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Cerebral ischemia in the developing brain
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Abstract

Brain ischemia affects all ages, from neonates to the elderly population, and is a leading cause of mortality and morbidity.
Multiple preclinical rodent models involving different ages have been developed to investigate the effect of ischemia
during different times of key brain maturation events. Traditional models of developmental brain ischemia have focused
on rodents at postnatal day 7—10, though emerging models in juvenile rodents (postnatal days 17-25) indicate that there
may be fundamental differences in neuronal injury and functional outcomes following focal or global cerebral ischemia at
different developmental ages, as well as in adults. Here, we consider the timing of injury in terms of excitation/inhibition
balance, oxidative stress, inflammatory responses, blood brain barrier integrity, and white matter injury. Finally, we
review translational strategies to improve function after ischemic brain injury, including new ideas regarding neuro-

restoration, or neural repair strategies that restore plasticity, at delayed time points after ischemia.
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In Pediatrics, there is a saying that “children are not
small adults,” highlighting differences in physiology
across development. Likewise, it is increasingly clear
that global and focal cerebral ischemia do not neces-
sarily result in similar outcomes across the lifespan, nor
do outcomes occur as the result of analogous mecha-
nisms. Here, we review outcomes and mechanisms of
global cerebral ischemia (e.g., cardiac arrest) and focal
cerebral ischemia (e.g., stroke) in the developing brain,
focusing on neonatal and juvenile time points. We
highlight the enhanced recovery potential of the devel-
oping brain, compared to the mature brain, following
cerebral ischemia.

Global cerebral ischemia (GCI) in children, resulting
from the lack of perfusion due to asystole, often related
to asphyxia, results in hypoxemia, hypercapnia, acido-
sis, and hypotension, ultimately leading to cardiopul-
monary collapse.! It is estimated that 12,000 children
per year suffer unexpected cardiac arrest (CA) in the
United States,' though the incidence is markedly
skewed toward infants, defined as children less than
12 months old, (73 per 100,000) compared to older
children (4—6 per 100,000)." Survival to discharge for
children suffering out of hospital CA is between 8 and

9%, whereas in-hospital CA survival is between 22 and
27%.% Survival is age-dependent, favoring neonates
(birth to 30 days old) and infants (30 days to
12 months old) over older children.? A great deal of
research has focused on improving rates of return of
spontaneous circulation (ROSC), which has improved
survival rates. However, therapeutic options to
improve neurologic outcomes remain limited. To
date, therapeutic hypothermia is the only therapy effec-
tive in improving survival and neurologic outcome and
has become the standard of care in adults and neonates
less than 6 hours old.>* However, recent studies of
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hypothermia in children after CA show little effect on
outcome.”

Among survivors of GCI, brain injury often leads to
significant neurologic dysfunction,® including impaired
memory and executive cognitive function.*”* The
sequelae may result in a lifetime of dependency for all
aspects of care.® Brain injury is typically bilateral and
likely preferentially affects different regions and cell-
types depending on vulnerability at the time of insult.
Most of our understanding of the pathophysiology of
GCI comes from adult animal models and neonatal
hypoxia-ischemia models, which in turn have created
a void in therapies for childhood GCI. Emerging clin-
ical evidence has emphasized the importance of consid-
ering the juvenile GCI population independently from
other age groups, rather than treating them as small
adults or large neonates.

In contrast to GCI, pediatric arterial ischemic stroke
(AIS) results in focal or multi-focal cerebral ischemia
without concurrent systemic hypercapnia and acidosis.
Pediatric AIS is stratified into neonatal and childhood
(occurring between 30 days and 18 years of life). The
incidence for all pediatric AIS is approximately 1.6-4.6
per 100,000.°'° As in GCI, the incidence is higher at
very young age, primarily due to a particularly high
incidence in neonates (24.6/100,000 in neonates Vs
5.11/100,000 in older children).”'" Incidence is lowest
in children aged 1-9 years, with a subsequent increase
in adolescents aged 10-18.'% Stroke treatment in adults
has focused on early recognition of symptoms and
thrombolysis to restore blood flow, either through
administering systemic tissue plasminogen activator
(tPA), mechanical thrombectomy, or both'* within a
few hours of symptom onset.

In general, acute intervention is not possible follow-
ing most pediatric AIS. Diagnosis of pediatric AIS is
often delayed,'® with the median time to diagnosis,
after symptom onset, over 24 hours in children and
87 hours in neonates,'® well beyond the safe window
for acute thrombolysis or thrombectomy. While tPA
has been used to treat acute pediatric AIS, and is gen-
erally considered safe, the only prospective trial to
study its use in children was terminated early due to
poor enrollment.'* !¢ Retrospective studies suggest
that mechanical thrombectomy is also safe and effec-
tive, and prospective studies are ongoing.'”'® Further,
the etiology of pediatric AIS is different compared to
adults. In neonates, most AIS are idiopathic, but are
thought to be placental-fetal thromboembolic events
around the time of delivery,'” though angiography
rarely identifies persistent thrombus within cerebral
vasculature.”® In contrast, focal arteriopathies are the
most common cause of pediatric AIS.>! The majority
of focal arteriopathies include sub-types, such as
inflammatory arteriopathies or arterial dissection, in

which the safety and efficacy of thrombolysis or throm-
bectomy is not established.”> The consequence of
delayed diagnosis, lack of acute treatments and differ-
ing etiology between adult and pediatric stroke is that
there is no reliable therapy for most children who suffer
stroke.

Survival from pediatric AIS is very high, with
a stroke-related mortality rate of only 2.5-5%."!
Between 30% and 60% of children have long-term neu-
rologic impairment after stroke, and therefore a signif-
icant number of patients live with life-long neurologic
sequelae. The developmental stage at which focal
stroke occurs has a significant impact on the likelihood
of specific long-term impairments. Approximately one
third of neonatal stroke survivors have hemiparesis
long-term, while over half of infants and children
have hemiparesis after AIS.>*** Conversely, up to
half of neonates have long-term language deficits
after stroke, though these only occur in 21% of older
children.?*-** Generally, most children with stroke have
long-term cognitive deficits, but children with neonatal
stroke perform relatively poorly on cognitive assess-
ments compared to children who suffered stroke
beyond the neonatal period.”> However, it is generally
accepted that the neonatal brain has an enhanced
potential for neural plasticity and reorganization®®
that is not generally experienced in adults, highlighting
the importance of studying stroke in specific age-
appropriate animal models.

The remainder of this review focuses on rodent
models of cerebral ischemia in the developing brain
to better understand the differences and similarities
between the mechanisms of ischemic brain injury
across brain development. One cannot assume that
the same mechanisms are involved in ischemic injury
of the mature brain compared to the developing brain.
We emphasize critical periods of ischemic vulnerability
in the developing brain that should be considered in
pre-clinical translational models.

The developing brain and ischemic injury

An important consideration in studying injury in the
developing brain is the maturational state of the brain,
cells, and receptors at the time of injury. Patterns of
injury in humans depend on the age at which the injury
occurs. Susceptibility to ischemic brain injury during
development in rodents is also dependent on age,
likely attributed to the stage of maturation and region-
al vulnerability.?” Across mammalian species, synapses
are established prenatally, but undergo a critical period
of proliferation after birth (synaptogenesis),® followed
by a pruning phase extending into juvenile time peri-
ods.?® Juveniles continue to add and retract synaptic
connections, followed by a decrease in synaptic
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turnover as development turns toward adulthood.?
The timing of synaptogenesis is region specific and
likely provides a basis for the sequence of behavioral
development during maturation.® Similarly, in
rodents, the key period of synaptogenesis occurs in
the first three weeks of postnatal development, gener-
ally peaking in the second week,?’ though the timing of
synapse maturation varies among different regions of
the developing brain,*' and even within dendrites them-
selves.®? Activity-dependent pruning follows prolifera-
tion of synapses to refine network circuitry, allowing
for more efficient processing in the adult brain.
Therefore, ischemic injury during active synaptogenesis
or pruning may lead to different long-term
consequences.

Brain development begins during carly fetal stages
and continues into the second decade of life in
humans.?” Development of the rodent brain begins in
the early embryonic stages and continues through the
first 3-4 postnatal weeks.>” Though somewhat contro-
versial, it is believed that the developing brain recovers
better than the mature brain from ischemia.*®** While
there is limited evidence from juvenile ischemia models
that younger brains do recover differently than adults,
we have recently reported that juvenile mice exhibit
recovery of hippocampal plasticity and memory
function.3*33

In addition to synaptogenesis, neurotransmitter
changes throughout development are likely to be
important when considering age of injury. Neuronal
activity is critical for synaptogenesis, and the relative
(im)balance of excitation and inhibition in neuronal
networks of the developing brain plays a role*® (dis-
cussed below). Selecting an age-appropriate rodent
model based on biochemical, neuroanatomical and
channel physiology optimizes translational potential.
The following discussion reflects recent and ongoing
research in rodent models that provide a greater under-
standing of how developmental factors alter ischemic
vulnerability and the potential for age- and injury-
appropriate therapy following ischemia in the develop-
ing brain.

A universal model?

Most data regarding developmental aspects of early life
ischemic brain injury have been extrapolated from
model of permanent carotid ligation followed by hyp-
oxemia. Since 1981, the Rice-Vannucci model of neo-
natal hypoxia/ischemia (H-I)* and has been widely
used in the study of mechanisms and potential thera-
pies for neonatal brain ischemia. The model was orig-
inally performed by ligating the carotid artery in
postnatal day (PND) 7 rat pups, followed by exposure
to 8% oxygen for 3.5 hours and has since been adapted

to include older rodents (up to PNDI2) and mice.*®

The seminal publication observed ipsilateral brain
injury 50 hours after the insult,”’ though others have
observed injury at earlier time points.*” This model has
provided the translational foundation for many impor-
tant mechanisms and therapies in human neonatal
ischemic injury, most notable of which is therapeutic
hypothermia.**° In addition, multiple therapies such as
erythropoietin,41 xenon,*” melatonin,*' stem cells** and
others have used this model to begin investigation for
adjunctive therapies.*!

The Rice-Vannucci model has been used to model
early life global hypoxic ischemic injury (i.e., hypoxic
ischemic encephalopathy) and stroke.***® Despite the
many scientific and therapeutic gains from this model,
it is not strictly an approximation of either global brain
ischemia or focal ischemic brain injury, but rather has
features of both. Without downplaying the important
translational impact of the Rice-Vannucci model, we
believe it important to mention a few aspects of the
Rice-Vannucci model that do not model the conditions
experiences in either global cerebral ischemia or focal
stroke. Foremost among the differences of the Rice-
Vannucci model regarding GCI is the lack of systemic
ischemia that occurs during GCI. Most discussions on
global ischemia in young rodents focus on cerebral
injury, though there is clear evidence from human
and adult rodent studies that visceral organ damage
from systemic ischemia and reperfusion are important
considerations in pathophysiology and treatment.*->
Further, AIS results in confluent injury in an arterial
distribution, with a relatively well-defined ischemic
core and penumbra,’’ a pattern that is produced by
reperfusion through a previously occluded artery
whereas the Rice-Vannucci model produces patchy
cell death primarily in cortex and hippocampus®’
which is not entirely analogous to AIS. We contend
that the next generation of ischemia researchers
should build on the successes of this model in using
new, emerging models of cerebral ischemia (reviewed
below) to augment the important knowledge gained
thus far.

Specific models of global cerebral
ischemia in the developing brain

Contemporary models of GCI consist of asphyxial car-
diac arrest (CA; performed by paralysis and ventilator
discontinuation; PND17)° or CA induced by intrave-
nous potassium chloride (PND21-25)> (Table 1). The
juvenile CA models mimic the systemic hypoxemia, aci-
dosis and hypoperfusion that occurs in the setting of
complete cardiopulmonary collapse®*>* and important
insights have been gained in regard to cerebral blood
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Table 1. Models of global cerebral ischemia in developing brain.

Animal used and age or

Human pathological condition weight of the animal

Type of lesion Reference

Global cerebral ischemia Rat 60-70g
Global ischemia Rat P7
Rat P16-18
Mouse P21-25

Gong et al.'”’
Dijkhuizen, et a
Fink, et al.>?
Deng, et al.>3

Bilateral internal carotid ligation
KCI — cardiac arrest

Asphyxial CA/CPR
KCl-induced CA/CPR

|.|78

P: postnatal day; KCI: potassium chloride; CA/CPR: cardiac arrest and cardiopulmonary resuscitation.

flow,>* brain tissue oxygenation,’® and synaptic plas-
ticity>” in the juvenile brain during and after GCL
Neuronal sensitivity to GCI is influenced by the age
of the animal, where adult mice have more neuronal
death than juvenile animals for the same amount of
ischemic time.>® In a direct comparison of juvenile
and adult hippocampal histology, there was less neuro-
nal death in PND21-25 mice after 6 minutes of cardiac
arrest compared to adult mice, however this difference
in vulnerability was lost following 8 minutes of CA.>
Similarly, juvenile mice exhibited undetectable injury in
the thalamus following 8 min CA, in contrast to small,
but evident thalamic injury in adults.”® The mecha-
nisms of these differences remain unclear and warrant
further study.

Specific models of focal ischemia in the
developing brain

The primary rodent model of arterial ischemic stroke
has been the filament model of reversible middle cere-
bral artery occlusion (rMCAO).>® In rMCAO, a nylon
filament is advanced through the external carotid
artery and into the internal carotid artery to the bifur-
cation of the middle cerebral artery. The filament is left
in place for some time, and then removed to provide
reperfusion. The rMCAO model provides a more accu-
rate approximation of human arterial ischemic stroke,
in which there is occlusion of arterial blood flow and
reperfusion. One of the most important findings of
studies using MCA occlusion-reperfusion models was
that of a stroke “penumbra”; ischemic brain tissue that
is salvageable if reperfusion is established within a crit-
ical time frame.”® The discovery of penumbral tissue
has focused clinical stroke treatment on re-
establishing perfusion as quickly as possible, leading
to development of medical recanalization during
stroke (thrombolysis with tPA and mechanical
thrombectomy).*%-¢!

Despite the contributions that the rMCAO model
has made to the adult stroke field, the technical diffi-
culty of performing rMCAO prevented initial use in
younger animals (Table 2). The rMCAO model was
first adapted to PND14-15 spontaneously hypertensive

rats by Ashwal et al..*® followed by PND7 rats by
Derugin et al.,®® Woo et al..** and Renolleau et al.®®
The rMCAO model has since been adapted to juvenile
(PND20-25) mice,*>**¢7 allowing comparison in injury
and recovery mechanisms across development. Other
methods of focal stroke in developing animals have
included permanent occlusion of the proximal
MCA,% and permanent distal MCA occlusion through
electrocauterization with transient bilateral CCA
occlusion.®” Neither of these models include reperfu-
sion through the occluded vessel. The importance of
vascular reperfusion in studying mechanisms of injury
in juvenile stroke is highlighted by the finding that
caspases, key components to apoptosis, are activated
after reperfusion compared to permanent occlusion in
the young brain.”!

Other models of stroke include photothrombosis
or direct injection of the vasoconstrictors NS5-
(1-iminoethyhl)-L-ornithine (L-NIO)’? or endothelin-
1.7 In photothrombotic stroke, the photoactive dye
Rose Bengal, is systemically injected, followed by expo-
sure of surface cerebral arteries to a cold light source,
causing intravascular endothelial damage and subse-
quent arterial thrombosis.”” L-NIO is a potent
endothelial nitric oxide synthase inhibitor that causes
focal ischemia within a small area around injection
site.”*™* Endothelin-1 is a potent vasoconstrictor
which leads to vasoconstriction and downstream ische-
mia. When the effect of the vasoconstrictor subsides,
perfusion is re-established, thus allowing for a transient
focal ischemia model.”* The advantage of these models
is that they are minimally invasive models of focal
ischemia, making them appealing in developing
rodents. The limitation to the photothrombotic and
vasoconstrictor models is that it is not clear what time-
frame reperfusion might occur.

70,71

Age-dependent differences in mechanisms
of neuronal death
Excitation-Inhibition (Im)balance

Early in postnatal development, the mammalian
brain is considered relatively more excitable in the
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Table 2. Models of focal ischemia in the developing brain.

Model Age Description Lesion Reference

Permanent MCA P7 rats Permanent insertion of nylon  Cortical and subcortical ischemia ~ Wen et al.®®
Occlusion filament via the CCA to involving the majority of

the origin of the MCA ipsilateral hemisphere.

Permanent MCA P7 rats Distal MCA electrocauteriza-  Ischemia in cingulum cortex and  Villapol et al.®’
electrocauterization tion with 50 minutes bilat- adjacent external capsule.

eral CCA occlusion.

Reversible middle P14-15 rat Introduction of nylon filament  Ischemic core and penumbra in Ashwal et al.¢?
cerebral artery P7 rat via the ECA or ICA to the MCA territory (lateral Renolleau et al.®®
occlusion P10 rat occlude the origin of striatum +/—cortex) Derugin et al.®®

P20-25 mouse the MCA. The filament Gonzalez et al.'”?
is removed after Woo et al.®*
45-90 minutes of Rodgers et al.'>
occlusion, resulting in Faustino et al.®’
reperfusion.

Photothrombotic P7 mice IP Rose Bengal injection Focal ischemia in cortex. Maxwel et al.”'
stroke followed by exposure of

surface cerebral vessels to
a cold light source.
L-NIO P20-25 mice Stereotaxic injection of a Small focal area of ischemia at Dingman et al.”*

potent endothelial nitric

the injection site.

oxide synthase inhibitor.

CCA: common carotid artery; ECA: external carotid artery; ICA: internal carotid artery; MCA: middle cerebral artery; L-NIO: N5-(|-iminoethyhl)-L-

ornithine (L-NIO); P: postnatal day; IP: Intraperitoneal.

first 7-10 days than it is later in life. This is due in large
part to 1.) AMPA receptor subunit differences allowing
for increased intracellular Ca®" concentrations and 2.)
excitatory GABA physiology. These changes in
excitation-inhibition balance, compared to the mature
brain, create age-specific targets that may affect out-
comes following ischemic brain injury. This imbalance
comes into play when considering excitotoxicity, which
has emerged as a key mediator of brain injury after
ischemia in adult and neonatal animal models.”> "’
The excitotoxicity hypothesis suggests that injury is
triggered by glutamate.”® Glutamate is the primary
excitatory amino acid transmitter in the central ner-
vous system and is required for rapid synaptic trans-
mission, as well as playing important roles in neuronal
growth and axon guidance.”>’® Under ischemic condi-
tions, glutamate accumulates, stimulating pathologic
increases in sodium and calcium fluxes through gluta-
mate receptors, thereby injuring the cell.”®* Much work
has been done to understand the mechanisms and con-
sequences of excitotoxicity, though efforts to translate
these findings to improved patient outcome have yet to
be achieved.”

Glutamate receptors in the developing brain. Excitotoxicity
during ischemia in the developing brain is impacted by
the development of neuronal circuits, as well as the
expression of specific glutamate receptor subtypes,
which is a dynamic process.”’ The predominant

glutamate  receptors are  N-methyl-D-aspartate
(NMDA) and «-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid (AMPA) receptors. Each of these
receptors are made of subunits whose expression
changes through development and is reviewed else-
where.>> NMDA receptors are multimeric glutamate
receptors and are central in excitotoxicity due to the
receptor’s high permeability to Ca®" ions. Perhaps
underappreciated is that functional activity of
NMDA receptors may be enhanced in the young
rodent brain compared to adults,”> making them prom-
ising targets in the developing brain. AMPA receptors
are also multimeric glutamate receptors that are impor-
tant in synaptic physiology and pathophysiology.
When stimulated by excessive release of glutamate,
the activation of AMPA receptors triggers NMDA-
receptor driven excitotoxicity. One subtype of AMPA
receptors are Ca®"-permeable if lacking GluA2 subu-
nits.®’  GluA2-containing AMPA receptors with
age,*>® with a switch to predominantly Ca**-imper-
meable AMPA receptors in the 2nd to 3rd postnatal
week in rodents.®' This developmental switch poten-
tially exposes developing neurons to higher Ca>" bur-
dens during ischemia than in the adult brain. While
there are relatively few synapses in white matter, exci-
totoxicity has been shown to play an important role in
the pathogenesis of white matter injury in the immature
brain.®* Thus, an environment exists where developing
brain tissue may be more vulnerable to injury than
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adult brains and highlights potential age-specific gluta-
mate receptor-mediated therapeutic targets for ische-
mic brain injury.

GABA receptors in the developing brain. There has been
substantial interest in GABA receptor physiology
during development regarding excitation-inhibition
balance. GABA is among the primary inhibitory neu-
rotransmitters in the mature central nervous system
and primarily acts by binding to chloride (CI")-
permeable GABA, receptors.®> Neuronal CI” is pri-
marily regulated by two cation-chloride co-transporters
(CCC), NKCCI and KCC2, whose relative expression
patterns change through development.®® In the mature
brain, KCC2 is the primary CCC and promotes CI
extrusion from neurons so that when GABA, recep-
tors are stimulated, CI™ is transported into neurons and
the cells are hyperpolarized and activity is reduced
(inhibited).®® NKCCI is the predominant CCC in
immature neurons and transports CI” into neurons,
thereby producing relatively high intracellular CI
concentrations in developing neurons.®> When
GABA 4 receptors are activated under these conditions,
CI” exits the neuron and the cell becomes depolarized,
thus GABA is excitatory.**®® The relative develop-
mental shift in NKCC1 and KCC2 appears to occur
around the end of the first to second postnatal weeks in
rodents and the early in the first year in humans.3¢-548
Therefore, it is predicted that activating GABA recep-
tors is protective in adults, while GABA receptor inhib-
itors would provide protection in the immature brain.

Contemporary models of ischemia in juvenile
rodents have not yet investigated how the dynamic
changes in glutamate receptor composition or evolving
GABA 4 receptor physiology influences vulnerability to
injury after global or focal ischemia. NMDA receptor
function in hippocampus appears to be intact in sur-
viving neurons after juvenile GCI,”” but beyond that,
little is known. One could speculate that many of the
same mechanisms of excitotoxicity are involved in
ischemic brain injury at this age. A reasonable hypoth-
esis would propose that relative imbalance in excitation
and inhibition in the developing brain may contribute
to increased susceptibility of the juvenile brain to injury
following global ischemia compared to adults. Work to
test this hypothesis in juvenile ischemic brain injury is
just underway.

In summary, data suggests that excitation-inhibition
imbalance plays a significant role in ischemic brain
injury across models and ages. While there are physio-
logic differences in GABA and glutamate mechanics in
the developing brain compared to adult brains, focus-
ing on excitotoxicity may not be of high yield in seeking
age- or disease-specific translational therapeutic strat-
egies. However, this may be advantageous, as the

relative similarity among the different age groups
and ischemic models is likely to yield translatable
approaches to most ischemic brain injury should
there be promising pre-clinical discoveries.

Oxidative stress

Mechanisms related to oxidative stress are well
described in response to cerebral ischemia in both
developing and mature brains. Differential expression
of proteins related to oxidative stress across develop-
ment suggest that there is an age-related difference in
vulnerability. Oxidative stress occurs during reperfu-
sion, causing tissue injury through multiple processes,
including overproduction of reactive oxygen/nitrogen
species. Extensive research has focused on the role of
mitochondria, which have severely impaired function
during ischemia, and the return of oxygen supply
during reperfusion resulting in ‘leaky’ mitochondria,
leading to the production of oxygen radicals.”®
Reactive oxygen species (ROS) lead to lipid peroxida-
tion, breakdown of the blood-brain barrier, and DNA
fragmentation, causing cell injury and enhancing mech-
anisms of apoptosis.®” Much of what we know regard-
ing oxidative stress has been derived from adult
ischemia models and has been reviewed in detail else-
where.?” Relevant to the current review, emerging data
indicate increased sensitivity to oxidative stress in the
developing brain.®%%

The neonatal brain may be at increased risk of oxi-
dative injury due to high concentrations of unsaturated
fatty acids, excessive oxygen content of arterial blood
during a hyperoxygenated reperfusion phase’® coupled
with decreased cellular oxygen consumption,””!
ultimately resulting in higher levels of ROS’*%
(Figure 1). Superoxide dismutase is among a group of
metalloenzymes that attenuate ROS formation that has
been found to be overexpressed following adult cere-
bral ischemia.®” In the immature brain, there is a devel-
opmental lag in the expression of superoxide
dismutase®® and low activity of H,O»-utilizing enzymes
glutathione peroxidase and catalase. Further, inhibi-
tion of NADPH oxidase did not reduce brain injury
following hypoxia-ischemia in PND9 mice or
ibotenate-induced excitotoxic injury in PND5 mice,””
suggesting that NADPH oxidase may not play a role in
the pathogenesis of neonatal brain injury like has been
suggested in adult ischemic brain injury. Figure 1 pro-
vides a summary of these mechanisms which are likely
sources of ROS accumulation contributing to suscepti-
bility of the developing brain following ischemia.’*"?

Due in large part to the importance of oxidative
stress during and after ischemia, targeted approaches
attenuating reactive oxygen damage are needed.”®’ In
the neonatal brain, novel uses of erythropoietin and
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Figure |. Mechanisms leading to increased sensitivity to oxidative stress in the neonatal brain following cerebral ischemia. The

neonatal brain may be at increased risk of oxidative injury due to high concentrations of unsaturated fatty acids, hyperoxygenation
with reperfusion and decreased cellular oxygen consumption (leading to increased oxygen ions), as well as a developmental lag in the
expression of superoxide dismutase and low expression and activity of H,O,-utilizing enzymes glutathione peroxidase and NADPH
oxidase. These developmental changes lead to increased ROS accumulation and make the neonatal brain vulnerable to oxidative injury

after cerebral ischemia.

melatonin target these mechanisms.*' In adult and
juvenile models of global and focal cerebral ischemia,
downstream mediators of oxidative stress such as inhi-
bition of poly(ADP-ribose) polymerase-1 (PARP-1) or
transient receptor potential melastatin-2 (TRPM?2)
channels have emerged as possible targets,”** and
PARP-1 gene disruption may even provide some pro-
tection in male neonatal mice after hypoxic-ischemic
injury.'

Inflammation

It is well documented that cerebral ischemia triggers
robust local and systemic inflammatory responses, par-
ticularly following reperfusion.**!°! There are gaps in
the literature as to which inflammatory mechanisms are
engaged at different ages. There is evidence that infil-
trating leukocytes, cytokines, and damage-associated
molecular patterns (DAMPs) fuel the innate and adap-
tive immune system in the brain and periphery, across
ages.'®! The inflammatory cascade exacerbates ongo-
ing secondary injury such as blood-brain barrier
damage, edema, oxidative stress, and direct neuronal
cell death.'®"'°? Following cerebral ischemia, inflam-
matory events directly contribute to evolving patholo-
gy and long-term neurological outcomes. However, the
relative contribution of different immune components
is dependent on the age at the time of injury and the
type of insult. Figure 2 shows that neutrophils,

infiltrating leukocytes, microglial activation and mono-
cyte invasion are influenced differently after focal
ischemia at different ages (adult stroke in blue, juvenile
stroke in red, neonatal stroke in orange). Evidence
exists to support a role for all these inflammatory path-
ways in adult stroke, but in neonatal stroke, only
microglial activation is well supported in the literature
(though a lack of evidence may only indicate that
these mechanisms have not yet been explored).
Differentiating the roles of immune cells across devel-
opment following GCI has not been well described. We
discuss these aspects below, highlighting differences in
immune responses to ischemia across ages.

Neutrophils. Resident and infiltrating immune cells play
an important role after cerebral ischemia across models
and ages.' '% In adult stroke neutrophils infiltrate
the injured cortical tissue within the first 12 hours of
reperfusion,'°*'7 although more recent studies suggest
these neutrophils may not leave the perivascular
spaces.'® Neutrophils similarly accumulate in neonatal
H-1'" and juvenile stroke.®” Neutrophils are thought
to exacerbate ischemic injury in these models by accu-
mulating in capillaries and reducing blood flow,'"
impairing blood-brain-barrier integrity through release
of matrix metallopeptidases (MMPs) and myeloperox-
idases (MPOs),'"! and injuring endothelium and neu-
rons through production of cytokines and ROS.''?
Similar roles of neutrophils have been reported
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Neutrophlls

4

T Lymphocytes

Adult Stroke _/
Juvenile Stroke ¥

i '.«A' D jusk
Ischemic Neuronal
Injury and Death

\ ___Monocytes
'\ ﬂ';j—}‘"

b~ |

HJW

Figure 2. Relative age-related role of inflammatory components following stroke. Following stroke in the adult brain (blue line),
infiltration of neutrophils, lymphocytes, microglia and monocytes contribute to neuronal injury and death. Many of these same factors
contribute to neuronal injury in the juvenile brain (red line), though infiltration of T lymphocytes has not been established. Following
neonatal stroke (orange line), resident microglial activation contributes to ischemic neuronal injury and death, but infiltration of
neutrophils and monocytes are not involved in the pathogenic cascade. ydT-cells contribute to acute neuronal cell death following
neonatal H-I, whereas CD4" and CD8" T-cells contribute to chronic inflammatory changes in the neonatal brain following ischemia.

following adult GCI using permanent carotid occlu-
sion,''® suggesting that there may be converging mech-
anisms following adult brain ischemia.

A role for neutrophils in injury has emerged in the
developing brain. Neutrophils have long been known
to accumulate in neonatal H-I'" and recent evidence
suggests that the same occurs following juvenile
stroke.®’ Surprisingly, neutrophils do not infiltrate
after focal neonatal stroke, despite a rapid accumula-
tion of the neutrophil chemoattractant CINC-1 in
ischemic brain.'*

Adaptive immune response. There is abundant evidence
that infiltrating lymphocytes contribute to neuronal
injury in neonatal H-L''* adult stroke''® and adult
GCL'"® In adult models of focal stroke and GCI,
data strongly suggest that CD4", CD8" and regulatory
T-cells are responsible for injury exacerbation.
Depletion of these cell types reduces injury severity
and promotes neurogenesis.''®''® Following neonatal
H-I, infiltration of CD4" cells can be detected in the
hypoxic-ischemic hemisphere within the first week after
insult and recruitment of CD8" T-cells peaks up to
2weeks after neonatal H-I''* and have been conjec-
tured to contribute to chronic inflammation following
neonatal ischemic brain injury. To this point, a role for

these cells is less clear in acute phases, though ydT-cells
(the first T-cell subtype to arise during ontogeny) have
been identified as soon as 6 hours after neonatal H-I
brain injury.""” Importantly, depletion of y6T-cells led
to reduced brain injury.'" Given the strength of data
implicating infiltrating cellular immunity in neuronal
injury, experiments should be performed in juvenile
and neonatal stroke to further characterize the
response of this important facet of injury and leading
to translationally relevant discoveries.

Infiltrating monocyte and resident microglial response. The
role of microglia and infiltrating monocyte-derived
macrophages after ischemia has long been a focus of
stroke research in adults (for review see'*”) and is par-
ticularly complex. The relative contribution of invading
monocytes (derived from bone marrow and infiltrate
the brain parenchyma in response to cytokine and che-
mokine engagement as a result of brain ischemia'%")
versus resident microglia (derived from the yolk sac
in early development, colonizing the central nervous
system in fetal life, ready to be “activated” by different
combinations of cytokines and chemokines'*) across
ages likely has implications for potential therapies.
Microglia have long been thought to contribute to
injury extension, particularly in the penumbra after
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AIS, primarily through the production of inducible
nitric oxide synthase (iNOS). Selective pharmacologic
inhibition of iNOS reduces injury in adult animals after
stroke, but not in neonatal animals.'?' More recent
data suggest that the microglial milieu is more diverse,
and some microglia may be important for moderating
injury extent. In adult and neonatal animals after focal
stroke, selectively ablating proliferating resident micro-
glia exacerbates injury size.'*>'?* Interestingly, while
these developmental stages share a protective pheno-
type for resident microglia, the mechanism of protec-
tion varies across ages. In adults, microglia appear to
provide trophic support for the brain, through produc-
ing factors such as IGF-1.'%* Data has emerged show-
ing both a beneficial and detrimental role for recruited
(infiltrating) macrophages following adult stroke. New
molecular markers have facilitated the study of infil-
trating macrophages and ongoing work shows there
may be promise in targeting circulating macrophages
to enhance stroke recovery, although this work is
ongoing.

In contrast, depletion of resident microglia prior to
neonatal stroke resulted in increased levels of pro-
inflammatory cytokines, larger infarct size, and
induced micro-hemorrhages and increased blood
brain barrier permeability,'°®!?* suggesting that micro-
glia play an important role in vascular integrity and in
modulating the immune response in the developing
brain. The lack of monocyte infiltration after focal neo-
natal stroke is despite robust increases in chemoattrac-
tant cytokines in injured brain and plasma.'?*!*
Therefore, therapeutic approaches to enhance micro-
glial support of post-ischemic brain will likely differ
in the neonatal vs adult brains.

Cytokines and chemokines in the developing brain. Cytokines
and chemokines are important in peripheral-cerebral
immune signaling after ischemia.'**1°%12° In a juvenile
GCI model, microglial activation and cytokine produc-
tion are increased following ischemia.'?’ Specifically,
chemokines such as macrophage inflammatory pro-
tein-loo (MIP-1a), regulated upon activation, normal
T-cell expressed and secreted (RANTES), growth-
related oncogene (GRO-KC) and the cytokine tumor
necrosis factor-o (TNF-«) are increased after juvenile
GClI, compared to controls. Administration of mino-
cycline, known to attenuate microglial activation and
proinflammatory cytokine production, reduced the
increases in MIP-1o and RANTES induced by juvenile
GCIL'?’ thereby reducing neuronal death.

After neonatal rMCAQ, several cytokines, including
interleukin-1 beta (IL-1/), cytokine-induced neutrophil
chemoattractant-1 (CINC-1), interleukin-6 (IL-6)
and monocyte chemoattractant protein-1 (MCP-1),
increase rapidly in the plasma and injured brain.'**

Minocycline administration attenuates the systemic
inflammatory response after neonatal stroke, though
cytokine production and microglial activation in the
brain are not reduced, and neither is injury size.'®
The study of cytokines in brain injury following ische-
mia in the neonatal brain is still in its infancy and more
studies need to be performed to better elucidate the
effects of the cytokine response following cerebral
ischemia in the immature brain and whether alterations
in ischemic vulnerability and recovery potential can be
modified in developing brain.

In summary, the data show that there is a robust
and detrimental inflammatory response in adult
models of brain ischemia, both global and focal.
However, a full picture of the inflammatory response
is less clear in various models of brain ischemia in the
developing brain. For example, relatively little has been
studied regarding varying inflammatory responses fol-
lowing juvenile GCI or neonatal stroke. While Figure 2
summarizes data regarding the inflammatory response
following stroke at various ages, it also shows that sev-
eral holes remain to be filled in an age- and disease-
specific way. Indeed, the model suggests that not every
pathway is involved in each of the models. Therefore,
we cannot conclude that the developing brain has a
similar response that of the mature brain, and in
some cases the responses appear to be oppositional.
We strongly advocate those mechanisms involving
inflammation need to be better elucidated to improve
the efforts of producing age- and disease-specific trans-
lational strategies to improve the outcomes of patients.

Blood brain barrier (BBB)

BBB in adult ischemia. Relevant to peripheral factors
reaching the brain, including immune cells and phar-
macologic agents administered to outcomes, is the
extent to which the BBB is compromised after ischemia
and if these mechanisms differ across ages. The BBB is
a complex barrier between the vasculature and central
nervous system and has been shown to be a key factor
in the pathogenesis of injury and efficacy of pharma-
cologic therapies after focal cerebral ischemia.'?®
Following stroke in adults, increased BBB permeability
leads to water crossing the BBB resulting in cerebral
edema and its deleterious consequences. BBB perme-
ability after adult GCI appears to be more variable,
and depends on factors such as insult duration, insult
type, and temperature.'?*!3° Indeed Figure 3 indicates
BBB permeability following adult cerebral ischemia
leads to relatively free exchange of proteins and water
resulting in increased edema and peripheral inflamma-
tory infiltration but may also provide an opportunity
to deliver therapeutics to the injured brain parenchyma
following ischemia.
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Figure 3. Age-related differences in the blood brain barrier (BBB). Compared to the compromised BBB after ischemia in the adult
brain, the BBB in the neonate is less permeable (varying by BBB permeability assay, see text for more detail) following ischemia. This is
likely due to the relative increase in tight junction and basal lamina proteins occludin, claudin, and laminin in the neonatal brain. The
result is increased infiltration of inflammatory cells, large proteins, and edema in the adult brain, whereas only small molecules such as
sucrose cross the BBB into the neonatal brain. This likely has implications for the available delivery of therapeutics into the neonatal

brain via the vasculature following cerebral ischemia.

BBB in neonatal ischemia. Following neonatal rMCAO,
the BBB is less compromised, compared to adult rats,
evidenced by limited extravasation of Evan’s blue dye,
albumin, and dextran 24 hours after MCAO."*! Wang
and colleagues observed compromised BBB 3 days
after neonatal rMCAO in spontaneously hypertensive
rats.'*> While not directly compared to adults, BBB
compromise appears modest relative to adult reports.
Decreased permeability of the BBB is explained in part
due to increased expression of collagen-1V and laminin,
as well as the tight junction proteins claudin-5 and
occludin in the postnatal brain (Figure 3).'*' These
proteins are critical in the endothelial-endothelial junc-
tion seal and the expression of these proteins was better
preserved following neonatal stroke compared to adult.
It has further been shown that, at chronic time-points
(14 days) after neonatal rMCAO, there is decreased
expression of endothelial barrier antigen in the injured
hemisphere,'** suggesting that decreased BBB integrity
may be a delayed event after neonatal stroke. In con-
trast, following H-I models in neonatal mice, data sug-
gests a rapid and transient opening of the BBB,

illustrated by increased permeability to sucrose up
to 24 hours after hypoxia-ischemia and resolving by
3 days." Inulin permeability following H-I was not
different than control at any time point,'*° suggesting
that the opening in the BBB limits the size of molecules
that transmigrate. This decreased BBB penetration will
need to be considered in future translational therapeu-
tic studies.

BBB in juvenile ischemia. The juvenile rodent appears to
be different concerning the response to BBB opening
after global ischemia. Following juvenile GCI, the BBB
was not permeable to the contrast agent gadoteridol at
3 hours after GCL'** or small and large molecular
weight tracers during the first 24 hours after GCI.'*
There was a small increase in cerebral water three
hours after GCI, though there was a lack of apprecia-
ble gain in percent brain water at 24 hours after
GCIL." This increase in cerebral water content, despite
the lack of evidence for BBB disruption, could repre-
sent some degree of edema or ion imbalance secondary
to energy failure.'®® Therefore, the response of the BBB
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after juvenile GCI has some similarities to adult and
neonatal models, but the pathologic phenotype has
some aspects that are unique to this age group.

In summary, the functional role of the BBB changes
with maturation, in that the physical barrier in the
developing brain limits the passage of larger molecules
like proteins, but not smaller molecules such as
sucrose.'*® Decreased compromise in very young
brains may restrict edema and infiltration of inflamma-
tory cells while also limiting the opportunity for vascu-
lar delivery of larger therapeutic molecules to the
injured brain. This contrasts with the abundance of
research that has been done in the adult brain showing
that the integrity of the BBB is altered (for review,
see'*®) As pharmacologic agents are advanced, ade-
quate delivery strategies will need to be imagined in
the developing brain where the less-compromised
BBB decreases permeability to large molecules.

White matter injury and repair

The impact of ischemia on white matter injury (WMI)
in the preterm brain has been extensively studied,
whereas WMI in rodent models of focal or global
ischemia at term equivalent and older is less described.
This is despite evidence that WMI in global and focal
ischemia occurs across the lifespan, and in clinical stud-
ies measures of WMI are predictors of long-term out-
come, 137142

Studies using the Rice-Vannucci model established
the importance of timing and developmental stage to
WMI. Late oligodendrocyte (OL) progenitors, as
opposed to early progenitors or more mature oligoden-
drocytes, are the subtype most vulnerable to cell death
after hemispheric hypoxia-ischemia.'®® Importantly,
these late progenitors predominate white matter at pre-
term equivalent age (PND2 in rodents), but not closer
to term equivalent (PND7),'* resulting in age-
dependent oligodendrocyte progenitor vulnerability.
There are numerous injurious mechanisms to OL pro-
genitors after H-I, including excitotoxicity, cytokine
production by reactive microglia and astrocytes, and
oxidative stress (for review, see*®!**) Oligodendrocyte
susceptibility to ROS exemplifies age-dependent differ-
ences in injury response. In the developing brain, oli-
godendrocyte progenitors cells are much more sensitive
to oxidative stress compared to mature oligodendro-
cytes (Figure 4), due to reduced expression of superox-
ide dismutase (SOD), glutathione peroxidase and
glutathione-S-transferase.'*>1%¢ Further, oligodendro-
cyte progenitors have increased expression of AMPA
receptors, increasing their susceptibility to AMPA-
mediated mitochondrial dysfunction and ROS genera-
tion.'*® Therefore, it seems logical that rodents at
term-equivalent (pl0) and older would be less

susceptible to overall oligodendrocyte loss because pro-
genitors are not the predominant oligodendrocyte cell
type. However, we previously found that mature oligo-
dendrocytes have different antioxidant capacities
depending on the age of the animal. Striatal WM is
markedly preserved one week after rMCAO in juvenile
mice compared to adult mice, which appears to be due
to increased expression of GSTz in mature oligoden-
drocytes in younger animals® (Figure 4). In sum, oli-
godendrocyte vulnerability is related to the makeup of
sub-populations of the OL lineage, and antioxidant
properties of oligodendrocytes throughout development.
There are also age-dependent differences in intrinsic
properties oligodendrocyte progenitors that likely
influence white matter repair capability. It is now
well established that oligodendrocyte progenitor cells
persist in the brain through adulthood and are capable
of proliferation, migration, and maturation in response
to CNS injury.'*” Late OL-progenitors (04 ") isolated
from neonatal vs adult animals and grown in vitro show
very different responses to growth factors. In response
to FGF and IGF, adult progenitors differentiate into
mature Ol cells, while neonatal progenitors revert
to a less mature state (A2B5") and proliferate'*®
(Figure 4). Further, neonatal progenitors had increased
expression of ribosomal genes and cell cycle associated
genes such as Cdk4, Cyclin D1 and p53, while adult
progenitors had much more expression of cells that
regulate cell death, such as Bcl.'** These in vitro find-
ings parallel in vivo findings that OL-precursor cells
have differing responses to ischemia depending on
animal age. In the rMCAO stroke model and in
LNIO-induced focal subcortical WM stroke, juvenile
mice have OL-progenitor proliferation after ischemia
compared to adult mice.®®”* However, newborn oligo-
dendrocytes in juveniles fail to mature to myelinating
cells, and there is a chronic loss of axonal transmission
in WMI.”* Together, ischemia affects different oligo-
dendrocyte sub-populations in unique ways through
developmental stages. Figure 4 summarizes the age-
dependent vulnerability of OL-progenitors in response
to brain ischemia among neonatal, juvenile, and adult
animals. These data suggest that WM preservation/
repair may be a viable therapeutic target at delayed
timepoints after ischemic injury in the developing
brain. This is relevant to neonatal and pediatric
stroke, as a significant number of survivors experience
decline in cognitive function during childhood.'*

New approaches to an old problem

It is clear that GCI in juvenile rodents causes delayed
neuronal cell death in the cortex, hippocampus, thala-
mus and cerebellum,’>>*%7 though the striatum may be
spared.>® Data related to mechanisms of brain injury
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Figure 4. Age, cellular maturation, and ischemia-induced changes in oligodendrocytes. Both Panels: OPC’s have greater expression
of AMPA GluR'’s and decreased anti-oxidant proteins and enzymes compared to more mature oligodendrocytes. As oligodendrocytes
mature, antioxidant capacity increases due to increased expression of glutathione pathway enzymes. However, there are age-related
differences in oligodendrocytes at similar cellular maturational stages. FGF and IGF induce late OPCs from neonatal brains to revert to
a less mature state and proliferate (top panel), while late OPCs from adult rodent brains are more likely to differentiate under the
same conditions (bottom panel). Immature OL’s in juvenile mice express more GSTr (top panel) relative to immature OL’s in adult
mice (bottom panel). In response to ischemia, late OPCs are selectively vulnerable to cell death, there is rapid proliferation of less
mature OPCs (top panel). However, there is maturational arrest of OPCs, limiting remyelination (top panel). In the adult brain,
immature and mature OL’s are relatively more vulnerable to ischemia (bottom panel).

after GCI in children remain limited. Currently, hypo-
thermia is the only treatment available for improving
brain recovery after GCL>* though even hypothermia
has come under recent scrutiny in children® and adult
human studies.'® While various adjunctive therapies
are being investigated in neonatal cerebral ischemia,*'
the lack of therapeutics available to neonates and chil-
dren following cerebral ischemia warrants innovative
strategies to improve translational efficacy.

Stem cell therapy and neurogenesis

Neurogenesis capacity appears to decrease with age due
to the production of negative regulators.">' However,
following developmental ischemia, neurogenesis
capacity increases following neonatal H-I injury in

rodents.'”! Indeed, stem cell treatment (SCT), particu-
larly with the use of mesenchymal stem cells, has been
proposed to increase the capacity for repair and regen-
eration following ischemia.'''** SCT has been shown
to offer some neuroprotection when applied early fol-
lowing neonatal H-I. In juvenile and adult mice follow-
ing rIMCAOQO, neurogenesis is robust and efficient in
juveniles following stroke, but newborn cells in the
adult mice failed to reach maturity.">"'** Moreover,
motor recovery gained through endogenous neuronal
replacement could be attenuated with irradiation and
reversed in the juvenile mice.'>® The opportunity to
advance the field of neuronal restoration through
STC is exciting and should be studied in different
ages and specific disease models.
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Neurorestoration as alternative strategy to acute
neuroprotection

As noted above, cognitive and motor impairments
are common among patients of all ages after AIS or
GCL%® Unfortunately, very few preclinical trials
aiming for neuroprotection have succeeded in translat-
ing to clinical success and, as such, some have com-
mented on the need for alternative strategies.'>*'>
The cognitive decline and motor impairment in those
who experience cerebral ischemia is due, in part, to
neuronal cell death, though there is also an under-
recognized contribution of altered physiology to the
neurons that survive. Studying new therapeutic strate-
gies that target restoration of impaired neuronal phys-
iology (neurorestoration) is necessary. In this way, one
could envision resetting the brain to a status conducive
to acquiring new skills and memories. We posit that
studying long term functional outcomes is a vital tool
in understanding synaptic and functional recovery of
surviving neurons after ischemia and may provide new
therapeutic approaches.

We highlight here several studies focusing on neuro-
restoration, or neural repair strategies that restore plas-
ticity. Intervening after cell death and focusing on
repairing neural networks is a little used approach
with a potentially large payoff. In preclinical studies,
recovery has been assessed by examining different brain
areas associated with sensory, motor, and memory to
directly test neurorestoration. The antidepressant flu-
oxetine was among the first agents to be used to reopen
critical periods of plasticity following visual cortex
injury in adult brains, with potential mechanistic prop-
erties in reducing GABAergic signaling and well as
increased BDNF expression.156 More recently, use of
ephrin-A5 antagonists,'>’” GABA5 inverse agonists,'>®
histone deacetylase 5 inhibitors,'>® or C-C chemokine
receptor 5 knockdown'® at delayed time points after
adult stroke augmented motor and cognitive recovery,
opening the door to neurorestoration after ischemia.

Recent work has examined hippocampal synaptic
plasticity that underlies cognitive dysfunction following
ischemia. As the field continues to consider measures
beyond neuroprotection and move towards toward
functional outcomes, electrophysiologic and behavior
paradigms that assess neuronal activity in the surviving
neurons has yielded important information for neuro-
restorative targets. Synaptic plasticity is the leading
model for the cellular changes that underlie learning
and memory and has been extensively studied in the
hippocampus.'®' It has also been a valuable physiolog-
ic process to better understand the complexities of syn-
aptic function. One of the most established models of
activity dependent synaptic plasticity is long-term
potentiation (LTP), which is well correlated with

learning and memory, as well as cognitive impairment
after ischemia.'®® Studies using juvenile cerebral ische-
mia (both MCAO and GCI) have found impairments
in long-term potentiation,***-"* Morris water maze
testing,”>>> and contextual fear conditioning®**>%°
days to weeks after the ischemic event. In addition,
increases in thalamocortical neuron spike probability
were observed 6 weeks after juvenile cardiac arrest.'®
Compound action potentials have been measured in the
corpus collosum at acute and chronic time points to
identify differences in white matter responses to juve-
nile and adult stroke.”* Together, electrophysiologic
and behavioral outcomes can, and should, be used to
devise new strategies that can potentially reverse detri-
mental changes in physiology after GCI at time points
beyond those when neuronal death occurs. To empha-
size these ideas, we highlight recent work describing
neurorestorative strategies following cerebral ischemia.

Brain-derived neurotrophic factor in global cerebral ischemia.

There has been much interest in neurotrophic factors as
targets for improved recovery after ischemia,**'%*
though the efficacy even in rodent models remains
unclear. Brain-derived neurotrophic factor (BDNF)
has received much of this attention. BDNF has long
been known to be a critical component of growth and
differentiation of neurons in development as well as
synaptic plasticity.'® Intriguingly, the effect of
BDNF after GCI may be age dependent. BDNF
levels decrease in the hippocampus following GCI in
juvenile mice, allowing for specific targeting of the neu-
rotrophin receptor tyrosine kinase B (TrkB) to restore
memory and synaptic plasticity.** However, similar
decreases in hippocampal BDNF do not occur follow-
ing GCI in adult animals, but rather BDNF exon I was
elevated for 24 hours after adult GCIL.'®® Studies of
adult GCI suggest that acute BDNF infusion following
injury did not result in improved functional outcome or
survival.'*” Following neonatal stroke, BDNF expres-
sion is decreased 1 day, but not different at 7 days after
stroke,'® and juvenile stroke shows increase in BDNF
at 7 or 14 days after stroke.'®® These paradoxical
results following cerebral ischemia at different ages
and in different models highlight that while the physi-
ologic role of BDNF is well studied in the healthy
mammalian brain, there remain many areas in BDNF
research that are unexplored, particularly regarding
age-related ischemic injury. We cannot assume that
the lack of effect in the adult brain will be extended
to the developing brain. Therefore, BDNF-augmenting
therapy may work in some age-specific models and not
others and requires special attention to study design.

Transient receptor potential M2 (TRPM2). A role for
TRPM2 channels in mediating neuronal injury
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following ischemia has been proposed for several
years,'’“!""! including multiple studies in adult mice
confirming a male-specific pattern of neuropathology
following adult focal and juvenile ischemia.’®**!"> On
the other end of the age spectrum, TRPM2 inhibition
by AG490 or mice lacking TRPM2 expression resulted
in decreased infarct volume in neonatal H-I
models.'”*!™  Activation of TRPM2 channels has
now been implicated in cellular and functional impair-
ments following ischemic injury across the age spec-
trum, from neonates'”® to aged adults.'”? Following
juvenile GCI, inhibition of TRPM2 indicates a com-
plex pattern of involvement in prolonged functional
dysfunction (LTP and memory behavior), but not
acute cell death.”” Further, adult GCI mice signal
male specific neuroprotection after acute TRPM?2
channel inhibition as well as persistent TRPM?2 channel
activity contributing to sustained synaptic dysfunction
after GCI in both males and females.”® The differences
in neuroprotection between adults and juvenile mice
following GClI, including lack of acute neuroprotection
in juveniles, emphasize the need for age and injury spe-
cific models.

Nogo-A in juvenile Middle cerebral artery occlusion. Recent
studies investigated Nogo-A, an important neurite
growth inhibitory factor'’> and negative regulator of
structural plasticity in development'”> in juvenile
rMCAO. Previous literature in adult synaptic plasticity
has shown that Nogo-A restricts memory formation
and hippocampal long-term potentiation (LTP)'’® via
the interaction of the Nogo-66 domain of the Nogo
Receptor 1 (NgR1). In juvenile stroke models, Nogo-
A expression increased in hippocampal astrocytes lead-
ing to hippocampal dysfunction in juvenile, but not
adult mice after stroke.*> Treatment with the Nogo
receptor antagonist NEP(1-40) reversed synaptic plas-
ticity impairment in juveniles 7 days after rMCAO, but
not in adults,®® providing further support for age-
specific modeling for discovery of therapeutic targets.
Given the role of Nogo-A in the regulation of structur-
al plasticity in the developing brain, it would be of
great benefit to better understand how this signaling
affects post-ischemic synaptic plasticity following neo-
natal stroke.

Given that numerous neuroprotection studies have
not translated to clinical therapy (particularly in chil-
dren), novel strategies are required. We postulate that
focusing on enhancing the function of surviving neu-
rons in the developing brain to restore brain function
may be one such strategy. The fundamental principles
included in the neurorestorative strategies described
here rely on 1) intervention beyond the time for neuro-
nal death, and 2) measuring cognitive and/or motor
change at multiple brain levels, from molecules to

synapses to functional connectivity. It is likely that
neurorestorative interventions may be complex, requir-
ing multiple interacting mechanisms, but identification
of neural repair and plasticity recovery is likely the next
strategy in treating cerebral ischemia in all ages.

Conclusion

Recently developed models of specific cerebral ische-
mia in young rodents have provided important insights
for investigators regarding thoughtful modeling of
brain ischemia across development and differences in
outcome at different ages. Emerging themes suggest
that developmental physiology and pathologic
responses to ischemia during maturation may have
subtle, yet potentially significant, impact on our under-
standing of ischemic brain injury and potential thera-
pies. Data reviewed here suggest that many important
mechanisms for brain injury seem be exacerbated in the
developing brain. It is increasingly clear with better
modeling, that the young brain has enhanced potential
for recovery after focal and global cerebral ischemia.
Together, the data strongly suggest that the availability
of age- and disease-specific models provides a unique
opportunity for the next generation of ischemia
researchers to use these models to enhance translation-
al potential. The models in the developing brain
reviewed here hold the promise of providing novel
translatable strategies to improve functional outcome
for children that suffer cerebral ischemia.
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