Barrier Mechanisms in Neonatal Stroke
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1 Introduction

The concept that the fetal and newborn blood—brain barrier (BBB) is “immature,”
implying that the BBB is not formed, leaky or even absent has dominated the field
for a long time. However, such a simplistic idea has been challenged in multiple spe-
cies, demonstrating in naive brain that many functional barrier elements are already
in place in fetal brain and, together with placenta, are effectively preserving brain
metabolism and limiting brain edema that is associated with entrance of peripheral
components. It has also become apparent that BBB integrity does not linearly change
during postnatal brain maturation and that infection, inflammation, brain trauma, or
stroke during postnatal development exert age-specific “susceptibility signatures” of
BBB disturbances, processes that we will discuss in this chapter.

2 Development of the BBB and Other Brain Barriers

There are multiple brain barriers, including the BBB, blood—CSF barrier across cho-
roid plexus (BCSFB) and the pia-arachnoid barrier [1]. There is also a barrier only
present in the embryo, the CSF-ventricular zone interface lining the ventricular sys-
tem. Cumulatively, these barriers limit exchange of solutes and various molecules
between compartments as well as establish efflux/influx mechanisms that control
ionic, nutrient, glucose, and other gradients. In the adult, the BBB exists at all levels
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of the vasculature within the CNS, including the penetrating arteries and arterioles,
the capillary bed, the postcapillary venules and the draining venules and veins [2, 3].

The development of the BBB is believed to be a multi-step process. Both the
development and maintenance of the BBB are governed by intracellular endothelial
mechanisms in conjunction with multiple extracellular mechanisms that link endo-
thelial cells to the extracellular matrix (ECM), thereby supporting their proper posi-
tioning and functionality. Astrocytes, pericytes, and ECM components provide both
structural and functional support to the BBB. BBB development starts mid-gestation
and temporally occurs after establishment of a local microglial pool in the brain and
before pericytes and astrocytes take their respective positions surrounding the ves-
sels [4—7]. Thus, endothelial sprouts are guided by microglia/macrophages in fetal
brain, largely via VEGF-dependent mechanisms [8]. Lack of or reduced number of
PU.1 or SDF-1 microglia/macrophage leads to distorted vasculature and embryonic
lethality [8]. Mice deficient in VEGF or VEGF receptor 2 (Flk-1-/-) fail vessel
formation, which leads to embryonic lethality [9]. Lack of a single VEGF allele also
leads to embryonic lethality despite partial blood vessel development [10]. Several
VEGF-independent mechanisms that regulate embryonic angiogenesis and BBB
formation were identified. Integrin/TGFp signaling, for example, suppresses vascu-
lar branching/sprouting and prevents germinal matrix hemorrhage [11]. Excessive
vascular sprouting, in turn, underlies cerebral hemorrhage in mice lacking aVf8-
TGFp signaling in the brain [11].

Whnt-p-catenin signaling has been shown to be important in brain angiogenesis
and BBB formation, but not in barrier formation in peripheral vessels [12]. The
canonical Wnt pathway was demonstrated to play a key role in BBB formation via
induction of the BBB genes, such as the nutrient transporter Glut-1 [13], while
[-catenin was shown to regulate angiogenesis in the developing brain, in part by
inducing expression of the death receptors Dr6 and Troy. Endothelial f-catenin was
also shown to play a key role in embryonic and postnatal BBB maturation by regu-
lating the formation of tight junctions (TJs) [14].

Pericytes contribute to BBB development and function in a number of ways,
primarily by regulating capillary diameter and CBF and controlling BBB integrity
[15]. They also contribute to vessel stability, possibly by affecting both TJs and
transcytosis routes [5]. However, the existence and the role of multiple phenotypes
are still poorly understood. Pericyte coverage gradually increases starting late gesta-
tion and continues through postnatal ages [4, 5]. Astrocytes are another cell popula-
tion central to the maturing BBB in several ways [15]. Perivascular astrocytic
end-feet at the abluminal side of brain vessels are polarized structures that are
enriched with water channel aquaporin-4 (AQP-4) and several ion pumps. Astrocytes
modulate TJs and are also an essential part of antioxidative mechanisms in the
brain, recycling GSSG, which, as we discuss later, is of particular importance after
stroke and other diseases. They also provide nutrition for neurons and neurotrans-
mitter clearance and recycling.

Cells of the BBB/neurovascular unit do not exist in isolation. The ECM plays a
key role both in the development and maintenance of the BBB under normal and
disease conditions. Mutant ECM proteins, such as collagen-IVal isoform and, to a
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lesser extent, a2 isoform adversely affect endothelial communications with the
matrix, leading to mortality or hemorrhagic transformation [16]. During embryonic
angiogenesis, TGFp signaling suppresses vascular branching/sprouting and pre-
vents hemorrhages [11]. Loss of TGFbR2/SMAD?3 enhances vascular sprouting,
branching, and hemorrhages during embryonic brain development but these effects
are independent of BBB dysfunction [11]. Multiple lines of evidence show an
important role for endothelial TGFB/TGFbR?2 signaling for vascular integrity dur-
ing embryonic brain development [17]. Endothelial specific depletion of AlkS leads
to a similar cerebral hemorrhagic phenotype and embryonic lethality [17, 18], con-
sistent with a requirement for both TGFbR1 and TGFbR?2 proteins as a heteromeric
receptor complex in endothelial cells. Mutations in other members of the TGFp
family, endoglin, (ENG) and activin receptor-like kinase 1(ALK1), were demon-
strated as major contributors to intracerebral hemorrhages of brain arteriovenous
malformations in children [19].

Although individual neurovascular unit components form at different paces dur-
ing gestation, likely contributing to age-dependent susceptibility to infection,
inflammatory stress and stroke, the fetal brain has surprisingly effective influx/
efflux mechanisms. Efflux mechanisms are active across brain barriers in the devel-
oping brain. Multiple transcription factors involved in metabolic- or cell stress-
induced detoxifying enzymes and transporters are expressed throughout embryonic
brain development. For example, several proteins of the ATP-binding cassette
(ABC) family, which reduce the entry of compounds from blood into the brain by
active efflux, are already expressed in cerebral blood vessels and in choroid plexus
in the fetal and neonatal rat brain [20]. Among ABC-transporters, Pgp/ABCBI1
expression is lower in the fetus, whereas MRP1/ABCC1, MRP4/ABCC4, and
BCRP/ABCG?2 are expressed at comparable levels in fetal and adult brains. Data on
amino acid transporters in endothelial cells in the developing brain are sparse but
available data indicate that the function of several amino acid and inward transport-
ers is higher than in the adult. For example, transporter mannose 6-phosphate
receptor is expressed in developing rodent and rabbit brain but is progressively lost
with age [21].

The BCSFB plays a prominent role in fetal and newborn brain. Ion pumps are
active in the BCSFB. Essential nutrients and other molecules important for growth
and differentiation of the brain enter the brain via uptake from the CSE. A recent
transcriptome approach allowed insights into transport mechanisms at the develop-
ing mouse blood—CSF interface [22].

3 Blood-Brain Barrier and Adult Stroke

There is ample evidence of BBB disruption after acute stroke. Several recent reviews
comprehensively discussed various mechanistic aspects of neurovascular state in
adult stroke, including contribution of the ECM, its communication with endothe-
lial cells, interaction between individual cell types, including endothelial cells,
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astrocytes and pericytes, as well as various individual intracellular and intercellular
mechanisms of adult stroke [23-25]; these aspects will not be discussed here. It is,
however, important to mention that several long-term concepts in the stroke field are
currently being revisited and reconsidered. Three most notable examples of revis-
ited questions are the relative role of the paracellular compared to the transcellular
route as paths for leukocyte trafficking [26], the ability of neutrophils to reach
injured parenchyma and signal from within, rather than signal from the perivascular
space [27], and beneficial, rather than purely toxic role of inflammation and microg-
lial involvement in particular [25].

4 Maturation-Dependent Susceptibility of the BBB
to Inflammation

Neuroinflammation is a characteristic feature of stroke progression in the adult and
is a major contributor to brain injury [25]. Parenchymal, perivascular, and periph-
eral circulating cells independently and in concert contribute to stroke-induced pro-
duction of inflammatory mediators and neuroinflammation [25] and activation of
endothelial cells [28, 29]. Perivascular macrophages, microglial cells and mast
cells, which are strategically positioned around brain vessels, further contribute to
BBB disruption by induction and release of signaling molecules and proteases that
promote vascular permeability.

A comparative study of the effects of recombinant interleukin-1 beta (IL-1p)
injected into the brain parenchyma of adult, juvenile and newborn rats showed that
while in the adult intense meningitis and disruption of the BCSFB, but not leuko-
cyte recruitment, occur within 4 h, in the juvenile rats, a 500-fold lower IL-1p dose
causes a large BBB leakage and neutrophil recruitment into the tissue around the
injection site within the same time frame [30]. In the newborn rat (2-h-old rat), a
similar low IL-1f dose gives rise to an increase in permeability in the meninges, but
no increase in BBB permeability. The IL-1p-induced increases in vessel permeabil-
ity in the meninges, parenchyma, and choroid plexus are neutrophil-dependent [30].
These findings demonstrate clear differences in the age-specific response of the
BBB and barrier-type specific responsiveness to IL-1p. Another study utilizing pro-
longed systemic inflammation in early development in the rat showed induction of
long-term changes in BBB permeability that ultimately led to white matter lesions
[31]. LPS given at postnatal day 0 (P0)-P8 induced BBB permeability to small
(sucrose and inulin) and large (protein) molecules during and immediately after the
inflammatory response. Permeability to protein was increased only transiently
whereas increased permeability to “C-sucrose and “C-inulin was more persistant,
demonstrating size selective increases in BBB in the early postnatal period in
response to prolonged systemic inflammation [31].
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5 Models of Neonatal Focal Stroke and Hypoxia—Ischemia

While models of stroke in adult rodents have existed for several decades, models of
perinatal focal arterial stroke have been established relatively recently. These mod-
els include permanent MCA ligation [32] and suture tMCAO in P7-P10 rats [33,
34] and P9 mice [35]. Varying the duration of tMCAO has allowed for induction of
injuries of different severity [35] and MRI-based confirmation of recirculation fol-
lowing suture retraction in the tMCAO model [36] has allowed for studies of reper-
fusion, which frequently occurs in arterial stroke in term infants. The vast majority
of experimental data related to ischemia-induced brain injury in neonates this far
have been obtained using a hypoxia—ischemia (HI) model in P7-P9 rats and mice, a
group of models that more closely mimic hypoxic-ischemic encephalopathy in term
human babies than focal arterial stroke [37—40]. We and others recently reviewed
the most important pathophysiological findings in the neonatal HI models [39, 41—
43]. Thus, we will limit our discussion to available data on stroke and HI-induced
changes in BBB permeability in the neonate [44, 45] and effects of neurovascular
changes for injury and repair [46—48].

6 BBB Integrity After Neonatal Focal Stroke
and Hypoxia-Ischemia

The data on BBB function after ischemia-related brain injury in the neonate are
rather scant. Considering that endothelial TJs are already present during early
embryonic development [49], specific BBB transporters are present in the brain
endothelium during mid-gestation, with no fenestrations are observed at birth [50],
that astrocytes and pericytes cover brain vessels in postnatal brain [5], at least to
some extent, we examined whether neonatal stroke disrupts functional integrity of
the BBB. To test if compared to adult stroke, the assumed more extensive magni-
tude of BBB disruption after stroke occurs in neonates, we determined BBB leakage
in adult and P7 rats subjected to a 3-h tMCAO. We administered Evans Blue or fluo-
rescent intravascular trace 3, 70 kDa dextran or TRITC-albumin at 24 after reperfu-
sion and observed significant extravasation of Evans Blue, 70kD and TRITC-albumin
in injured regions of adult rats. Extravasation of these molecules was significantly
lower following acute tMCAO in P7 rats, showing a strikingly better-preserved
BBB integrity in injured neonatal brains [44]. We also used Gd-DTPA-enhanced
T1W to further test BBB permeability in neonates and showed that contrast enhance-
ment in injured regions was negligible at 24 h, within 10 % [44]. Fig. 1a demon-
strates increased leakage of 70 kDa dextran in injured adult brain and only minor
leakage in injured neonatal rats. In contrast to tMCAOQO, permanent MCAO in P7 rats
resulted in rapid BBB disruption and leukocyte extravasation [51], suggesting that
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Fig.1 Acute focal arterial stroke differentially affects BBB integrity in the adult and neonate. (a)
Representative examples of the spatial distribution of intravenously administered TRITC-
conjugated 70 kDa dextran in injured neonatal (/eft) and adult (right) brain regions 24 h after a 3-h
tMCAO. (b) Differential effect of acute focal stroke on gene expression in endothelial cells of
adult and neonatal rats. The endothelial transcriptome data were obtained in endothelial cells puri-
fied by sequential negative and positive selection from injured and contralateral tissue of adults and
neonates 24 h after reperfusion. Shown are genes with >2-fold change in expression compared to
that in contralateral hemisphere

persistent lack of cerebral microcirculation contributes to BBB collapse. Two stud-
ies that utilized tMCAO model in P10 rats observed increased BBB permeability
during a sub-chronic injury phase, 72 h following tMCAO [52, 53]. The affected
region was larger in spontaneously hypertensive pups [52] than in normotensive
pups of the same age [53]. A recent study studied changes to the BBB in conjunc-
tion with CBF in a neonatal mouse HI model [45]. HI increased BBB permeability
to small and large molecules, peaking at 6 h after the insult followed by normaliza-
tion by 24 h. The opening of the BBB was associated with changes to BBB protein
expression. Brain pathology was closely related to reductions in CBF during the
hypoxia as well as the areas with compromised BBB [45]. Taken together, these
data demonstrate a limited extent of BBB opening after ischemia-related injury in
neonatal brain.

While the phenomenon of a better-preserved BBB integrity in neonatal stroke
has been established, the underlying mechanisms are poorly understood.
Comparative endothelial transcriptome data obtained in adult and neonatal rats sub-
jected to tMCAO provided some mechanistic insight of age differences in BBB
susceptibility to stroke. It appeared that, strikingly, the patterns of up- and down-
regulated endothelial genes are largely non-overlapping between the two ages (Fig.
1b) [44]. Transcript levels of several adhesion molecules and ECM components
were differentially affected by injury in immature and adult brain, including
E-selectin and P-selectin. Gene expression of Mmp-9 was significantly upregulated
in injured adults and, while high transcript levels of collagen type IV al (Col4al)
and Col4a2 remained unaltered in neonates, a significant increase of these two
genes was evident in injured adult rats. Interestingly, transcripts of angiogenic regu-
lators Vegfr-2 and Angpt2 were increased after stroke in adults but not in neonates
[44]. Comparisons of protein expression of occludin, claudin-5, and ZO-1 between
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adult and neonatal rats after tMCAO showed better-preserved expression in neo-
nates than in adults [44]. Endothelial-ECM interaction via B1 integrins regulates the
expression of claudin-5 and BBB tightness whereas other ECM proteins, like galec-
tin-3, mediate integrin-induced stabilization of focal adhesions and activate cytokine
receptors to enhance actions of growth factors [54]. Laminin degradation occurs
after focal stroke in adults and causes detachment of astrocytic end-feet, disrupts
BBB, and induces ICH [55], while in neonates, expression of this ECM protein is
not reduced acutely [44]. The role of other ECM proteins in injured neonates is less
studied but the opposite effects of galectin-3 in adult stroke and HI have been dem-
onstrated [56, 57]. Together, these data suggest that intrinsic developmental differ-
ences in basement membrane and ECM formation may contribute to a
better-preserved BBB integrity after acute neonatal arterial stroke.

Astrocytes and pericytes may contribute differently to neonatal and adult stroke.
In adults, astrocyte swelling, mediated by water channels (aquaporin-4, AQP-4)
present in astrocyte end-feet, is one of the mechanisms involved in the generation of
cytotoxic edema during the early phase after stroke [58]. Retraction of astrocyte
end-feet from the parenchymal basal lamina of vessels and cellular redistribution
and/or degradation of AQP-4 at later stroke stages are involved in BBB leakage and
formation of vasogenic edema [59]. While coverage of vessels with astrocytic end-
feet begins before birth, it continues to increase during the first postnatal week [5].
However, these particular mechanisms have not yet been specifically characterized
after neonatal stroke.

7 Leukocyte and BBB Integrity After Neonatal Stroke

Interactions between activated endothelial cells and peripheral leukocytes contrib-
ute to BBB disruption after stroke. Compared to the adult, neutrophil infiltration in
neonates is negligible after tMCAO [44]. Following HI, neutrophil infiltration was
shown limited [60] or brief [61]. Neuropenia was shown beneficial when induced
before, not after, HI [60]. The exact mechanisms that restrict neutrophil infiltration
in the injured neonatal brain are not well understood. The different or uncoordinated
patterns of expression of adhesion molecules and MMPs between neonatal and
adult rodents may be of critical importance. Particulars of chemokine gradients
between the brain and the blood may affect neutrophil extravasation in the neonate
[44]. For example, cytokine-induced neutrophil chemoattractant (CINC-1) is a
major chemoattractant for neutrophils. Neutralization of peripheral CINC-1 follow-
ing tMCAO in the adult halted neutrophil transmigration, reduced brain edema and
protected [62] but CINC-1 neutralization in neonatal rats subjected to tMCAO pro-
moted neutrophil infiltration. Alterations in the blood—brain gradient of CINC-1 not
only led to increased presence of neutrophils in the brain parenchyma but also
increased BBB permeability and injury volume [44], suggesting that neutrophils
mediate BBB damage in association with transmigration.
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Compared to adult stroke, infiltration of circulating monocytes across the BBB
was also low during the acute phase after stroke in the neonate [63]. The exact mech-
anisms of low monocyte infiltration in the ischemic neonatal brain are not completely
understood, and it remains unclear whether the higher resistance of the neonatal BBB
to stroke is a cause or a consequence of reduced transmigration. Monocytes have
been recently shown to have a dual role, elicit both inflammatory effects and maintain
BBB integrity following cerebral ischemia [64]. T and B cell infiltration may be less
profound [61] or transient [51] in injured neonates than in adults [65, 66] but there
have been no studies that examined effects for BBB integrity.

8 BBB Integrity, Angiogenesis and Brain Repair
After Neonatal Stroke

Physiological angiogenesis continues during the first two postnatal weeks in the rat
brain [44]. Endothelial cell proliferation and endothelial tip cells are abundantly
present [67, 68]. Interestingly, following stroke in P7 rats, angiogenesis is essen-
tially arrested in injured brain regions up to 14 days after injury, and only subtle
angiogenic response is detected in the ischemic boundaries in the cortex [69]. Figure
2 summarizes these findings. Considering that in adults endothelial cell prolifera-
tion and vascular outgrowth have been reported as soon as 24 h after stroke [70-72],
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Fig. 2 Reduced vascular density and endothelial proliferation in sub-chronic injury phase after
stroke in neonatal rats. (a-d) Examples of RECA-1+ vessel distribution in the ischemic core in the
cortex (a, b) and caudate (c, d) at 24, 72 h, and 7 days after reperfusion. (e) Quantification of pro-
liferating endothelial cells (BrdU*/RECA-1*) in the ischemic cortex and caudate. (f) Examples of
PECAM-1* endothelial tip cells (defined by extended filopodia). (g) Quantification of the number
of PECAM-1* endothelial tip cells in the contralateral and ischemic cortex and caudate
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the response of neonatal brain to stroke differs to that in the adult in this aspect as
well. Gain- and loss-of-function stroke studies in the adult have demonstrated that
neuroblast migration occurs in association with remodeling of blood vessels [73],
via a link between angiogenesis and neurogenesis within the “neurovascular niche,”
and that blockage of angiogenesis abolishes neurogenesis after adult stroke [73].
Brain vessels with active endothelial proliferation in the ischemic boundaries of the
injured regions 14 days after neonatal stroke showed abnormal expression of the
endothelial barrier antigen (EBA) [69], a protein necessary for proper BBB function
in adolescent and adult rats [74—76] and which expression is maturation-dependent
[77, 78]. It is tempting to speculate that the relatively preserved BBB after neonatal
stroke may negatively impact angiogenesis and account for a delay in angiogenesis
and ultimate endogenous neurogenesis, but the relationships between the processes
are still poorly understood.

Consistent with the findings in injured P7 rats, the extent of angiogenesis was
also limited 1 and 2 weeks after tMCAO in P10 [46, 48]. Angiogenesis was low
despite rapid induction of first neuronal and, then, of astrocytic VEGF [34].
Angiogenesis and neurogenesis were enhanced by delayed administration of
rhVEGF and disrupted by VEGFR?2 inhibition, demonstrating the role of VEGF
signaling for the maintenance of angiogenesis and repair in the injured ischemic
core [46, 48].

9 Conclusions and Future Directions

Successful development of therapeutics for neonatal stroke depends on accurate
understanding of the neurovascular interface. Recent studies have improved our
understanding of the events at the BBB after neonatal ischemic injury by revealing
that the developmental step of the BBB at the time of ischemic insult contributes to
the differing patterns of brain damage between neonates and adults and that careful
consideration should be given about whether the BBB is in fact disrupted, allowing
therapies to reach an injured neonatal brain. However, it is important to recognize
that there are too many unknowns. We know little about relationships between BBB
integrity and white matter maturation after stroke. No studies systematically exam-
ined whether these processes are sex-dependent. There have been no studies look-
ing in depth at the effects of hypothermia on neurovascular integrity in injured
neonatal brain. Future studies should also shed light on relationships between neu-
rovascular integrity and interaction with neuroprogenitors, endogenous or engrafted,
and migration and differentiation of neural progenitors during stroke-induced neu-
rogenesis. Although BCSFB is critically important for functioning of a neonatal
brain, there have been no studies on addressing functionality of this barrier in
injured neonatal brain.

Sources of Funding NINDS_NS80015, NINDS_NS44025, NINDS_NS76726, The Leducq
Foundation DSRR_P34404.
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