The activity of the NMDA receptor ion-channel
complex is regulated by a number of pharmaco-
logically distinct binding sites. The NMDA
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receptor possesses a neurotransmitter binding site,
or recognition site, which binds glutamate or
NMDA, a coactivator site which binds glycine, a
channel site that binds MK-801 in its open state, a
voltage-dependent Mg++ binding site, a polyamine
site that binds spermine and spermidine, an
ifenprodil site, and an inhibitory divalent cation
site that binds Zn++ (Monaghan et al. 1989). The
activity of the receptor ion channel can also be
modified by redox agents (Aizenman et al. 1989;
Lipton 1999). Ligand binding studies indicate that
there are two distinct binding sites or states associ-
ated with the glutamate recognition site, one that
preferentially binds agonists and one that preferen-
tially binds antagonists (Monaghan et al. 1988).

The NMDA receptor is associated with a
cation-selective ion channel that gates Na+, K+,
and Ca++ ions, and, in the resting state, when
blocked by Mgþþ in a voltage-dependent man-
ner (Nowak et al. 1984; Mayer et al. 1984), the
blockade of the ion-channel complex by gluta-
mate or NMDA is allowed, and the agonist-
dependent Ca++ influx occurs. The influx of
Ca++ ions is thought to initiate biochemical pro-
cesses responsible for both NMDA receptor-
induced plasticity in the developing brain and
NMDA receptor-mediated excitotoxic cell death
(Rothman and Olney 1986; Collingridge 1987;
Tang et al. 1999).

Each of the regulatory sites of the NMDA
receptor ion-channel complex is modified during
brain development and may alter the site-
dependent influx of NMDA receptor-mediated
Ca++ and site-specific responses of the receptor
during development and during hypoxia.

125.4.2 Mechanism of NMDA Receptor
Modification During Hypoxia

Brain tissue hypoxia modifies the NMDA recep-
tor recognition, coactivator, and the ion-channel
sites. A decrease in the apparent number of
NMDA receptors and an increase in receptor
affinity for MK-801 were observed in hypoxic
fetal guinea pig and newborn piglet brain (Mishra
and Delivoria-Papadopoulos 1992; Hoffman
et al. 1994b). In these same studies, glutamate

and glycine-dependent activation of the NMDA
receptor was decreased, and spermine-dependent
and basal-state receptor activation was increased
during hypoxia. In brains of hypoxic newborn
piglets, it was noted that hypoxia modified the
recognition, coactivator, and modulatory sites of
the NMDA receptor ion-channel complex, proba-
bly through NO-mediated nitration (Hoffman
et al. 1994b; Fritz et al. 1996). Several lines of
evidence support this conclusion.

First, in neurons of the central nervous system,
neuronal nitric oxide synthase (nNOS) is
colocalized with the NMDA receptor (Bhat
et al. 1997; Aoki et al. 1997), thereby favoring
nitration of the receptor. Second, nNOS activity is
decreased by phosphorylation and increased by
dephosphorylation (Bredt et al. 1992; Dawson
et al. 1993), a condition that may be achieved
during hypoxia.

Furthermore, dephosphorylation of the recep-
tor will make tyrosine sites available for nitration
by peroxynitrite, which is produced by NO and
superoxide radicals, both of which are produced
during hypoxia. Peroxynitrite-dependent nitration
inhibits phosphorylation of proteins (Gow
et al. 1996), indicating possible steric hindrance
between the phospho- and nitro groups on the
same tyrosine residue. Thus, dephosphorylation
during hypoxia may facilitate peroxynitrite-
mediated nitration on the 3-position of tyrosine.
In view of these considerations, a critical role of
the nitric oxide synthase (NOS) pathway in
NO-mediated mechanism of hypoxia-induced
modification of the NMDA receptor in newborn
brain is strongly suggested.

In neurons of the central nervous system, nNOS
is colocalized with NMDA receptors (Bhat
et al. 1997; Aoki et al. 1997). In addition, neuronal
NOS is activated by Ca++ influx through the
NMDA receptor ion channel; however, nNOS is
not efficiently stimulated by activation of
non-NMDA receptors that also induce Ca++ influx
(Kiedrowski et al. 1992). In synaptic plasma mem-
branes, the nNOS immunoreactivity is associated
with the NMDA receptor (Aoki et al. 1993). The
synaptic localization of nNOS in the brain may be
mediated by the postsynaptic density protein,
PSD-95. Recently, it was demonstrated that
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nNOS, PSD-95, and NMDA receptor subunit
NR2B from the brain coimmunoprecipitate and
that the PSD-95 is sufficient to assemble a tight
ternary complex with nNOS and the NR2B subunit
of theNMDA receptor (Christopherson et al. 1999).

In summary, results of these studies indicate
that NO production in the brain is preferentially
activated by Ca++ influx through the NMDA
receptor ion channel and that there is a specific
structural and functional link between the NMDA
receptor and nNOS.

125.5 Free Radicals

Free radicals are molecular species with unpaired
electrons in the outer orbit with a strong tendency to
initiate chain reactions that result in membrane
peroxidation, protein oxidation, nucleic acid oxida-
tion, and cell damage. Normally, more than 80% of
the oxygen consumed by the cell is completely
reduced by cytochrome oxidase to water without
production of oxygen free radicals. The remaining
10–20% undergoes other oxidation reduction reac-
tions in the cytoplasm and mitochondria that pro-
duce a superoxide anion radical.

125.5.1 Free Radical Generation
in Cerebral Cortex of Newborn
Piglets

The production of free radicals during hypoxia was
documented bymeasuring the signal of spin adducts
with electron spin resonance spectroscopy. New-
born piglets of 3–5 days were assigned to either
normoxia (PaO2 – 120 mmHg) or hypoxia (PaO2

<20mmHg) for 1 h. Cortical sampleswere obtained
by biopsy from anesthetized, ventilated piglets.

The data provided direct evidence of increased
free radical generation during hypoxia in the new-
born model. On the basis of the characteristics of
the spin adduct signal, the free radical species
present in the hypoxic tissue was identified to be
an alkoxyl radical.

These studies demonstrate increased free radi-
cal generation during hypoxia in the cerebral cor-
tex of the fetus and the newborn, and intervening

with the inhibitors of pathways of free radical
generation reduced the hypoxia-induced produc-
tion of free radical species. Alkoxyl radical
appears to be the predominant free radical species
identified during hypoxia, indicating that free
radical-mediated lipid peroxidation is an ongoing
event during cerebral hypoxia, a mechanism of
hypoxic neuronal injury.

125.5.2 Mechanisms of Free Radical
Generation During Hypoxia

There are a number of potential mechanisms of free
radical generation under hypoxic conditions. Dur-
ing hypoxia, the increased accumulation intracellu-
lar Ca++ due to excessive activation of NMDA
(Zanelli 1999) and non-NMDA receptors is crucial
in hypoxia-induced excitotoxicity. Increased intra-
cellular Ca++ can initiate a number of biochemical
events that could lead to free radical generation and
cell death such as (1) activation of phospholipase
A2 leading to increased generation of oxygen free
radicals from cyclooxygenase and lipoxygenase
pathways; (2) activation of NOS, leading to
peroxynitrite formation and generation of free rad-
icals; (3) activation of proteases, leading to conver-
sion of xanthine dehydrogenase to xanthine
oxidase and resulting in increased free radical gen-
eration; (4) activation of phospholipase C1 leading
to IP3 formation and resulting in the release ofCa++

from intracellular stores; and (5) free radical gener-
ation further triggering the release of additional
excitatory amino acid neurotransmitters as well as
influencing the activation of the NMDA receptor
ion-channel activity through the redox site.

In addition to Ca++ mediation, there are other
potential mechanisms of free radical generation
during hypoxia such as (1) reduction of electron
transport chain components including ubiqui-
none (a component that undergoes auto-
oxidation to produce free radicals), (2) increased
release of ferritin under the conditions of
decreased cellular high-energy compounds, and
(3) increased degradation of ATP during hyp-
oxia, increasing the substrate for the xanthine
oxidase reaction and leading to increased free
radical generation.
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125.5.3 Nitric Oxide Free Radicals
and Neuronal Injury

The role of nitric oxide (NO) in neuronal injury,
both in vitro and in vivo, has been controversial
(Dawson 1994a, b). This controversy may be due
to the use of nonspecific NOS inhibitors. Three
major isoforms of NOS have been identified: con-
stitutive neuronal, constitutive endothelial, and
inducible macrophage isoforms. Following ische-
mia, NO produced from neuronal NOS has toxic
effects, but NO produced from endothelial NOS
has protective effects in the brain (Huang 1994).

Hypoxic brain injury is associated with the
formation of NO, a gaseous free radical (Beckman
1991; Cazevielle 1993). Although under normal
conditions NO physiologically mediates cerebral
vasodilatation (Faraci 1991), recent studies sug-
gest that NO may react with superoxide anion to
form peroxynitrite and cause neurotoxicity
(Beckman 1990; Dawson 1991; Delivoria-
Papadopoulos and Mishra 1998; Hamada 1994).
Furthermore, Nw-nitro-L-arginine (NNLA), an
NOS inhibitor, administration in a middle cerebral
artery occlusion model reduced the volume of
cortical infarct in the mouse, indicating the role
of NO in neurotoxicity (Nowicki 1991).

Nitric oxide is reported to cause neuronal dam-
age through various mechanisms. We tested the
hypothesis that NO synthase inhibition by NNLA
will result in decreased oxygen-derived free radi-
cal production, leading to the preservation of cell
membrane structure and function during cerebral
hypoxia (Numagami 1997). Results demonstrated
that free radicals, corresponding to alkoxyl radi-
cals, were induced by hypoxia but were inhibited
by pretreatment with NNLA before inducing hyp-
oxia. NNLA also inhibited hypoxia-induced gen-
eration of conjugated dienes, products of lipid
peroxidation. Na+-/K+-ATPase activity, an index
of cellular membrane function, decreased follow-
ing hypoxia but was preserved by pretreatment
with NNLA. This data demonstrated that during
hypoxia NOS generates free radicals via
peroxynitrite production, presumably causing
lipid peroxidation and membrane dysfunction.

The appearance of primary free radicals, such as
superoxide anion or hydroxyl radical, may not

indicate oxidative injury. The reactivity of super-
oxide radicals is limited (Baum 1984; Sawyer
1981), but hydroxyl radicals are highly reactive to
almost all molecules (Mishra and Delivoria-
Papadopoulos 1999) so that they can target even
noncritical molecules. Therefore, their concentra-
tion does not necessarily correlate with the degree
of oxidative damage, particularly when assessing
lipid peroxidation. Furthermore, these radicals
damage cells in cooperation with other radical spe-
cies or oxidants (Beckman 1990, 1991; Cazevielle
1993; Faraci 1991). In contrast, the production of
secondarily formed lipid free radicals provides
strong evidence of peroxidative injury. This is par-
ticularly true for alkoxyl radicals, which are gener-
ated from lipid peroxide by either iron or copper
ions and can abstract hydrogen atoms from poly-
unsaturated fatty acids, leading to further lipid per-
oxidation (Mishra and Delivoria-Papadopoulos
1999). Our results suggested that NO has an
in vivo role in the generation of alkoxyl radicals,
leading to free radical-mediated lipid peroxidation.

The exact molecular mechanism of hypoxic
membrane damage is not clear. An appealing
hypothesis is that when peroxynitrite (formed by
the reaction between superoxide anions and NO)
is protonated, it decomposes rapidly to form nitro-
gen dioxide and hydroxyl radicals, both of which
are strong oxidants and can initiate oxidative reac-
tions (Beckman 1990, 1991; Radi 1991). It has
been shown that peroxynitrite can cause lipid
peroxidation in vitro (Radi 1991). Therefore,
high concentration of NO during may result in
an increased production of peroxynitrite, causing
lipid peroxidation.

125.5.4 Inhaled Nitric Oxide
and Neuroprotection

Nitric oxide is known to be involved in several
critical processes in the developing brain. Recent
studies have shown that exposure to inhaled nitric
oxide (iNO) during the first week of postnatal life
improves myelination in the developing brain and
significantly reduced the size of excitotoxic lesion
in the neonatal rat brain (Delivoria-Papadopoulos
et al. 2011a). iNO also significantly improves
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cerebral blood flow during ischemia and reduced
the infarct volume (Delivoria-Papadopoulos
et al. 2011b). In P7 rat model, exposure to 20 ppm
iNO was associated with progressive and signifi-
cant increase in cortical nitric oxide concentration
of up to 140% of the basal nitric oxide concentra-
tion. Infarct volumes were significantly decreased
in the 20 ppm iNO. Nitric oxide is known to react
with oxygen free radicals to generate peroxynitrite
that leads to nitration of cellular proteins, an index
of cell damage. Exposure to 20 ppm iNO during
ischemia decreased the density of nitrotyrosine-
positive cells by 43% in the cortex. In neonatal
rats subjected to postnatal hyperoxia following
gestational hypoxia, iNO exposure during the first
postnatal week significantly attenuated the cerebral
white matter damage in neonatal rats (Lawn
et al. 2005). iNO was associated with decreased
astrogliosis, microglial activation, and apoptotic
cell death through both caspase-dependent and
caspase-independent pathways.

iNO has been demonstrated to be effective in
various animal models (Kurinczuk et al. 2010).
The iNO was protective in a well-characterized
model of murine perinatal hypoxia-ischemia.
Tissue loss and pathological scores were signif-
icantly attenuated by 50 ppm iNO 3 days after the
insult. iNO, in an ovine model of ischemic
stroke, selectively increased CBF in the ischemic
penumbra as compared to a control animal not
receiving iNO. These findings substantiate the
view that inhalation of nitric oxide causes selec-
tive vasodilation of vessels in lowly perfused
brain tissue. Recent studies have investigated
whether the acute beneficial effects of iNO also
translate into long-term neurological improve-
ment; functional outcome was assessed over a
period of 7 days after MCA occlusion. Mice
treated with iNO (50 ppm) for 24 h after onset
of ischemia performed significantly in neurolog-
ical tests analyzing motor function, agility, and
coordination. Furthermore, iNO-treated mice
recovered significantly better from postischemic
weight loss and showed an improved survival.
These studies suggest the need for further pre-
clinical and clinical investigations into the bene-
ficial effects of iNO in neonates at high risk of
brain damage.

125.6 Neuronal Nuclear Ca++ Influx

A number of critical nuclear functions including
regulation of transcription factors, cell cycle regula-
tion transcription, DNA replication, and nuclear
envelope breakdown are controlled by intracel-
lular Ca++ (Mishra and Delivoria-Papadopoulos
1999; Delivoria-Papadopoulos et al. 2003). Fur-
thermore, nuclear Ca++ signals potentially con-
trol a number of events leading to hypoxia-
induced programmed cell death. Nuclear and
cytosolic Ca++ signals are differently regulated,
and the extranuclear Ca++ concentration deter-
mines the mode of Ca++ entry into the nucleus.

The increased intracellular Ca++ is a primary
mediator of activity-dependent gene transcription
under a number of experimental conditions (Ghosh
and Greenberg 1995; Hardingham and Bading
1998; Chawla and Bading 2001). The patterns of
neuronal impulse and the specific properties of the
stimulus-induced calcium transients determine the
nature and amplitude of the genomic response
(Hardingham and Bading 1998; Fields et al. 1997).
Several factors including the site of calcium entry
and the amplitude and the spatial properties of the
calcium signals determine the calcium-regulated
gene expression (Lerea and McNamara 1993;
Hardingham et al. 1999; Dolmetsch et al. 2001).
Furthermore, the duration of calcium signal also
contributes to the specificity of the transcription
induction. In cells of the immune system, only a
continuous rise in intracellular Ca++ concentra-
tion, but not a brief spike, induced translocation
of transcription factors, NF-ATc (Dolmetsch
et al. 1997). Gene expression in neurons is also
determined by the duration of calcium transients
and the activity-dependent transcription is reg-
ulated by the duration of calcium transients
(Chawla and Bading 2001).

In previous studies, we have shown that cerebral
hypoxia results in increased nuclear Ca++ influx in
neuronal nuclei of the cerebral cortex of newborn
piglets (Delivoria-Papadopoulos et al. 2003;
Mishra and Delivoria-Papadopoulos 2000). The
nuclear Ca++ influx increased as a function of
increase in cerebral tissue hypoxia, as measured
by decrease in high-energy phosphates, ATP, and
phosphocreatine (PCr). Cerebral hypoxia results in
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increased Ca++/calmodulin kinase (CaM kinase)
IV activity and CREB protein phosphorylation in
neuronal nuclei of newborn piglets (Vannucci
1990). NO donors increased neuronal nuclear Ca++

influx (Mishra and Delivoria-Papadopoulos 2002)
and hypoxia resulted in generation of NO free
radicals and increased high-affinity Ca++-ATPase
activity in neuronal nuclei. The high-affinity Ca++-
ATPase activity increased as a function of increase
in cerebral tissue hypoxia (Mishra and Delivoria-
Papadopoulos 2001). In addition, IP3-dependent
Ca++ influx is increased in neuronal nuclei of hyp-
oxic animals as compared to normoxic ones, and
this increase was a function of cerebral tissue
hypoxia.

During hypoxia, NO-mediated modification of
the nuclear membrane high-affinity Ca++-ATPase
and IP3 receptor is a potential mechanism of
increased intranuclear Ca++ that leads to activa-
tion of Ca++-dependent nuclear mechanisms and
activates cascades of hypoxic programmed cell
death.

125.7 Expression
and Posttranslational
Modification of Apoptotic
Proteins

Bcl-2 family of proteins (including Bcl-2 and
Bax) control cell proliferation, differentiation,
and programmed cell death during normal brain
development (Oltvai et al. 1993). Bax and Bcl-2
are inducible genes found in the developing and
adult central and peripheral nervous systems
(Chen et al. 1996; Reed 1996). Bcl-2 prevents
apoptosis by forming a heterodimer with the
proapoptotic protein Bax and protects cells from
programmed cell death following hypoxia (Oltvai
et al. 1993).

Prolonged cerebral hypoxia may lead to a state
of primary energy failure, depletion of cellular
reserves of high-energy compounds (ATP and
phosphocreatine (PCr)), and mitochondrial dys-
function. Failure of the ability of the neuronal
membrane to maintain its electrochemical homeo-
stasis results in lipid peroxidation and subsequent
modification of the NMDA receptor, influx of

calcium into the cytosol, and free radical forma-
tion (Oltvai et al. 1993; Reed 1996). Following
the calcium influx and the deactivation of the
phosphatases located in the cytosol, there is acti-
vation of a protein complex that extends from the
membrane to the nucleus and the mitochondria,
the system of focal adhesions (FAs). The FAs
include a number of proteins maintaining a
dynamic state while activating each other and
changing morphology thus contributing to the
signal transduction the nucleus. The proteins of
FAs play a crucial role to the cell migration and
motility and are very important regulatory factors
of the apoptotic cascade as they enter in the
nucleus mediating phosphorylation of calmodu-
lin, activation of CaM kinase IV, and CREB
protein-mediated transcription of Bax. Subse-
quently, there is increased expression of caspases
leading to DNA fragmentation and cell death
(Kratimenos et al. 2018; Oltvai et al. 1993).

In the mitochondrial level, we know that hyp-
oxia leads to mitochondrial outer membrane
permeabilization (MOMP) and opening of the
mitochondrial permeability transition pores
(mPTP) leading to the leakage of the proapoptotic
proteins into the cytosol. We also know that dur-
ing hypoxia, two of the major mitochondrial pro-
teins, second mitochondria-derived activator of
caspases (Smac, direct inhibitor of apoptosis-
binding protein with a low isoelectric point) and
cytochrome c, are translocated into the cytosol.
Smac/DIABLO, discovered in 2000, is a small-
sized protein (27 kDa) initially formed in a pre-
mature form localized in mitochondria and is sub-
sequently released into the cytosol as a bigger
mature protein along with cytochrome c,
maintaining a dynamic interaction. Cytochrome
c protein (12 kDa) is a crucial element of the
electron transport chain in mitochondria, and it is
also involved in the initiation of apoptosis. It is
released to the cytoplasm and binds apoptotic
protease activating factor-1 (Apaf-1). Smac is
released concurrently with cytochrome c from
mitochondria into the cytosol during apoptosis
and deactivates the inhibitor of apoptosis protein
(IAP)-mediated inhibition leading to the activa-
tion of the caspases and cell death (Kratimenos
et al. 2017; Oltvai et al. 1993).
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Concentrating on focal adhesions, our previous
data in guinea pigs show that hypoxia leads to
decreased concentration of Smac and cytochrome
c in mitochondria, while their expression
increases in the cytosol. These findings indicate
that there is probably translocation of Smac and
cytochrome c from the mitochondria to the cyto-
sol during hypoxia.

We have also shown that hypoxia increases the
activation of several proteins of the focal adhe-
sions, including the Src kinase. Since the mito-
chondria are located in the area of FAs, one of the
generated questions is whether the proteins of the
FAs contribute to the trafficking of the mitochon-
drial proteins in the cytosol.

Cerebral hypoxia results in increased expres-
sion of Bax protein in neuronal nuclei of the
cerebral cortex of newborn piglets. The Bax pro-
tein increased as a function of increase in degree
of cerebral tissue hypoxia as measured by
decrease in high-energy phosphates, ATP, and
phosphocreatine (Ravishankar et al. 2001). The
expression of Bax protein increases in the mito-
chondrial, cytosolic, as well as neuronal nuclear
fractions indicating increased expression of the
protein rather than its translocation, e.g., from mito-
chondria to cytosol. The expression of anti-apoptotic
protein Bax to anti-apoptotic protein Bcl-2 did not
increase during hypoxia. Therefore, the ratio of
proapoptotic protein Bax to anti-apoptotic protein
Bcl-2 increases in all compartments of the cell dur-
ing hypoxia that may lead to activation of hypoxia-
induced cascade of neuronal death.

Administration of NOS inhibitor prevented the
hypoxia-induced increased expression of
proapoptotic protein Bax indicating that the
hypoxia-induced increased expression of Bax is
NO-mediated (Zanelli et al. 2002).

125.7.1 Posthypoxic Expression
and Activation of Caspase-3,
Caspase-8, and Caspase-9
in the Newborn Brain

Caspases are a unique family of proteases that
play an important role in the initiation and execu-
tion of apoptosis (Delivoria-Papadopoulos

et al. 2008). All caspases contain a cysteine resi-
due at their active site and specifically cleave
substrate proteins at an aspartic acid residue.
These cysteine proteases reside predominantly
in the cytosolic compartment of animal cells
as inactive zymogens and become activated by
proteolytic cleavage at internal aspartate residues
on apoptotic stimulation (Mishra et al. 2001).
These are divided into two main classes: those
with long prodomain are the class I caspases and
those with short prodomain are the class II
caspases.

Class I caspases such as 8, 9, and 10 can
autocatalyze their own activation and are acti-
vated in the early phase of apoptosis. These are
called the initiator caspases. Class II caspases,
such as 3, 6, and 7, require cleavage by another
protease and are responsible for the breakdown of
cells (Delivoria-Papadopoulos et al. 2008). These
are called the effector or the executioner caspases.
The upstream caspases activated during apoptosis
lead to the activation of downstream caspases in a
self-amplifying cascade (Delivoria-Papadopoulos
et al. 2008).

Two well-studied pathways of caspase acti-
vation are the cell surface death receptor-
mediated pathway and the mitochondria-
initiated pathways. The recruitment and the
cleavage of procaspase-8 to produce the active
form of caspase-8 is a critical biochemical
event in the death receptor-mediated apoptosis
(Delivoria-Papadopoulos et al. 2008). Follow-
ing its activation, caspase-8 can activate down-
stream caspase by direct cleavage or indirectly
by cleaving the proapoptotic protein and induc-
ing cytochrome c (cyt c) release from the mito-
chondria (Delivoria-Papadopoulos et al. 2008).
In the proposed mitochondria-initiated pathway,
caspase activation is triggered by formation of
an oligomeric apoptotic protease activation fac-
tor (Apaf-1)/cyt c complex, which leads to
recruiting and activating procaspase-9, an
upstream caspase in this pathway (Mishra and
Delivoria-Papadopoulos 2010). The complex
formed by the combination of Apaf-1, cyt c,
Bax/Bcl-2, and procaspase-9 is referred to as
the apoptosome (Mishra and Delivoria-
Papadopoulos 2010; Ashraf et al. 2007).
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Two other less defined pathways of apoptotic
caspase activation are the ceramide pathway that
may act predominantly through the initiator
caspase-8 or caspase-9, depending on the stimulus
that induces ceramide synthesis, and the
granzyme B-perforin pathway, which may be
directly initiated by the effector caspase-3 and
caspase-7. All these pathways, with the exception
of the granzyme pathway, are known to be active
in neurons.

Studies were conducted to investigate the role
of caspase cascade-mediated programmed cell
death. Using our 3- to 5-day-old newborn piglet
model, we investigated the hypoxia-induced alter-
ations in the activity and expression of caspase-3,
caspase-8, and caspase-9. Results of these studies
after 1 h of severe hypoxia in newborn piglets
demonstrated that following hypoxia, there is an
increase in the activity of the initiator caspase-8
and caspase-9 in the cytosolic fraction of the cere-
bral cortex. The activity of caspase-3 also
increased in the cytosolic fraction of the cerebral
cortex. In addition, the expression of caspase-8,
caspase-9, and caspase-3 protein increased fol-
lowing hypoxia (Delivoria-Papadopoulos
et al. 2008; Mishra and Delivoria-Papadopoulos
2010; Ashraf et al. 2007).

125.7.2 Mechanisms of Caspase
Activation During Hypoxia
in the Newborn Brain

To investigate the mechanism of caspase activa-
tion, we used selective inhibitors such as cloni-
dine, an inhibitor of high-affinity Ca++-ATPase;
7-nitroindazole sodium salt (7-NINA), an inhibitor
of neuronal NO synthase; and z-Leu-Glu(OMe)-
His-Asp(OMe)-fluoromethylketone (z-LEHD-
FMK), a selective caspase inhibitor.

125.7.2.1 The Role of Nuclear Ca++ Influx
in Caspase-9 and Caspase-3
Activation

Studies performed in newborn piglets were spe-
cifically designed to investigate the role of nuclear
Caþþ influx in caspase activation during hypoxia
by administration of a Ca++-ATPase inhibitor

(clonidine) to block the nuclear Ca++ influx. It
was shown that the increased activity of caspase-
9 and caspase-3 during hypoxia is mediated by
nuclear Ca++ influx. The levels of tissue high-
energy phosphates (ATP and PCr) in the cerebral
cortex of normoxic, hypoxic, and hypoxic
pretreated with clonidine piglets were comparably
decreased. The determination of caspase-9 activ-
ity in the normoxic, hypoxic, and hypoxic
pretreated with clonidine groups of piglets
showed that cerebral tissue hypoxia results in
increased caspase-9 activity and that the
pretreatment with high-affinity Ca++-ATPase
inhibitor prevents this hypoxia-induced increase
in caspase-9 activity.

Assessment of the activity of caspase-3 in the
normoxic, hypoxic, and hypoxic pretreated with
clonidine groups of piglets demonstrated that
cerebral tissue hypoxia resulted in increased
caspase-3 activity, a consequence of caspase-9
activation, and that the pretreatment with cloni-
dine prevented this increase in caspase-3 activity.
These results demonstrate that hypoxia-induced
increase in caspase-3 activity is mediated by
nuclear Ca++ influx.

125.7.2.2 The Role of NO in Caspase-9
and Caspase-3 Activation

These studies in newborn piglets were specifically
designed to investigate the role of NO derived
from nNOS in caspase activation during hypoxia
by administration of a relatively selective inhibi-
tor of nNOS, 7-NINA (Mishra and Delivoria-
Papadopoulos 2006). After having confirmed
that cerebral tissue hypoxia achieved in the hyp-
oxic and hypoxic pretreated with 7-NINA groups
was comparable, the activity of caspase-9 in the
normoxic, hypoxic, and hypoxic pretreated with
7-NINA groups of piglets was determined, and
the results demonstrated that cerebral tissue hyp-
oxia results in increased caspase-9 activity and that
the pretreatment with the nNOS inhibitor prevents
the hypoxia-induced increase in caspase-9 activity.

Cerebral tissue hypoxia resulted in increased
caspase-3 activity, a consequence of caspase-9
activation, and the pretreatment with the nNOS
inhibitor prevented this hypoxia-induced increase
in caspase-3 activity. It demonstrates that the
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hypoxia-induced increase in caspase-9 is medi-
ated by nNOS-derived NO.

125.7.2.3 The Effect of Caspase-9
Inhibition During Hypoxia
on Prevention of Downstream
Events Including Caspase-3
Activation

To demonstrate that caspase-3 activation is a
downstream event of caspase-9 activation during
hypoxia, we used its selective inhibitor z-LEHD-
FMK (Chiang et al. 2007, 2008).

The activity of caspase-9 was determined in the
cytosolic fraction of the cerebral cortex of new-
born piglets. Cerebral tissue hypoxia resulted in
increased caspase-9 activity and the pretreatment
with the caspase-9 inhibitor prevented the
hypoxia-induced increase in caspase-9 activity.

The activity of caspase-3 in the cytosolic frac-
tion of the cerebral cortex increased as a conse-
quence of caspase-9 activation, and the
pretreatment with a caspase-9 inhibitor prevented
this hypoxia-induced increase. The same study
showed that pretreatment with caspase-9 inhibitor
prevents the hypoxia-induced increase in the
expression of active caspase-9 and active
caspase-3 (protein levels).

These studies demonstrate that caspase-9
can be activated during hypoxia by multiple
mechanisms that are dependent on generation
of nNOS-derived NO and neuronal nuclear
Ca++ influx. The increase in nuclear Ca++

influx leading to Ca++-dependent activation of
Ca/calmodulin-dependent protein kinase IV
may result in increased phosphorylation or
cyclic AMP response element binding protein
at serine 133 and transcription of caspases as
well as proapoptotic proteins. NO-mediated
phosphorylation of anti-apoptotic proteins
may alter their anti-apoptotic potential due to
a defect in dimerization and increased caspase-
9 activation.

We have shown that NO increases Ca++ influx
in synaptosomes as well as neuronal nuclei. By
increasing nuclear Ca++ influx, NO can increase
expression of caspase-9 as well as proapoptotic
proteins. NO-mediated modification of caspase
protein may alter its activation.

Thus, caspase activation during hypoxia in the
newborn brain is mediated by transcription-
dependent and transcription-independent
mechanisms.

Studies using z-LEHD-FMK, a selective inhib-
itor of caspase-9, indicate that the role of caspase-
9, the inhibitor caspase, is highly significant in the
hypoxia-induced programmed cell death in the
newborn brain.

125.8 DNA Fragmentation

It has been proposed that the cleavage of DNA at
its intranucleosomal linkage region is produced
by specific endonucleases that are Ca++ dependent
(Ishida et al. 1974).

Caspase-3 acting as cysteine protease cleaves
and inactivates a chain reaction by nuclear
enzymes like PARP, a DNA repair enzyme, and
ICAD, the inhibitor of caspase-activated DNase.
Then, the caspase-activated DNase enters the
nucleus and cleaves genomic chromosomal
DNA (Hameed et al. 1989; Tominaga
et al. 1993). This nuclear genomic DNA fragmen-
tation correlates exponentially with the degree of
cerebral tissue hypoxia in newborn piglets
(Waseem et al. 2001) and is characteristic of cel-
lular apoptosis. However, in our study, there was
no significant increase in fragmentation until the
ATP and phosphocreatine levels decreased by
more than 50%, compared with baseline levels.

125.9 Temporal Biochemical Changes

The steps of posthypoxic neuronal injury are
evolving within hours in the necrotic process
and within days in the apoptotic process. Tempo-
ral biochemical changes and associated nuclear
fragmentation have been assessed in the cerebral
cortex of newborn guinea pigs following hypoxia.
Initial cellular injury may be followed by a failure
of cellular repair mechanisms leading to further
delayed brain injury. Neuronal nuclear Ca++

influx increases immediately following hypoxia
and remains elevated through 7 days of age. Sim-
ilar nuclear Bax protein expression increases
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immediately following hypoxia and remains ele-
vated through 7 days where Bcl-2 protein remains
similar to control during hypoxia.

All these temporal (biphasic) changes may
reflect not only the primary hypoxic insult but
also a secondary cellular damage due to a recur-
rent (continuing) free radical release during the
reperfusion-reoxygenation phase.

125.10 Clinical Implications

The understanding of the very complex and inter-
related mechanisms of cell death after a hypoxic-
ischemic result may serve as background in criti-
cal care of the newborn.

Hypoxia at the cellular level is the conse-
quence of failure in oxygen transport from the
lung alveolar space to the mitochondria. In order
to prevent neuronal cell death, to restore any
insufficiency or failure in the respiratory and cir-
culatory systems is an emergency in terms of
minutes.

Among the hazards in restoring oxygen supply,
medically induced hyperoxia (high FIO2) may
worsen the neuronal insult by the production of
additional oxygen free radicals.

The temporal evolution of the posthypoxic
biochemical disturbances may alter the opportu-
nity of pharmacologic interventions at key steps
of the biochemical events, like magnesium sul-
fate, a NMDA receptor antagonist, or allopurinol,
an inhibitor of the enzyme xanthine oxidase.

125.11 Neuroprotective Treatments
with Suggested Efficacy
in Humans

125.11.1 Magnesium Sulfate

In the clinical setting, MgSO4 has been widely
used in obstetrics practice for more than 60 years.
Its indications include suppression of preterm
labor and management of pregnancy-induced
hypertension (Levene et al. 1999). A retrospective
epidemiologic study by Nelson and Grether
(1995) suggested that premature fetuses whose

mothers received MgSO4 for the treatment of
preeclampsia or as a tocolytic agent are less likely
to develop cerebral palsy compared to a gesta-
tional age-matched group of fetuses not exposed
to the drug. The Collaborative Eclampsia Trial
(1995) reported that babies of women who had
been given MgSO4 before delivery were signifi-
cantly less likely to be intubated at the place of
delivery or to be admitted to a special care nursery
than the babies of mothers who had been given
phenytoin. These studies suggested that MgSO4

might provide a protective effect against brain
damage in immature fetuses and newborn infants.
Randomized, controlled, double-blind trials were
established to examine this hypothesis. One was
discontinued after interim analysis showed that
administration of MgSO4 to mothers in preterm
labor before 34 weeks of gestation was associated
with significant increase in infants’ mortality
(Mittendorf et al. 1997). However, other trials
have not shown any difference in the mortality
rates between the placebo and treatment groups
(Benichou et al. 1997).

A multicenter randomized, controlled trial of
MgSO4 vs. placebo, for the prevention of cerebral
palsy, in 2,241 women at risk of imminent prema-
ture delivery at 24–31 weeks of gestation carried
out in the USA was published in 2008 (Rouse
et al. 2008). The primary outcome was the com-
posite of stillbirth or infant death by 1 year of
corrected age or moderate or severe cerebral
palsy at or beyond 2 years of corrected age. The
primary outcome was not significantly different in
the MgSO4 group and the placebo group. How-
ever, in a prespecified secondary analysis, moder-
ate or severe cerebral palsy occurred significantly
less frequently in the MgSO4 group (1.9%
vs. 3.5%). A similar study in France followed up
606 infants of less than 33 weeks of gestation,
whose mothers were treated with MgSO4. Com-
pared to placebo, treated infants showed a
decrease of all primary end points (total mortality,
severe white matter injury, and their combined
outcome) and of all secondary end points (motor
dysfunction, cerebral palsy, cognitive dysfunc-
tion, and their combined outcomes at 2 years of
age). The decrease was nearly significant or sig-
nificant for gross motor dysfunction and combined
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criteria: death and cerebral palsy, death and gross
motor dysfunction, and death, cerebral palsy, and
cognitive dysfunction (Moriette et al. 2008). Doyle
et al. (2009) reviewed the evidence of the
neuroprotective effects of MgSO4 given to women
considered at risk of preterm birth. The authors
concluded that the neuroprotective role for antenatal
MgSO4 therapy given to mothers at such risk is now
established. The number of women needed to treat
to benefit one baby by avoiding cerebral palsy is
63 (95% confidence interval 43–87). Given the ben-
eficial effects of MgSO4 on substantial gross motor
function in early childhood, outcomes later in child-
hood should be evaluated to determine the presence
or absence of later potentially important neurologic
effects, particularly on motor or cognitive function.

125.11.2 Allopurinol

In experimental animal models, administration of
allopurinol to immature rats 30 min before induc-
ing focal hypoxia-ischemia reduced the severity
of the secondary edema and the extent of the
neuropathologic lesions in the treated compared
with a control group (Palmer et al. 1990). Simi-
larly, pretreatment with allopurinol preserved
cerebral energy metabolism of the 7-day postnatal
rat during hypoxia-ischemia (Williams et al. 1992).
The same group of researchers found that
oxypurinol, the active metabolite of allopurinol,
administered at the same dose and at the same
time as allopurinol after hypoxia-ischemia reduced
brain injury in the immature rat (Palmer and Rob-
erts 1991). Administration of allopurinol in new-
born piglets prevented the hypoxia-induced
modification of NMDA receptor as well as cell
membrane preoxidation and neuronal dysfunction
(Marro et al. 1994; Maro et al. 1998).

In the clinical setting, a 7-day course of enteral
allopurinol (20 mg per kg) given after birth to
400 infants between 24 and 32 weeks of gestation
did not change the incidence of periventricular
leukomalacia (Russell and Cooke 1995). In a
study of 22 asphyxiated newborn infants, intrave-
nous allopurinol in a dose of 40 mg per kg given
4 h after birth resulted in a decreased mortality
(2/11 vs. 6/11 in the control group) and in a

beneficial effect on free radical formation, cere-
bral blood flow, and electrical brain activity, with-
out toxic side effects (Van Bel et al. 1998). Clancy
et al. (2001) conducted a clinical trial to test the
hypothesis that allopurinol could reduce death,
seizures, coma, and cardiac events in infants
who underwent heart surgery using deep hypo-
thermic circulatory arrest. They studied a total of
318 infants, 131 hypoplastic left heart syndrome
(HLHS) and 187 non-HLHS. In HLHS surgical
survivors, 40 of 47 (85%) allopurinol-treated
infants did not experience any end point event,
compared to 27 of 49 (55%) controls
( p = 0.002). There were fewer seizure-only
( p = 0.05) and cardiac-only ( p = 0.03) events
in the allopurinol versus placebo groups. Allopu-
rinol did not reduce efficacy end point events in
non-HLHS infants. Treated and control infants
did not differ in adverse events. Recently, Bender
et al. (2006) investigated whether postnatal allo-
purinol would reduce free radical-induced reper-
fusion/reoxygenation injury of the brain in
severely asphyxiated neonates. In an interim anal-
ysis of a randomized, double-blind, placebo-con-
trolled study, 32 severely asphyxiated infants
were given allopurinol or a vehicle within 4 h of
birth. The analysis showed an unaltered (high)
mortality and morbidity in infants treated with
allopurinol. The authors concluded that allopuri-
nol treatment started postnatally was too late to
reduce the early reperfusion-induced free radical
surge. Allopurinol administration to the fetus with
(imminent) hypoxia via the mother during labor
may be more effective in reducing free radical-
induced post-asphyxial brain damage.

Chaudhari and McGuire (2008) performed a
meta-analysis to evaluate the evidence of the
effect of allopurinol on mortality or morbidity in
newborn infants with suspected hypoxic-ischemic
encephalopathy. The authors concluded that the
available data are not sufficient to determine
whether allopurinol has clinically important ben-
efits for newborn infants with hypoxic-ischemic
encephalopathy, and, therefore, larger trials are
needed. Such trials could assess allopurinol as an
adjunct to therapeutic hypothermia in infants with
moderate and severe encephalopathy and should
be designed to exclude clinically important effects
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on mortality and adverse long-term neurodeve-
lopmental outcomes.

125.11.3 Opioids

The antinociceptive effects of opioids are medi-
ated through a combination of pre- and postsyn-
aptic hyperpolarization, which produces a
decrease in the release of and the sensitivity to
endogenous mediators like glutamate (Lee
et al. 2004; Yamakura et al. 1999). This suggests
that they may have a neuroprotective effect.
Indeed, studies in cell cultures have demonstrated
that endogenous and exogenous opioids may pro-
tect cortical neurons from hypoxia-induced cell
death (Zhang et al. 2000, 2002). Similarly, opioids
may induce ischemic tolerance in cerebellar
Purkinje cells subject to ischemia-reperfusion
(Lim et al. 2004). Antagonists of opioid receptors
increase the survival time during severe hypoxia
in intact animals (Mayfield and D’Alecy 1992,
1994) and enhance tissue preservation and sur-
vival time of organs used for transplants (Chein
et al. 1994).

In 2005, Angeles et al. (2005) published the
results of a retrospective study of 52 term new-
borns with perinatal asphyxia, in which they ana-
lyzed the relationship between treatment with
opioid analgesics (morphine or fentanyl) and neu-
rological damage. A total of 33% of them received
opioids; in spite of having a more severe degree of
asphyxia (higher levels of lactate, lower 5 min
Apgar scores), this group of patients had less
severe signs of brain damage on the MRI
performed after 7 days of life. Moreover, their
neurologic outcome at a mean follow-up of
13 months was better than the group of newborns
who did not receive opioids. The same group of
researchers also performed a follow-up study with
magnetic resonance (MR) spectroscopy of
28 term newborns treated with opioids and 20 con-
trols (Angeles et al. 2007). The results showed
that occipital gray matter NAA/Cr was signifi-
cantly decreased and lactate was present in a sig-
nificantly higher amount in non-opioid-treated
neonates compared with opioid-treated neonates.
Also, compared with controls, untreated neonates

showed large changes in more metabolites in the
basal ganglia, thalami, and occipital gray matter
with greater significance than treated neonates.
The authors concluded that the use of opioids
during the first week following perinatal asphyxia
has no long-term adverse effects and may increase
brain resistance to hypoxia-ischemia. The authors
speculated that the neuroprotective effect of opi-
oids may be mediated by increasing the levels of
adenosine, and endogenous nucleoside with
neuroprotective activity, or by inducing neuronal
hyperpolarization, which results in diminishing
intracellular penetration of calcium.

Despite the potential benefit of opioids on
asphyxiated term neonates as indicated in these
studies, caution must be exercised in the use of
this class of medications. Available literature sug-
gests that the routine use of opioid analgesics can
be complicated by problems such as tolerance,
withdrawal symptoms, and ventilator depen-
dence. Very few studies have examined the long-
term effects of exposure to opioids in the neonatal
period. In addition, previous reports indicate that
endogenous opioids can suppress DNA synthesis
in vivo in mature cerebellar and glial cells (opioid
receptors are widely distributed in the CNS with
functions that include pain modulation, cardiore-
spiratory regulation), whereas exogenous opioids
can exacerbate neurotoxicity in animal models of
cerebral ischemia. Future prospective randomized
trials are warranted to determine whether there is
truly an immediate neuroprotective effect on
hypoxic-ischemic brain injury and whether these
agents can play a role in improving long-term
outcome.

125.11.4 Hypothermia

Hypothermia has developed during the past few
years as an alternative for treating perinatal
asphyxia/HIE (Gunn and Gunn 1998; Wagner
et al. 1999). Hypothermia during experimental
cerebral ischemia is associated with potent dose-
related, long-lasting neuroprotection. Conversely,
hyperthermia of only 1–2 �C extends and mark-
edly worsens damage and in particular tends to
promote pannecrosis (Gunn and Gunn 1998).
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Although the majority of such studies involved
global ischemia in adult rodents (Coimbria and
Wielock 1994), similar results were reported from
studies on hypoxia-ischemia in 7-day-old rats
(Trescher et al. 1997) and newborn piglets
(Thorensen et al. 1995), kittens, rabbits, and
puppies (Miller 1971).

The study of the mechanisms of action of
hypothermic neuroprotection suggests that
cooling affects many or all of the pathways lead-
ing to delayed cell death (Gunn and Gunn 1998).
Hypothermia reduces the rate of oxygen-requiring
enzymatic reactions and cerebral oxygen con-
sumption, slows the fall of phosphocreatine/inor-
ganic phosphate (PCr/Pi), and confers a protective
effect of the brain after ATP exhaustion. In addi-
tion, hypothermia decreases oxygen consumption
of the brain by 6–7% and cerebral energy utiliza-
tion rate by 5.3% per degree. Additional experi-
mental evidence suggests that hypothermia
suppresses cytotoxic excitatory amino acid accu-
mulation, inhibits nitric oxide synthase activity,
decreases interleukin-1 levels, decreases the
release of other cytotoxic cytokines by microglial
cells, and suppresses free radical activity and
delayed cell death by apoptosis. Hypothermia
also decreases blood-brain barrier permeability
and intracranial pressure and facilitates recovery
of electrophysiologic function after cerebral
ischemia.

The efficacy of hypothermia is dependent on a
number of factors, such as the timing of initiation
of cooling, its duration, and the depth of cooling
attained. Mild hypothermia is defined as a reduc-
tion in core temperature of 1–3 �C, moderate as
4–6 �C, severe as 8–10 �C, and profound as
15–20 �C. Brief (0.5–3 h); mild-to-moderate
hypothermia immediately after hypoxia-ischemic
injury may be most effective after relatively mild
insults. Protection appears to be lost if brief hypo-
thermia is delayed by as little as 15–45 min after
the primary insult. A more recent approach has
been to try to suppress the secondary encephalo-
pathic processes by maintaining hypothermia
throughout the course of the secondary phase.
An extended period of cooling (between 5 and
72 h) appears to be more consistently effective
and remains effective after significant delays

(possibly up to 6 h) between the primary insult
and the start of cooling; however, the degree of
neuroprotection progressively declines if cooling
is initiated more than a few hours post-insult
(Gunn and Gunn 1998). In addition, cerebral
hypothermia seems to be less effective when
started after postischemic seizures occur (Gunn
et al. 1999).

Potential adverse effects of induced hypother-
mia (the risk increasing with depth of hypother-
mia) include increased blood viscosity, mild
metabolic acidosis, decreased oxygen availability,
intracellular shift of potassium, cardiac arrhyth-
mias, coagulation abnormalities and platelet dys-
function, and choreic syndrome (Wagner
et al. 1999).

125.11.5 Selective Head Cooling

The first study on neuroprotection of perinatal
HIE with selective head cooling was published
in 1998 by (Gunn et al. 1998), who basically
proved the safety of this procedure. Later on, the
same group of researchers published the results of
other studies in a small number of patients, which
confirmed the lack of side effects and a tendency
to a better neurologic prognosis in those newborns
with moderate or severe HIE treated with this
hypothermia technique (Battin et al. 2001, 2003).

In 2005 Gluckman et al. (2005) published the
results of the most important study that has pro-
duced reliable and significant data about the
neuroprotective effect of selective head cooling
hypothermia. It was a multicenter investigation
that included 234 newborns with HIE and
expected gestational age (EGA) above 36 weeks.
Patients were randomized before 5.5 h of life into
two groups: body normothermia or hypothermia
of 34.5 �C, induced through selective head
cooling during 72 h. Patients treated with hypo-
thermia had a significantly higher incidence of
arrhythmia (mostly sinus bradycardia). A total of
218 infants were followed up until 18 months of
age. The presence of death or neurological dis-
ability was found in 66% of patients in the control
group and 55% in the hypothermia group
( p < 0.1). However, when newborns with severe
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neurological depression or those who had seizures
on the aEEG were excluded, 66% of infants in the
control group and 48% in the hypothermia group
died or had neurological disability ( p < 0.2).
Moreover, the presence of severe neurological
disability was 28% and 12% in each group,
respectively. The authors concluded that, except
in newborns with the most severe forms of HIE,
selective head cooling applied immediately fol-
lowing delivery may be a feasible therapeutic
technique to decrease neurological sequelae of
perinatal HIE.

125.11.6 Generalized Body
Hypothermia

The first study with generalized body hypother-
mia in perinatal HIE was published in 2000 by
Azzopardi et al. (2000), who found that prolonged
hypothermia of 33–34 �C was associated with
minimal physiological changes (e.g., decreased
heart rate, increased blood pressure), but was
well tolerated. During the next 3 years, other
research protocols in a limited number of patients
corroborated that generalized body hypothermia
was a feasible and clinically safe technique
(Shankaran et al. 2002; Debillon et al. 2003).

In 2005, Eicher et al. (2005) published the
results of a pilot multicenter study about the safety
and efficacy of generalized body hypothermia in
the treatment of 32 newborns with perinatal HIE.
Adverse effects included bradycardia, hypoten-
sion, decreased platelets, increased prothrombin
time, and higher incidence of seizures, but none of
them was severe, and they all responded to treat-
ment (Eicher et al. 2005). The efficacy results
showed a higher incidence of death or severe
neurological motor involvement in the control
group (82%) compared to the group of
hypothermia-treated newborns (52%)
( p = 0.019). A severe psychomotor developmen-
tal delay (less than 70%) was seen in 64% of
infants in the control group and in 24% of those
subjected to hypothermia ( p = 0.053).

Also in 2005, Shankaran et al. (2005)
published a large multicenter study on the use
of body hypothermia to treat perinatal HIE. A

total of 208 newborns with HIE and EGA more
than 36 weeks were included and randomized
before 6 h of life into two groups: body normo-
thermia or hypothermia of 33.5 �C, induced by
body cooling, during 72 h. Patients were
followed up until 18–22 months. The incidence
of mild complications was similar in both
groups. The incidence of death or moderate or
severe neurological disability was 62% in the
control group and 44% in the hypothermia-
treated group ( p = 0.01). The incidence of cere-
bral palsy was 30% in the control newborns and
19% in those treated with hypothermia
( p = 0.20). The authors concluded that gener-
alized body hypothermia reduces the risk of
death and neurological disability in newborns
with moderate or severe HIE.

A magnetic resonance imaging (MRI) follow-
up study of infants enrolled in the
abovementioned trial (Shankaran et al. 2005)
aimed to measure relative volumes of subcortical
white matter. They were significantly large in
hypothermia-treated than in control infants. Fur-
thermore, relative total brain volumes correlated
significantly with death or neurosensory impair-
ments. Relative volumes of the cortical gray and
subcortical white matter also correlated signifi-
cantly with Bayley Scales psychomotor develop-
ment index (Parikh et al. 2009). There is growing
body of evidence supporting that total body hypo-
thermia improves significantly survival and dis-
ability in full-term neonates with HIE with better
neurodevelopmental outcomes in infancy and
early childhood (Jacobs et al. 2013; Azzopardi
et al. 2014; Shankaran et al. 2012).

Hypothermia has already translated from the
clinical research experience to direct clinical appli-
cation and has already become the standard of care
to treat newborns with perinatal asphyxia (Zanelli
et al. 2008; Kapetanakis et al. 2008; Tan and Parks
1999; Gunn et al. 2005; Sahni and Sanocka 2008;
Wagner et al. 2002; Hoeger et al. 2006; Talati
et al. 2005; Van Bel and Groenendaal 2008;
Higgins et al. 2006; Jacobs et al. 2013; Azzopardi
et al. 2014; Shankaran et al. 2012). However, the
clinical trials with hypothermia in premature new-
borns and/or in combination with neuroprotective
agents such as xenon, erythropoietin, melatonin,
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and allopurinol have also addressed many ques-
tions, which need to be answered before they are
implemented in routine clinical practice.
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