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Neuroinflammation caused by hypoxia or hypoxic ischemia during the perinatal period contributes to increased risk
for neurological deficits and long-term disabilities in children. Inflammation induced by injury results in activation of

the resident and peripheral immune cells and production of cytokines.
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| 1. Inflammation in Neonatal Encephalopathy

Neuroinflammation caused by hypoxia or hypoxic ischemia during the perinatal period contributes to increased risk
for neurological deficits and long-term disabilities in childrenll. Inflammation induced by injury results in activation
of the resident and peripheral immune cells and production of cytokines. In recent years, inflammation has been
implicated in neonatal brain damage following perinatal stress. Induction and activation of microglia and astrocytes
are hallmarks of neuroinflammation, which occurs in response to hypoxia and hypoxic ischemia in neonates!22!,
Studies have shown that exposure of the neonatal brain to hypoxia, thereby causing an inflammatory response, is
associated with long-lasting changes to neuronal morphology within the hippocampus and other vulnerable
structures of the brain®l. Circulating cytokines and neuroimmune cells such as microglia are the targets of several
studies that are investigating the potential use of these components as biomarkers for neonatal brain injury.

Additionally, targeting inflammation improves acute and long-lasting effects after hypoxia and hypoxic ischemia in
mice (23],

Studies into the inflammatory response post-hypoxia have revealed that HIE is a sexually dimorphic disease, with
male infants being far more vulnerable to ischaemic insults. Male infants are also significantly more at risk of
suffering from long-term cognitive deficits when compared to female infants with comparable brain damagel. In
fact, the microglial anti-inflammatory response was more robust in females than in males® [72]. More infiltration of
peripheral lymphocytes, along with upregulated TNFa and IL10, were observed in males when compared with
females. It was also noted that neurogenesis was more highly induced in female HIE brains versus male HIE
brains. The conclusions drawn from this study were that the pro- and anti-inflammatory responses are indeed
dichotomous with respect to sex, which is integral to the sex-specific chronic HIE outcomes, and that increased

induction of neurogenesis in females also contributes to this sex-specific differencel®!.

It has been long established that infants born prematurely are more vulnerable to the effects of asphyxia and
developing adverse sequelae. Acute asphyxia at birth followed by HIE is more frequently seen in infants born

prematurely than infants born at term, and is highly associated with the onset of adverse neurological outcomes!&.
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Several studies have found that while HIE still only occurs in a minority of preterm births, it is a significant
contributor to severe disability &I, Mild HIE in preterm infants can result in white matter injury, even in the
absence of abnormalities in neurological exams at discharge. The pattern of injury onset can be more prolonged in
preterm infants; in some patients who develop cerebral palsy, there are no white matter lesions; however, long-
term studies showed that it may be delayed onset demyelination [22. As a result of this white matter injury, even in
mild cases, the resultant adverse outcomes can be attributed to impaired global and regional connectivity between
cortical and subcortical grey matter structures 2. Evidence has also shown a correlation between preterm births
and stunted cortical plasticity in adolescents 2. Extensive evidence from preclinical studies has strongly
implicated CNS and peripheral immune responses in the pathogenesis of HIE and preterm brain injury . Various
clinical and human post-mortem studies have shown that chronically upregulated systemic and CNS cytokines and
gliosis show strong associations with adverse neurological outcomes 1324l Evidence has shown that systemic
upregulation of TNFa and IL1[ in premature infants is associated with impaired neural functions in the first 72 h of

life, followed by cognitive impairment at 2 to 3 years of age [24I.

It is clear from both human and animal studies that inflammation and the immune response are key to many
aspects of the pathogenesis and pathophysiology of HIE and neonatal brain damage. However, further studies will

be necessary to elucidate the underlying mechanisms associated with neonatal brain damage.

2. Pathogen-Associated Molecular Patterns (PAMPS) and
Damage-Associated Molecular Patterns (DAMPS)

Pathogen-associated molecular patterns, or PAMPs, are normally conserved microbial products such as
lipopolysaccharides which activate pattern recognition receptors (PRRs. such as Toll-like receptors (TLRs)) after a
bacterial or viral infection. PRR signalling pathways have been shown to initiate cascades that lead to immune cells
recruitment to the site of an infection . In contrast to this, danger-associated molecular patterns, or DAMPs, are
molecular patterns associated with sterile inflammation, or inflammation instigated without introduction of a
pathogenic microbe, as seen after neuronal necrosis. These molecular patterns are released in response to tissue
damage, with the same innate pattern recognition systems used in the detection of microbes initiating this sterile
inflammatory response 12l This inflammatory response, followed by tissue repair, is dependent on microglia
migration to and from the site of injury 1€, Studies show that DAMPs and PAMPs induce distinctly different
inflammatory responses in the neonatal brain (Figure 1). Lalancette-Hebert and colleagues 22 studied the
difference between these responses with respect to toll-like receptor 2 (TLR2) expression. It was found that a
neonatal mouse model of infection induced TLR2 expression and secretion of inflammatory mediators. Contrasting
results were seen in the two neonatal mouse models of sterile inflammation (IL-1f injection and MCAQ), which
showed decreased induction of TLR2 and reduced production of inflammatory cytokines 4. This study highlights
the existence of scenario-specific innate immune responses, depending on the presence of either infections or
sterile inflammation, and the necessity of looking for specific therapeutic strategies depending on the original insult.
In the following sections we will examine the activation of the most studied family of receptors in hypoxia and

hypoxia—ischemia murine animal models.
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Figure 1. Intracellular pathways activated by DAMPS and PAMPS. DAMPS and PAMPS will bind to the membrane

receptors, e.g., TLR and P2X7. This activation will trigger a series of intracellular events resulting in an increase of

inflammation. Note: the red arrows represent experiments which have blocked the actions of the elements they are

pointed at.

| 3. Toll-Like Receptors in Neonatal Encephalopathy

Upregulation of pattern-recognition receptors, such as TLRs, has been shown after perinatal brain injury. The Toll
like receptor (TLR) family consists of nine subtypes (TLR1-9). They recognize a variety of pathogen-associated
molecular patterns (PAMPS), including LPS, bacterial DNA and double stranded RNA. The role of TLR in perinatal
brain injury has been extensively studied. TLR1, 2 and 7 are up-regulated 24 h after hypoxic ischemia in pups.
TLR5 is downregulated and TLR3, 4, 6, 8 and 9 do not change expression. Interestingly, when KO mice for TLR 1
and 2 were subjected to hypoxic ischemia, TLR2 KO improved the infarct volume after hypoxic ischemia, but TLR1
KO did not have an effect. This data showed that TLR2 plays a role in initiating inflammation after perinatal brain
injury [28I119120 Sypporting this data, the use of Candesartan Cilexetil, a drug which reduces levels of TLR2, has
been shown to improve neuronal damage after hypoxia in mice, and also improve the long-lasting neurological
outcomes 2. Importantly, the response of TLR2 to sterile (e.g., HI) or non-sterile inflammation (e.g., LPS to mimic
bacterial infection) differs on the pre-clinical model 24, Suggesting that, deeper knowledge of the pathways

underlying TLR2 is important for developing new pharmacological treatments.
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TLR4, another receptor implicated in DAMP and PAMP functions, has also been studied, due to observations that
its inhibition has neuroprotective effects in neonatal brain damage2%. TLR4 inhibition shortly after injury reduced
activation of hippocampal glial cells improved hippocampal neuronal loss later in life and resulted in less severe
long-term neurological outcomes 29, These studies, by targeting receptors which mediate the effects of DAMPs
and PAMPs, show the important roles played by these molecules in the mediation of the neuroinflammatory
response following hypoxic ischaemic brain injury. Further studies are needed to fully understand these interactions

in the neonatal brain post-injury.

4. Purinergic Signalling Activation after Neonatal
Encephalopathy

Extracellular adenosine triphosphate (ATP) is a typical DAMP which acts as a glio- and neurotransmitter in the
CNS to modulate functions such as brain excitability and neuroinflammation 211, It is considered to be a co-
transmitter in most neurons of the central and peripheral nervous system, and is released from astrocytes and
neurons to act as either a co-transmitter or a sole transmitter22l, The P2X class of ionotropic receptors, made up of
seven distinct receptors, mediates the rapid effects of extracellular ATP by gating sodium and calcium entry into
cells 238, The P2X7 receptor (P2X7R) modulates cytokine production, glial activity and neurotransmitter release
following brain injury 23, P2X7R activation is seen in instances of pathologically high extracellular ATP levels, the
likes of which are seen during seizures and brain injury. Downstream signalling of the P2X7R results in microglia
activation and the release of interleukin 1B (IL-1B), which is a pro-convulsive inflammatory cytokine [24125]126]
Evidence has shown that P2X7R is expressed by neurons and acts as a modulator of neurotransmitter release 27
(28] Similarly, each member of the P2Y class of eight purinergic metabotropic receptors is stimulated by ATP, and
they are generally associated with slower presynaptic functions, and mediation of trophic signalling in cell
differentiation, proliferation and death during development 22, During epileptic seizures, large quantities of
nucleotides enter the extracellular space from neurons and glia due to metabolic limitations 22, These activate the
P2X and P2Y receptors, including P2X7 and P2Y1, which are expressed on both embryonic and adult neural
progenitor cells (NPCs). These two receptors regulate NPC functions, causing necrosis and apoptosis, and
proliferation, differentiation and migration B9E |n a study by Rozmer and colleagues 22, patch-clamp recordings
were carried out on hippocampal brain slices from neonate and adult transgenic nestin reporter mice which
underwent pilocarpine-induced status epilepticus. This study detected the presence of P2X7R in NPCs in the
subgranular zone of the dentate gyrus. Upon activation of these receptors, inward current was recorded near the
resting membrane potential of the NPCs. P2Y1 receptor activation, on the other hand, initiated outward current
close to the reverse potential of the P2X7R current 32, |t was also noted that the sensitivity of these two receptors
was invariably increased. In this model, status epilepticus was preceded by a latency of 5 days after treatment with
pilocarpine, and recurrent epileptic fits occurred during this period. Blockade of central P2X7Rs increased the
number of seizures experienced, along with their severity. Rozmer and colleagues 2 hypothesised from these
results that P2Y1 receptors increase proliferation and migration of NPCs, while P2X7R mediated necrosis and

apoptosis may counter these effects, which would otherwise result in chronic recurrent epileptic seizures.
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Experiments have been carried out to block the P2X7R in order to fully understand the role of this receptor in
perinatal stress and subsequent brain injury. P2X7R is over-expressed in a neonatal mouse model of global
hypoxia, and targeting of P2X7R with A-438079, a receptor antagonist of P2X7R, can reduce the number of post-
hypoxia neonatal seizures#d. These results corroborated an earlier study by Mesuret and colleagues 23, which
used the same inhibitor to investigate the effects of P2X7R antagonism on early-life seizures in rats. This study
also found that P2X7R blockade by A-438079 improved neonatal seizures, and suggested A-438079 could be used
as a treatment for neonatal seizures or paediatric status epilepticus2l. Similarly, Brilliant Blue G (BBG), a P2X7R-
specific inhibitor, inhibits LPS-induced IL-1f release in mouse models of intrauterine inflammation B4, resulting in
perinatal brain injury. P2X7R blockade resulted in reduced preterm birth rates, dendritic arborisation and density of
cortical neurons, and improved performance for offspring in neuromotor tests 241, These results supported the role
of IL-1B as a key mediator of perinatal brain injury. Further studies corroborated the neuroprotective effects of
P2X7R blockade, with da Silva and colleagues®® showing that in a neonatal rat model of LPS-induced
inflammation, pharmacologic blockade of P2X7R in the neonatal period using BBG has neuroprotective effects that

persist into adulthood (221,
4.1. Cytokines and Chemokines in Neonatal Encephalopathy

Cytokines and chemokines, such as tumour necrosis factor a (TNFa) and interleukin 13 (IL1B), are released by
microglia and astrocytes in response to hypoxic ischaemic injury, amplifying inflammatory cascades that recruit
monocytes and neutrophils to the site of injury B8, Studies have demonstrated an association between more
adverse outcomes following perinatal brain damage and pro-inflammatory cytokines, such as TNFa, IL1( and IL6
871, These cytokines are released by astrocytes, neurons and microglia and are associated with HIE. A study by Liu
and colleagues 7 demonstrated this by studying the peripheral blood levels of TNFa and IL1f of human neonates
with HIE and control neonates. It was found that neonates with HIE consistently had higher levels of TNFa and
IL1B, and there was a positive correlation between IL1 levels and HIE severity®Z. Chemokines also play a pivotal
role in the inflammatory response following NE or HIE, due to their roles in inflammatory cell trafficking and
leukocyte activation 281, When HIE is modelled in rats B2, upregulation of alpha-chemokines such as macrophage
inflammatory protein 2 (MIP2) and beta-chemokines such as MIP1a, MIP1(3 and CCLS5 is induced, followed by the
expression of lymphocyte markers in the site of infarction. This inflammatory response persisted beyond the
neonatal period in this rat model, indicating that this acute inflammation may trigger a chronic inflammatory

responsel2d,

4.1.1. Interleukin 1, IL1B

There is no doubt that IL-1[3 levels are increased after neonatal brain injury. Hypoxic ischemia and hypoxia-only
both cause acutely increased IL1p levels after the original insult®92l, However, it is not clear whether this increase
of IL1 is sustained over time. Results from the hypoxia—ischemia model showed increases in IL13 6 days and 14

days after reperfusion. However, in the hypoxia-only model, IL1 B levels returned to normal levels after 72 hl2l,

Supporting the role of IL1 B in ischemia, administration of type 1 interleukin receptor (ILLR1) antagonist or blocking

antibodies ameliorates damage induced by excitotoxicity and/or ischemia. IL1[3 knockdown by lentivirus in vivo can
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also improve the damage caused by neonatal HIY. Further analysis will be necessary if these results can be

reproduced on the hypoxia-only model where the induction of IL1[3 is transient.
4.1.2. Interleukin-6, IL6

IL6 has been shown to have a dual function, having beneficial and/or detrimental effects depending on the context.
In adult rodents, IL6 has an inflammatory effect in the acute phase, but during the chronic phase, IL6 acts as a

neurotrophic factor(3.

In the neonatal brain, IL6 is increased transiently in the first hours after ischemia. Blockers of IL6 have a
neuroprotective effect after the ischemic insult. However, no differences were observed between the ipsilateral
(hypoxic-ischemic side) and the contralateral side (hypoxic only side), making it difficult to determine the role of IL6

in the neonatal brain. Further studies will be necessary to fully elucidate the role of IL6 during neonatal brain injury.

4.1.3. Tumour Necrosis Factor, TNFa

It is clear that TNFa is increased after neonatal brain injury; however, its role is not clear. TNFa binds to TNF-R1
and TNF-R2. Activation of TNF-R1 activates a caspase signalling pathway, resulting in cell death. In contrast,
activation of TNF-R2 induces cell proliferation via the survival Akt signalling pathway. In neonatal hypoxic ischemia
in rats, an increase of TNF-R1 has been observed in oligodendrocytes, suggesting that TNFa may play a role in
the apoptosis and delayed myelination observed in neonatal brain injury. The role of TNFa will require further

analysis to clarify its beneficial or detrimental effect 411,
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