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Perinatal Brain Damage: Mechanisms
and Neuroprotective Strategies

Pierre Gressens’ and Henrik Hagberg?

Abstract | Injury to the perinatal brain is a leading cause of childhood
mortality and lifelong disability. Cerebral palsy and cognitive impairment
are usually related to periventricular white matter damage, which is seen
chiefly in babies born before 32 weeks’ gestational age, and to cortico-
subcortical lesions, which occur mainly in full term infants. Perinatal brain
lesions remain largely unpreventable and untreatable despite recent
improvements in neonatal care. However, partial neuroprotective efficacy
has been proven using magnesium sulfate in preterm newborns and
hypothermia in term newborns. Improved understanding of the patho-
physiological mechanisms involved in perinatal brain lesions helps to
identify potential targets for neuroprotective interventions, as discussed

in this review.

Injury to the perinatal brain is a leading cause of
death and disability in children. Despite major
improvements in perinatal care, the incidence of
neurological disabilities related to perinatal brain
damage has not decreased significantly in Western
countries over the last decades. Cerebral palsy and
cognitive impairment are usually related to periv-
entricular white matter damage (PWMD), which
is seen chiefly in babies born before 32 weeks’
gestational age, or to cortico-subcortical lesions,
which occur mainly in full term infants. The for-
midable ethical, technical, and financial obstacles
raised by research into perinatal brain damage
have largely prevented the pharmaceutical indus-
try from developing effective medications. To
date, there are no effective treatments for peri-
natal brain lesions. Nevertheless, epidemiological
and experimental data have allowed researchers to
identify a number of potential targets for neuro-
protective strategies. New animal models have led
to the elucidation of biochemical events involved
in neurodegeneration and neuroprotection.

The etiology is complex and multifactorial
but hypoxia-ischemia (HI), infection/inflamma-
tion and excitotoxicity (see below) are considered
important causes or precipitating insults of pre-
ventable /treatable forms of perinatal brain injury.

In this review we will focus on mechanisms of
brain injury in response to acute sterile insults in
the developing brain that occur in term (e.g. neo-
natal encephalopathy) or preterm infants.

Genetic background, development age, sex
and brain maturity affect vulnerability and the
mechanisms of brain injury." Furthermore, ante-
cedents like infection/inflammation, intrauterine
growth restriction or preexposures to hypoxia can
modulate brain vulnerability in response to acute
insults.*” Brain injury evolves over time and dif-
ferent mechanisms are critical during the primary,
secondary and tertiary phases (Fig. 1). Indeed,
recent experimental data suggests that interven-
tions can be effective if administered hours, days
or even weeks after the primary insult.®’

The aim of the present review is to describe
the critical mechanisms of brain injury during
the secondary and tertiary phases® after an acute
insult and to present some therapeutic strategies
that may have potential for clinical translation.

1 Concept of Secondary Brain Injury

In experimental studies, cerebral HI of suffi-
cient severity to deplete tissue energy reserves
(primary insult) is often followed by transient
but complete restoration of glucose utilization,
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The pathophysiological process of
perinatal brain injury
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Figure 1: Multiple factors occurring alone or in combination, prior, during and after the acute perinatal

insult determine the outcome. Injurious and reparative processes are operative both during the secondary
phase shortly after well as during the tertiary phase day-weeks after exposure.

ATP, and phosphocreatine upon reperfusion/
reoxygenation.”"! Thereafter a secondary decrease
of high energy phosphates occurs in parallel with
a decrease in tissue glucose metabolism and devel-
opment of cell injury®!" Similarly, infants with
neonatal encepalopathy show characteristicabnor-
malities in cerebral energy metabolism, which is
often normal soon after birth, but shows a progres-
sive decline in PCr]/Pi] some hours later.!? Infants
displaying this phenomenon develop severe neu-
rodevelopmental impairment or die, and there is
a close relationship between the magnitude of the
late decline in PCr]/Pi], reduced brain growth and
the severity of neurodevelopmental impairment
four years later."”

These findings suggest that most of the injury
after HI evolves over time after rather than during
the insult. There are many examples of successful
post-treatment after HI in animals suggesting a
therapeutic window following HI prior to the sec-
ondary phase of tissue deterioration. Hypother-
mia following HI reduces secondary energy failure
and brain injury in experimental studies' and was
later proven effective as neuroprotective treatment
in newborns with neonatal encephalopathy.”
However, the mechanisms involved in secondary
brain injury are incompletely understood and

such information is critical for development of the
next generation of therapies for preterm infants
or to be combined with hypothermia in severely
asphyxiated infants at term, hopefully, to further
reduce serious disability in children and adults.

1.1 Mechanisms of secondary
brain injury

The deficit in high-energy phosphates induced by
HI leads to a primary failure to maintain trans-
membrane ionic gradients, release of neuroactive
compounds into the extracellular compartments,
accumulation of intracellular Ca?* and the activa-
tion of a series of mechanisms that if sustained
will lead to immediate cell death. If the individual
is resuscitated, these acute alterations are com-
pletely or partly reversed but the complex proc-
ess has been started in which multiple interrelated
factors may produce secondary brain injury.

The precise mechanisms of damage are incom-
pletely understood but some components of the
process have been elucidated. Excitatory amino
acids (EAAs), mitochondrial impairment, intra-
cellular calcium regulation, generation of reac-
tive oxygen species (ROS) including nitric oxide
(NO), apoptotic/necrotic mechanisms, changes
in the availability of trophic factors and the
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immuno-inflammatory system are all implicated
in the process (Fig. 2).

1.1.1 Excitotoxicity: Glutamate and aspartate
are the main excitatory transmitters in the brain,
but they are known to exert toxic effects (exci-
totoxicity) if applied in excess to the nervous
system. Both N-methyl-D-aspartate (NMDA)
and o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) /kainate receptors are
expressed on neurons and oligodendroglial pre-
cursors (preferentially on somata) in vulnerable
areas of grey and white matter.'*"® The expression
of EAA receptors is up regulated in the immature
human brain which reflects the critical role of
these receptors for brain development. Hence, the
immature brain is also more vulnerable to excito-
toxicity (especially NMDA) than the adult" affect-
ing both white and grey matter.”’

There is considerable evidence for a role of
EAAs in the process leading to HI brain injury.
EAA receptors are expressed by all types of neural
cells. In particular, neurons’” and oligodendro-
cyte precursor cells (OPCs)* express NMDA
and AMPA receptors, while microglia?? have

been recently shown to express NMDA receptors
(Fig. 3). NMDA receptors have also been described
on endothelial cells.”? Excess activation of neuro-
nal NMDA or AMPA receptors leads to neuronal
cell death. Excess activation of OPC AMPA recep-
tors leads to OPC cell death while OPC NMDA
receptor activation seems to lead to blockade of
differentiation rather than cell death. Activation
of microglial NMDA receptors leads to microglial
activation and release of factors potentially toxic
for neighboring neural cells. Extracellular con-
centrations of EAAs, and to some extent glycine,
increase extracellularly during neonatal HI in
mixed grey and white matter of fetal sheep? and is
followed by a secondary increase during reflow.>*
EAAs also increase markedly in the CSF of new-
borns with neonatal encephalopathy and the levels
are associated with the degree of encephalopathy
and short-term outcome.”

Blocking NMDA receptors before or after HI
reduces subsequent neuronal damage® and dur-
ing “in vitro ischemia”, NMDA receptor activation
results in Ca**-dependent injury of oligodendroglial
processes.' AMPA blockade reduces grey and white
matter damage when given after HI or excitotoxic

Mechanisms of secondary brain injury
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Figure 2: Summary of injury mechanisms during the secondary phase.
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Glutamate receptors and perinatal brain damage
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Figure 3: Schematic representation of the expression of glutamate receptors on neural cells in the
perinatal brain.

insult.'® %% The mechanism of excitotoxicity in
response to HI probably involves perturbation of
Ca* homeostasis, triggering of NO and ROS pro-
duction with subsequent mitochondrial impair-
ment and activation of lipases and proteases (Fig.2).
Some NMDA receptor antagonists (eg. dizocilpine,
Xenon) can, however, induce apoptosis in the
immature brain,>' which may complicate the
use of such drugs for cerebroprotection. There are,
however, other NMDA receptor antagonists like
memantine that do not induce apoptosis in the
immature brain in neuroprotective dosages.*

In addition to blocking directly glutamate
receptors, alternate strategies targeting other neu-
rotransmitter systems are capable of counteract-
ing the deleterious effects of over stimulation of
these receptors in the perinatal brain. For example,
alpha-2-adrenoreceptor agonists such as dexme-
detomidine are highly neuroprotective in a model
of neonatal excitotoxicity induced by an NMDA
agonist.”** Accordingly, dexmedetomidine is also
neuroprotective against a neonatal HI insult.” On
the other hand, endocannabinoids protect the
newborn brain against an AMPA-kainate recep-
tor-mediated neonatal excitotoxic injury.*

1.1.2 Calcium regulation: Calcium (Ca*") is an
intracellular second messenger, acting as key regu-
lator of numerous cellular functions.”” In order
to allow efficient Ca?* dependent signaling, the
intracellular Ca?* concentration (Ca?"ic) is strictly

regulated at a low level of 100 nM, i.e. 10,000 times
lower than the extracellular concentration.” The
large electrochemical gradient is being upheld
through ATP requiring processes at the level of
the cell membrane (Na*/Ca®* exchange and Na*/K*
ATPase, Ca?* ATPase) mitochondria and endoplas-
mic reticulum.” In the adult brain, transmem-
brane ionic gradients cannot be maintained and a
rapid depolarization occurs after a few minutes of
complete anoxia or ischemia with a concomitant
rise of Ca*ic. A marked rise of Ca?*ic may trig-
ger a number of toxic processes like activation of
calpains, ROS, apoptosis, phospholipases, endo-
nucleases and NO production.®®

Intracellular calcium regulation is thus con-
sidered to play an important role in the cellular
response to injury. However, its significance in
immature brain injury is less clear. In studies in
vitro, the rise of Ca**ic tends to be slower and less
pronounced in immature neurons.” However,
Ca”" accumulates to some extent in the brain tis-
sue during HI* and calcium-dependent enzymes
like calpains and phospholipase C are activated
which offers some indirect information in sup-
port of an increase of Ca?*ic in the immature brain
during HI.

It is equally unsettled exactly what happens
to Caic after delayed injury. Five to seventy-
two hours following a period of HI there is a
delayed accumulation of calcium in regions with
brain injury.” In stroke models in adult rodents,
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there are waves of NMDA-receptor dependent
depolarization (spreading depression) in border-
zone areas accompanied by neuronal uptake of
Ca”". In the immature brain, spreading depression
occurs at a slower rate and the degree of Ca** influx
appears to be lower than in the adult counter-
part.* There is also a pronounced accumulation
of calcium in axons and neuronal mitochondria
detected by pyroantimonate technique/electron
microscopy.*” The pathophysiological role of these
Ca*" elevations is yet unknown but could theoreti-
cally contribute to NMDA receptor dependent
excitoxicity during the reperfusion phase.

1.1.3 Mitochondrial impairment: There seems
to be a shift towards a more juxta-nuclear mito-
chondrial localization®** and a progressive accu-
mulation of calcium in the mitochondrial matrix
of neurons 0.5 h-3 h after HI.*» Some mitochon-
dria developed a considerable degree of swelling
reaching a diameter of several micrometers at 3 h
of reflow, whereas the majority of mitochondria
appeared moderately affected. Chromatin con-
densation was observed in the nuclei of many cells
with severely swollen mitochondria with calcium
deposits.

During early recovery after HI, high energy
phosphates in the cerebral cortex are restored as
previously mentioned.'>** During this phase, the
2-deoxyglucose (2-DG) utilization is increased,
which correlates with increased levels of tissue
lactate and a depression of mitochondrial respi-
ration.”” Post-HI administration of an NMDA
receptor antagonist normalized 2-DG utilization,
lactate levels, improved mitochondrial respiration
and attenuated cortical brain injury.'™* These
data suggest that NMDA-receptor activation in
the early recovery phase suppresses mitochondrial
respiration with a compensatory increase of anaer-
obic glucose cycling to lactate, which precedes
development of cortical brain injury. Interestingly,
a similar pattern of increased glucose use occurred
in the CNS of asphyxiated infants, particularly in
brain regions that were subsequently injured.*
Such an increase in glucose utilization occurred
in parallel with marked elevations of glutamate in
the cerebrospinal fluid,” implying that HI brain
injury also in post-asphyxiated infants is preceded
by a phase of mitochondrial impairment related
to activation of EAA receptors.

Mitochondrial impairment could, if persistent,
have severe consequences on recovery of calcium
regulation®” and mitochondrial ATP production
after HI. Furthermore, mitochondrial swelling
and/or outer mitochondrial membrane permea-
bilisation lead to release of killer proteins that

may lead to apoptotic-like execution of cell death
(below).

1.1.4 Apoptotic mechanisms

Apoptosis in the immature brain: Cell death is
often classified as apoptotic or necrotic based on
biochemical or morphological criteria.”” Necrotic
cell death is triggered by an acute insult resulting
in severe primary energy failure, complete loss of
membrane integrity and leaking of cytoplasmic
contents into the extracellular matrix leading to
an inflammatory response. Apoptotic cells do
not lose membrane integrity and the organelles
remain largely intact until the final stages when
cell fragments bud off as apoptotic bodies that
are subsequently phagocytized by microglia or
healthy neighboring cells. In morphological
terms mixed apoptotic-necrotic phenotypes pre-
dominate in HI, and recent data suggest apop-
totic, necroptotic and necrotic pathways are all
important.”’

Apoptosis was initially recognized for its role
in development. In some brain regions, half of
the neurons die by apoptosis during normal brain
development. Therefore it is entirely appropriate
that many apoptosis-related factors are up regu-
lated in the immature brain, such as caspase-3,
Apaf-1, Bcl-2, and Bax.*** Multiple apoptotic
pathways converge on caspase-3, so this protease
is critical in the execution of neuronal apoptosis
both during brain development and after acute
injury.”® Caspase-3 appears to be particularly
important in the brain, because mice devoid of
caspase-3 through genetic targeting displayed a
hyperplastic, disorganized brain, whereas other
organs appeared normal.® The constitutive lev-
els of caspase-3 and the activation after injury are
several-fold more pronounced in the immature
brain.”"** In summary, due to ongoing apoptotic
processes during brain development, the apop-
totic biochemical machinery is highly upregulated
in the immature brain, which may confer height-
ened vulnerability.

Caspase-dependent cell death and apoptosis-
inducing factor (AIF) in HI: Studies suggest
that mitochondria regulate apoptotic cell death
through their capacity to undergo mitochondrial
membrane permeabilization (MP) and release
of proapoptotic proteins.”® Cytochrome C (Cyt
C), and other apoptogenic proteins, such as AIF,
endonuclease G, SMAC/Diablo, and HtrA2/Omi,
are released from the mitochondrial intermem-
brane space. Bax, Bad, Bid, and other members
of the Bcl-2 family are involved in the regula-
tion of mitochondrial release of proapoptotic
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proteins. Cyt C interacts with APAF-1, ADP, and
pro-caspase-9 to form the heptameric apopto-
some, leading to activation of caspase-9, which
in turn cleaves and activates pro-caspase-3.%
AIF, on the other hand, promotes apoptosis in
a caspase-independent manner.”> In addition,
the down-stream activation of executioner cas-
pases like caspase-3 can be triggered through Fas
receptor-mediated activation of caspase-8 with-
out involvement of mitochondria, the so called
extrinsic pathway.

Apoptosis is found in the brains of infants who
die after intrauterine insults or perinatal HI.>* and
ample evidence support the concept that apop-
totic mechanisms are critically involved.”

Caspase-3 is markedly activated after HI in
the immature brain.»*® and cells with the cleaved
active form of caspase-3 colocalize with markers
of DNA fragmentation in injured brain regions.*
Caspase-3 inhibitors® as well as transgenic over-
expression of X-linked inhibitor of apoptosis
(XIAP)* attenuate caspase-3 activation and pro-
vide a considerable degree of neuroprotection
in the neonatal setting in some® but not in all
studies.”

There are data to suggest that the extrinsic
pathway is activated in response to HI*® and Fas
receptor deficiency seems to confer some degree
of protection in neonatal HI.* Most data, however,
suggest that activation of the intrinsic pathway is
the key event in the immature brain. Assembly of
the apoptosome is easily induced in homogenates
from the immature brain,*" Cyt C is released to
the cytosol in response to HI,* caspase-9 is acti-
vated® and inhibition of APAF-1 reduces HI brain
injury.”® In addition, other proapoptotic proteins
like AIE* SMAC/Diablo,”” and HtrA2/Omi”’
translocate from the mitochondria to a nuclear
localization, suggesting that proapoptotic pro-
teins are indeed released during the early recovery
phase after HI. Cells with immunohistochemical
translocation of Cyt C and AIF often exhibit signs
of DNA fragmentation and nuclear condensa-
tion, and these cells are preferentially localized
in regions with early loss of the neuronal marker
MAP-2.%¢

Development of brain injury in immature
mice after HI depends on AIE* The distribution
of AIF translocation matches the accumulation
of poly(ADP-ribose) (PAR) suggesting that acti-
vation of poly(ADP-ribose) polymerase (PARP)
might trigger AIF release from mitochondria.®
AIF is released to the cytosol, binds to another
protein, cyclophilin A (CyA)® and the AIF-CyA
complex translocates to the nucleus and triggers
DNA degradation. The release of pro-apoptotic

proteins from mitochondria depends on induc-
tion of MP. In the mature brain, MP is mediated
by cyclophilin D dependent opening of the mito-
chondrial permeability transition pore. However,
in the immature brain MP depends on Bax/Bak
that most likely forms a pore in the outer mito-
chondrial membrane.®*® Bax gene deficiency or
Bax inhibitory peptide confers substantial neu-
roprotection after HI.® These data suggest that
Bax dependent MP and subsequent activation of
caspase- and AIF-dependent processes are critical
in HI injury in the immature brain. The mecha-
nisms of triggering of MP is partly unknown but
a shift in the pro- vs. anti-apoptotic bcl-2 family
balance is probably important.

Bcl-2 family proteins in HI: Transgenic mice
overexpressing human Bcl-xL postnatally were
resistant to neonatal HI.”® Using a site-specific
antibody for phosphorylation of Bcl-2 at ser-
ine-24 (PS24-Bcl-2), the number of cells positive
for PS24-Bcl-2 increased during 3-24 h of reper-
fusion in all investigated brain areas after neonatal
HI.%? Phosphorylation of Bcl-2 coincided with Cyt
C translocation and co-localized with, but pre-
ceded, caspase-3 activation. In summary, Bcl-2 is
phosphorylated, (and probably inactivated) and
translocated to the nucleus, concomitant with
increased mitochondrial Bax immunoreactivity,
Cyt C release, and activation of caspase-3. Fur-
thermore, Following HI, mice deficient in the BH3
only proteins Bad or Bim exhibited reduced acti-
vated caspase-3 and decreased parenchymal loss
suggesting that these BH3 only proteins are also
involved.”

The protein p53 is a tumor suppressor that
triggers apoptosis via multiple pathways: by caus-
ing cell cycle arrest, inhibiting or stimulating
autophagy”? through transactivating pro-apop-
totic and repressing antiapoptotic genes. P53 also
has cytoplasmic actions at the mitochondrial level
through interaction with bcl-2 family proteins
and can promote Bax-dependent MP.”? Recently it
was shown that p53 translocates to mitochondria
after HI and a peptide (pifithrin-p) that selectively
blocks the p53 interaction with mitochondria,
reduces Cyt C release, caspase-3 activation and
attenuates HI injury, whereas inhibition of p53
transactivation was less protective.”

C-Jun N-terminal kinase 3 (JNK3) in neonatal
HI: JNK3 is a member of the stress-activated
group of mitogen-activated protein kinases
(MAPK). The JNK isoform 3 (JNK3) is specifi-
cally expressed in the CNS, and stress-induced
JNK3 contributes to brain injury, hence JNK3
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deficiency renders adult mice resistant to excito-
toxicity’* and attenuates HI damage in newborn
mice.”” JNK3 deletion decreased caspase-3 cleav-
age and Bim/PUMA expression, coupled with an
up-regulation of AKT/FOXO3a levels,” suggesting
that the primary mode of JNK3 action is to pro-
mote apoptosis and that JNK3 is acting upstream
of mitochondria (Figure 2).

Calpains: Calpains are cysteine proteases involved
in signal transduction cascades that differ from
caspases as activity is calcium dependent and
the proteolysis does not require an aspartic acid
residue.”® A high concentration of calcium can
contribute to uncontrolled activation of calpains.
They have been implicated in both apoptosis and
necrosis, axonal degeneration and cytoskeletal
disruption.”

Calpain activity is high in the developing brain
especially in the white matter.”® HI activates and
relocates calpain to the membrane fraction*' and
inactivates the endogenous calpain inhibitor cal-
pastatin in vulnerable brain regions.*"** Calpain
cleavage products accumulate during delayed
cerebral injury, especially in white matter." Fur-
thermore, synergistic activation of caspase-3 and
m-calpains suggests a link between the two death
signaling systems following HIL.* The involve-
ment of calpains is further supported by the
neuroprotective efficacy of the calpain inhibitor
MD1.28170.7

1.1.5 Necroptosis and autophagy: Necropto-
sis is a cellular mechanism of necrotic cell death
that can be induced in the absence of intracel-
lular apoptotic signaling. It is triggered by death
receptor engagement by TNF-o. (or other ligands)
leading to the activation of death domain recep-
tor-associated adaptor kinase RIP1.”” Allosteric
Inhibition of RIP1 with necrostatin-1 attenuates
delayed mouse ischemic brain injury in the adult.”
Recently, it was shown that necrostatin-1 inhibits
brain injury also in the immature brain subjected
to HI, specifically in male mice.®

Autophagy is a process involving degradation
of cytoplasmic macromolecules and organelles in
mammalian cells via the lysosomal system, and
can be induced during starvation and normal
growth control to maintain cellular homeostasis
and survival.®® It has also been suggested that
autophagy can trigger a type of cell death distinct
from apoptosis.

Autophagy, as judged by the autophagosome-
related marker LC-3 II, was induced after HI in
both immature and adult brain®® and was not
different in male and female animals.* In order

to investigate the importance of autophagy in
neonatal HI, Atg7 gene deficient mice (Atg7flox/
flox; nestin-Cre) were used. Atg7 is critical in
autophagy as it together with Atg3, conjugates
phosphatidyl ethanolamine to the C-terminal
glycine residue of LC3-I, forming the mem-
brane-bound form, LC3-II. Indeed, both cas-
pase- dependent and caspase non-dependent cell
death in hippocampus was substantially reduced
in Atg7 deleted mice™ suggesting that autophagy
is a detrimental response. However, Atg7 may
also take part in apoptosis which complicates
the interpretation.® In another study, beclin 1, a
Bcl-2-interacting protein required for autophagy,
was shown to increase in neurons after neonatal
HI. Further enhancement of beclinl by pharma-
cological means reduced injury implicating that
autophagy is protective.®*® Such a beneficial role
of autophagy is further supported by its potential
role in hypoxic or ischemic preconditioning.®*”
Additional studies are needed to further
understand the importance of necroptosis and
autophagy in perinatal brain injury, and how these
processes interact with apoptotic mechanisms.

1.1.6 Reactive Oxygen species (ROS): ROS are
molecules that contain one or more unpaired
electrons,®® which make the free radicals highly
reactive and able to disrupt the molecular struc-
ture of lipids and proteins with devastating con-
sequences for cellular function.*® Depending
on the cellular energy balance ROS can induce
both necrosis and apoptosis by mechanisms that
involve mitochondrial alterations following peri-
natal brain damage.

There are several pathways whereby ROS are
produced in the brain.*® The superoxide radicals
(O,.-) may be produced by: 1) electron leakage
from the electron transport chain in mitochon-
dria; 2) oxidation of hypoxanthine to xanthine and
urate by xanthine oxidase (mainly in endothelial
cells); 3) degradation of free fatty acids by phos-
pholipase A2 into arachidonic acid and subsequent
oxidation of arachidonic acid by cyclooxygenase
and lipooxygenase; or 4) NADPH oxidase activity
in macrophages, neutrophils and microglia.

The O, - radical has a relatively low reactiv-
ity and does not easily cross cell membranes.
However O, - can react with Fe** ions and form
hydroxyl radicals (.OH) which reacts with almost
every molecule in the presence of transition met-
als such as Fe** ions and exerts toxic effects on
DNA, activating poly(ADP-ribose)polymerase
and depleting cellular NAD* and ATP. The .OH
radical initiates lipid peroxidation in a self-perpet-
uating reaction that disrupts membrane function.
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Thiol-groups on enzymes and structural proteins
are oxidized with loss of enzyme function and
cytoskeletal disruption.®

There are several defence systems in the brain
to reduce the formation of OFRs and several
pathways for their inactivation. The O, - adduct
is dismutated by superoxide dismutase (SOD)
into hydrogen peroxide (H,0,), which is con-
verted to water and oxygen by either of the two
enzymes catalase or glutathione peroxidase. Com-
pounds like vitamin E (o-tocopherol) act as lipid
soluble scavengers, which inhibit lipid peroxida-
tion. Chelation of transition metals such as iron
is another endogenous protective mechanism
against excessive formation of ROS. Intracellular
concentrations of glutathione may be particularly
important, and immature oligodendrocytes are
especially prone to ROS-induced death because of
limited glutathione stores.*

There is evidence for increased hypoxanthine
levels, free radical formation and lipid peroxida-
tion during reperfusion after HI in neonatal mice,
newborn piglets, immature rats and fetal sheep.”

The neuroprotective strategy of use of free
radical inhibitors and scavengers has been evaluated
experimentally. Treatment with the 21-aminosteroid
tirilazad mesylate, a lipid peroxidation inhibitor,
after hypoxia-ischemia in 7-day-old rats reduces
brain damage.”® Allopurinol and its metabolite oxy-
purinol, being inhibitors of xanthine oxidase and
ROS scavengers in high concentrations, reduce brain
damage when administered before or after HL.”
Furthermore, the iron chelator deferoxamine atten-
uates hypoxic-ischemic brain damage.” Recently
several antioxidants, such as ascorbic acid, pyrroly-
dine dithiocarbamate, tanshionine and melatonin
have been shown to be neuroprotective.”” Other
experimental data support the concept that ROS
production has an important impact on the HI
responses mediated by hypoxia-inducible factor-1
(HIF-1) and cyclooxygenase-2 (COX-2).%%

In adult ischemia neutrophils are a major
source of free radical production following
ischemia and the major site of action for some
neuroprotective free radical scavengers appears
to be at the blood-brain barrier.'™ The role of
neutrophils and NADPH expressed mainly in
neutrophils appear to be less prominent in the
immature.'°"'%?

1.1.7 Nitric oxide (NO): As a second messen-
ger NO is involved in distinct biological process
such as maintenance of blood pressure, defense
against microorganisms and cancer and neuro-
transmission. On the other hand, NO is involved
in brain injury as the inhibition of NO synthesis

attenuated NMDA neurotoxicity.'” Production
of NO, first identified as the endothelium-derived
relaxing factor, occurs through conversion of
arginine to citrulline by three different nitric
oxide synthases (NOS): neuronal NOS (nNOS),
endothelial NOS (eNOS) and macrophage or
inducible NOS (iNOS).'™ Both eNOS and nNOS
are expressed constitutively but all types of NOS
can be induced in response to a variety of stim-
uli. Both eNOS and nNOS are dependent upon
Ca” binding for activation and nNOS is activated
by NMDA receptor stimulation. The activity of
iNOS is mainly expressed in inflammatory cells
and produces large amounts of NO and its activ-
ity is Ca’* independent.'” NO. and O, - react very
quickly to form peroxynitrite (ONOO-) which
is freely diffusible and oxidizes thiol groups,
induces protein nitrosylation and mitochondrial
impairment, thus contributing to brain damage
(Fig. 2).106

Investigations on the role of NO in ischemic
brain injury have yielded conflicting results, and
the effects of different subtypes of NOS have to
be considered separately.'®'” In many studies
eNOS confers protection through a beneficial
vasodilator effect improving perfusion, while
nNOS and iNOS enhance injury in response
to focal ischemia.'” Recent data also suggest
that immature brain behaves differently from
adult tissue. As in the adult, NO is produced in
increasing amount during reperfusion,”* and
some data support a role for NO and NOS in
injury to the developing brain: selective lesion
of cells with NOS activity prior to an HI insult
decreased brain injury;'® neonatal mice lack-
ing the gene for nNOS develops smaller brain
injury than wild-type mice following hypoxia-
ischemia;'” and non-specific NOS inhibitors
provide neuroprotection;''® recently a neuronal
NOS inhibitor prevented development of cere-
bral palsy-like motor deficits in a preterm model
of injury in newborn rabbits was reported.'"!
However, tissue concentrations of iNOS are very
low in immature rat brain and do not appear to
be induced within 36 hours of HI, and NOS inhi-
bition was unable to prevent secondary energy
failure after HI in immature mice."? Equally,
intracerebral injection of the NO donor nitro-
prusside at doses that inflict damage in the adult
brain is not toxic to the neonatal brain'’ suggest-
ing that the immature brain may be more resist-
ant to NO toxicity. In addition, NO released from
nipradilol, an NO donor, exerts a neuroprotec-
tive effect on neonatal neurons.'* In addition, it
was recently shown that inhaled NO plays a key
role in the myelination of the developing brain
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and is neuroprotective in a model of neonatal
excitotoxic brain damage.'”

1.1.8 Inflammation in neonatal brain injury:
Non-infectious exposure to excitotoxicity,''® HI'””
or stroke'® induces inflammation in the imma-
ture brain. Immuno-inflammatory cells, pre-
dominantly microglia/macrophages,'** but also
polymorphonuclear cells,'”" lymphocytes, NK-
cells, and mast'® and astroglia'® are activated.
The cellular changes are accompanied by altered
expression of TLRs, cytokines, chemokines and
reactive oxygen species.'?'"'* The initiation of the
microglial response is well studied in the infec-
tious setting where microbial products bind to
receptors (including toll-like receptors, TLRs)
on the cell surface and activates the transcription
factor NF-xB. The initial signals after sterile tis-
sue damage are less well characterized, but once
elicited the microglial response can be aggravated
by pro-inflammatory cytokines including IL-1.%
Microglia/macrophages may contribute to sec-
ondary brain injury through the production of
pro-inflammatory cytokines, proteases, comple-
ment factors and excitotoxic amino acids.'”” In
addition, microglial cells can induce oxidative
injury through the production of reactive oxygen
species (ROS) and nitric oxide. There are data
suggesting that the early pro-inflammatory phase
aggravates injury after HI as inhibition of platelet
activating factor (PAF),'® the pro-inflammatory
cytokines IL-1f'*? and IL-18,'** caspase-1 (acti-
vating IL-1 and IL-18)'® and the complement
C1q™* all worsen HI injury. Furthermore, IL-1J,
IL-6, IL-9, or TNF-o all enhance ibotenate excito-
toxicity* whereas the anti-inflammatory cytokine
IL-10 is protective.”” Part of the mechanisms
underlying the sensitizing effect of pro-inflam-
matory cytokines could be linked to an unbalance
between pro- and anti-inflammatory response in
the brain."* Inflammatory cells and mediators are
highly context and time dependent, e.g. both ben-
eficial and detrimental effects have been reported
for microglia/macrophages'” and components of
the complement system."**'*> We lack yet infor-
mation as to the mechanisms of resolution of
the pro-inflammatory phase and how repair and
regain of CNS functions are achieved. Contradic-
tory results have been obtained with regard to
ischemia-reperfusion as both inhibition of micro-
glial activation as well as addition of exogenous
activated microglia have been shown to reduce
injury.”® Similarly, minocycline, which is known
to reduce microglial activation, has yielded con-
flicting results in models of HI or excitotoxic peri-
natal brain damage.!'¢!"1

Another important issue is to what extent
peripheral myeloid cells invade into the brain
parenchyma and contribute to the population of
activated microglia/macrophages after ischemia.
A recent study suggest a small transfer of
CD45high/Cd11b+ leukocytes (<10%) at 24h after
neonatal stroke and a slightly higher contribution
(30%) at 48h, indicating that fewer macrophages
are coming from the blood in the immature com-
pared to the adult brain after stroke.">'* Similar
results were obtained in a model of neonatal
excitotoxicity."® The possibility remains that the
phenotypic expression of cells coming from the
periphery changes rapidly when these cells settle
in the brain parenchyma and/or that a subpopu-
lation of microglia residing in the brain prior to
the insult are expressing the CD45high/Cd11b+
phenotypic markers giving the false impression of
cell invasion.

2 Delayed Interventions

One key issue for protecting the perinatal brain
is the available window for intervention. From a
clinical point of view, the longer this window, the
better the chance for implementation of the treat-
ment. For example, hypothermia has to be initi-
ated within the first 6 hours of life to be protective
in term infants with neonatal encephalopathy.'*
Such a short window does not allow applying
this treatment to all neonates who might benefit
from it.

In a schematic way, one could distinguish
between strategies aiming at extending the win-
dow of opportunity from the acute phase to the
sub-acute phase and strategies targeting more
long-term events such as chronic inflammation or
post-lesional plasticity. Although this is still a field
in its youth, strategies for implementing delayed
interventions (beyond the acute phase) are being
tested in experimental models and can have differ-
ent rationale and/or targets (Fig. 1).

2.1 Delaying the acute phase

As mentioned above, experimental and human
data strongly support the fact that hypothermia
is neuroprotective in term infants if introduced
within the first 6 hours after birth. Although dif-
ferent groups are currently testing, in animal
models and/or in clinical trials, the combination
of early hypothermia and drugs such as Xenon or
melatonin'"'* in an add-on strategy to enhance
the efficacy of hypothermia, some groups have
been trying to extend the window of intervention
of hypothermia by giving first an anti-epileptic
drug prior to delayed hypothermia. Using the clas-
sical Rice-Vannucci P7 rat model, Liu et al.'** have
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shown that a combination of low dose topiram-
ate administered 15 minutes after the hypoxic-
ischemic insult and 3-hour hypothermia initiated
3 hours after the insult was neuroprotective while
topiramate alone or hypothermia alone had no
significant effect. More recently, the same group
showed that early Phenobarbital also enhanced
the efficacy of delayed hypothermia.'**

An alternative strategy would be to use early
but short-term hypothermia to enhance the
window of opportunity for a protective drug.
This strategy could allow reducing the duration
of hypothermia. Accordingly, it was shown that
fructose-1,6-biphosphate (FBP) was neuropro-
tective against neonatal excitotoxic cortical dam-
age."” However, the drug had to be given the first 8
hours to be neuroprotective. Interestingly, a mod-
erate but transient (4 hours) cooling immediately
after the insult extended the therapeutic window
for FBP, as FBP administered 24 h after the excito-
toxic insult was still significantly neuroprotective
in these pups.

2.2 Stimulating/favouring M2 microglia
Activated microglia have been shown to be detri-
mental for the production of hippocampal neu-
rons but microglia and macrophages can also be
beneficial and support neurogenesis, progenitor
proliferation, survival, migration, and differentia-
tion in other brain regions. Recent studies suggest
that the phenotypic expression of macrophages
can vary depending on the situation and pro-in-
flammatory macrophages (M1) can undergo tran-
sition into an anti-inflammatory-reparative (M2)
phenotype. More recently, three activation states
of microglia in CNS have been proposed: classi-
cal activation (tissue defence, pro-inflammatory),
alternative activation (repair, anti-inflammatory,
fibrosis, extracellular matrix reconstruction)
and acquired deactivation (immunosuppression,
phagocytosis of apoptotic cells).! ¢!

Strategies aiming at activating microglia when
it has reached the M2 phase could be beneficial
for facilitating repair and plasticity. Since the early
phases of microglial activation are mostly delete-
rious (M1 type of activation) for the brain, such
interventions should be delayed. Alternatively, or
in parallel, strategies aiming at accelerating the
M1-M2 switch could also be of major interest.
At this point it is not known if modulation of the
activation state of microglia/macrophages can be
used for development of novel therapeutic strate-
gies in the developing brain, but a recent report
suggest that M2 (alternative activation/acquired
deactivation) macrophage cell therapy indeed can

provide protective effects in an animal model of
multiple sclerosis.'*

2.3 Targeting the long lasting
inflammation

A recent and intriguing study performed in pre-
term infants with cerebral palsy'”” suggest that,
at least in some patients with perinatal brain
damage, there could be a long lasting inflamma-
tion as measured by increased TNF-o levels in
the plasma and the supernatants of peripheral
blood mononuclear cells after lipopolysaccharide
stimulation. This long lasting altered inflamma-
tory response could have deleterious effects on
the progression of disease and/or on the clinical
symptoms. If such a pathophysiological event
was confirmed, recognizing and blocking such a
persistent inflammation could be of therapeutic
value.

Additional studies are necessary to confirm
these new hypotheses and to determine whether
or not there is a long lasting CNS inflammatory
process. Techniques such as PET with markers of
microglia or MRI using ferromagnetic particles
taken up by activated microglia could be instru-
mental in this perspective if concerns about safety
and ethics can be solved.

2.4 Promoting positive post-lesional
brain plasticity with pharmacological
agents

Fostering positive post-lesional plasticity appears
as a very promising strategy for delayed interven-
tions aiming at improving long-term neurologi-
cal and cognitive function. However there is still
limited knowledge about the cellular and molecu-
lar mechanisms underlying post-lesional brain
plasticity.

Different growth factors, such as brain-derived
neurotrophic factor (BDNF), nerve growth fac-
tor (NGF), insulin-like growth factor-1 (IGF-1),
erythropoietin (EPO), or vasoactive intestinal
peptide (VIP) have been shown to reduce delayed
neuronal death in various animal models of peri-
natal brain damage."***? As for hypothermia, the
window for intervention, when tested, was rather
restricted to the first hours after the insult. Beyond
their potential capability to prevent on neuronal
cell death, growth factors appear as good candi-
dates to target mechanisms involved in plastic-
ity such as proliferation of neuronal precursors,
axonal growth and sprouting, or synaptogenesis
and synaptic stabilization.

Accordingly, BDNF and VIP have been shown
to promote axonal sprouting following excitotoxic
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injury of the periventricular white matter in
newborn mice."”""** Although growth factors like
BDNF are big molecules unlikely to cross easily
the intact blood-brain barrier, ampakines, which
are allosteric positive modulators of glutama-
tergic AMPA receptors, are small and diffusible
molecules able to induce BDNF production in
the brain when administered systemically. Inter-
estingly, ampakines have been shown to mimic
BDNF effects on axonal sprouting in the mouse
model of excitotoxic white matter injury.'”

Similarly, melatonin was shown to promote
plasticity using the same model of neonatal excito-
toxic white matter damage.” Although melatonin
did not prevent the initial appearance of white
matter damage, it promoted repair of secondary
lesion with axonal regrowth and/or sprouting.
Recent data have shown that the window for inter-
vention is atleast 24 hours after the insult (Gressens
P, personal communication). Behavioral studies
support the hypothesis that melatonin-induced
white matter histological repair is accompanied
by improved learning capabilities. Neuroprotec-
tive properties of melatonin have been confirmed
in several animal models of perinatal brain dam-
age, including in fetal sheep."” Melatonin is a
safe compound, including in newborns,' and it
crosses the blood-brain barrier as well as the pla-
centa. Based on these data, a clinical trial testing
the neuroprotective effects of melatonin has been
initiated in preterm infants at high risk to develop
brain damage and neurological handicap.

Although this study needs to be replicated,
an intriguing clinical study has recently shown
that EPO, when given on an average of 24 hours
after birth, had a very significant neuroprotec-
tive effects in human term infants with neonatal
encephalopathy.”® Evidently, the precise mecha-
nism for this neuroprotection is unknown, but
the timing of intervention argues in favour of an
effect of EPO on post-lesional plasticity although
a direct effect on delayed neuronal cell death can-
not be excluded.

2.5 Promoting positive post-lesional
brain plasticity with exogenous
stem cells
The development of an adequate protocol for
stem cell culturing and application has permitted
to envisage the use of these cells for the reparation
of perinatal cerebral lesions. Some studies have
shown a positive effect of neural or mesenchymal
stem cell therapy on the lesion extent and/or cog-
nitive or motor outcome following perinatal brain
lesions.”" Interestingly, in some of these studies,

positive effects were observed when stem cells
were injected several days (up to 10 days) after the
insult.

For example, the therapeutic potential of neu-
ral stem cells in acute neonatal brain injuries has
been evaluated in rodent excitotoxic model.'”
Early (4-hour) and late (72-hour) neural stem
cells implantation significantly reduced brain
lesion size in this neonatal model. The implanted
cells, modified in vitro prior to transplanta-
tion toward the oligodendrocytic lineage, were
capable of migrating toward the lesion site even
when implanted contralaterally to the lesion. At
the lesion site, the neural stem cells underwent
transient differentiation into neurons and oli-
godendrocytes but not astrocytes, suggesting that
fate specification was achieved by the culture con-
ditions. In parallel with the reduction in lesion
size, the injured mice displayed a persistent and
marked improvement in temporal and spatial
memory at 3 and 6 weeks of age compared to lit-
termates given intracerebroventricular injections
of saline or fibroblasts.

Similarly, it was recently showed that two
administrations of bone marrow-derived mesen-
chymal stem cells to neonatal mice 3 and 10 days
after unilateral right carotid artery occlusion on
P9 produced a 46% improvement in sensorimotor
function as observed in the cylinder rearing test
and a 60% decrease in neuronal loss, compared to
vehicle-treated animals.” Moreover, cellular prolif-
eration and differentiation of the proliferated cells
into cells expressing neuronal, oligodendroglial
and astrocyte markers was observed. Interestingly,
remodeling of the corticospinal tract correlated
with sensorimotor improvement.

However, it is not clear yet whether the stem
cells themselves or factors secreted by stem cells
mediate the positive effect. In case stem cells inte-
gration is important for their effect, these cells
need to proliferate, find the site of lesion and dif-
ferentiate into an adequate cell type (e.g. neuron,
oligodendrocyte) and integrate into the tissue
to be functional. The ethical problem associated
with the use of human stem cells is less evident in
mesenchymal stem cells or stem cells derived from
cord blood. Such cells permit an autologous trans-
plant and do not entail the problem of immune
tolerance of the transplanted cells. A clinical study
is currently being performed using stem cells in
children with neonatal encephalopathy at the
Duke University.

A further intriguing alternative to treatment
with stem cells is to stimulate the production of
endogenous neuronal stem cells. It has already
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been shown that stem cells accumulate in the
subventricular zone following an acute brain
lesion. These results open a new perspective: the
stimulation of this stem cell population to support
the physiological reparation processes of a lesion.
A variant of this strategy would be to redirect new
cell production from astroglia to oligodendrocytes
and neurons.'® In any case, these newly produced
cells will need to integrate and function correctly
in the damaged tissue. Moreover, stimulation of
stem cell proliferation bears the theoretical risk of
cancer induction.

2.6 Targeting epigenetic marks

Prenatal factors like inflammation or maternal
stress have been shown to make the developing
brain more sensitive (sensitization process) to a
second insult taking place around birth. This gen-
erally leads to destructive brain lesions that can be
identified by brain imaging. There is also emerg-
ing evidence suggesting that the same prenatal fac-
tors, in the absence of a secondary insult, can lead
to long-term disturbances of brain development.
Although this latter phenomenon does not lead
to clastic brain damage, it can be accompanied by
long lasting cognitive, motor and/or behavioural
impairments.'

The underlying mechanisms could involve
myelin deficit linked to blockade of oligodendro-
cyte maturation, impaired neuronal migration,
increased neuronal cell death, impaired axonal
growth, or altered synaptogenesis.””>'* At the
molecular level, little is known but recent data sug-
gest that modified epigenetic marks could be one
of the underlying mechanisms. There is a rapidly
growing knowledge about the epigenetic mecha-
nisms and drugs specifically targeting epigenetic
mechanisms are being developed and tested, rais-
ing hope for the future design of innovative treat-
ments that could be implemented way beyond the
perinatal insult.®¢1,162
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